13.
14.
15.

16.

17.

18.
19.

20.
21.

22

23.

24.

(dT)y2-18, and poly(rC) - oligo(dG)s-1s. Ten
microliters of virus (which was concentrated
100-fold by centrifugation and then suspended
in 50 mM tris-HCI, pH 7.3, 10 mM dithio-
threitol, and bovine serum albumin, 1 mg/
ml) were incubated with 10 ul of 50 mM tris-
HCI, pH 7.3, 10 mM dithiothreitol, 0.06 percent
Triton X-100 for 10 minutes at 2°C. A portion (20
ul) of assay mixture was added, and the result-
ing 40-ul reaction mixture was incubated for 60
minutes at 37°C. The reaction was stopped by
the addition of 0.5 ml of 80 mM sodium pyro-
phosphate, 25 ul of bovine serum albumin (5 mg/
ml), and 0.5 ml of 25 percent trichloroacetic acid
at 2°C. Acid-insoluble material was collected on
glass fiber filters, washed extensively with 10
percent trichloroacetic acid, dried, and dis-
solved in NCS tissue solubilizer; the radio-
activity was then counted in toluene-based
scintillation fluid. The reaction mixtures with
poly(rA) - oligo(dT);2-;s and poly(dA) - oligo
(dT)y,-1s consisted of: 50 mM tris-HCl, pH
7.3, 70 mM KCl, 10 mM dithiothreitol, 0.1 mM
each of deoxyriboadenosine triphosphate (dATP),
deoxyriboguanosine  triphosphate  (dGTP),
deoxyribocytidine triphosphate (dCTP), 2.3
uM *H-labeled thymidine triphosphate (40,000
count/min per picomole), 20 ug of poly(rA) or
poly(dA) per milliliter, 20 ug of oligo(dT)-1s
per milliliter, and either 5 mM MgCl, or 0.4
mM MnCl,. The reaction mixture containing
poly(rC) - oligo(dG),,-,s consisted of: 50 mM
tris-HCl, pH 7.3, 50 umg of actinomycin D
per milliliter, 15 mM KCl, 10 mM dithiothreitol,
10.7 uM *H-labeled dGTP (6500 count/min per
picomole), 40 ug of poly(rC) per milliliter, 40
ug of oligo(dG),—ys per milliliter, and either
25 mM MgCl, or 0.4 mM MnCl,.
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Sodium-Specific Membrane Channels of Frog Skin Are Pores:
Current Fluctuations Reveal High Turnover

Abstract. The reversible sodium transport blocker amiloride causes current fluc-
tuations at the apical membrane of the outer stratum granulosum of frog skin. Their
power density spectra reveal that single transport sites translocate more than 10 so-
dium ions per second, which indicates a pore mechanism. The density of open plus
amiloride-blocked pores is in the order of 108 pores per square centimeter of skin
area with 60 millimolar sodium and 18 micromolar amiloride in the outer solution.

Carrier- and pore-mediated transport
through biological membranes can be dis-
tinguished by the turnover number of in-
dividual transport sites (/). While a car-
rier molecule, which has to move
through the lipid phase of the membrane,
is not likely to transport more than 10*
ions or molecules per second, the trans-
port rate of a pore can be several orders
of magnitude larger (2). Applying this
idea to the Na-selective membrane of
frog skin, we have attempted to deter-
mine the Na turnover of individual trans-
port sites by an evaluation of current
fluctuations. The fluctuations were in-
troduced artificially by addition of the
drug amiloride, a pyrazine diuretic
known to block Na transport reversibly
from the outside (3). A reversible
blocker can be expected to randomly in-
terrupt the Na turnover of individual
transport sites. A site will then either
conduct fully or, when blocked, not con-
duct at all. The continuous current i pass-
ing one site is thus chopped up into small
current pulses of varying duration but
equal amplitude (7). The pulses add up to
a mean current which on close in-
spection will show random fluctuations.
The mean current per square centimeter
will be

Iy, = IMP, (0))

where M (cm™2) is the mean density of
unblocked plus amiloride-blocked trans-
port sites. The steady-state probability
P, represents the fraction of M not
blocked by amiloride and MP, the mean
density of open sites. Statistical evalua-
tion of the fluctuations permits computa-
tion of i and thus the Na turnover of indi-
vidual transport sites in the open state.
Isolated abdominal skin of Rana escu-
lenta was used at room temperature. It
was mounted in a Lucite chamber which
left 3 cm? exposed to the bathing solu-
tions. The outer solution was K or Na
sulfate Ringer solution containing vary-
ing concentrations of amiloride. The in-
ner one was K sulfate Ringer solution,
which can be expected to depolarize the
K-selective inward-facing membranes of
the epithelium and to increase their con-
ductance. Thus, transepithelial resist-
ance and potential were largely deter-

mined by the apical membrane of the
stratum granulosum ). The current
component that did not pass the Na-spe-
cific channels was determined as the cur-
rent flowing in the presence of 35 uM
amiloride, and was subtracted from the
total current to obtain the transcellular
Na current, Iy,.

Transepithelial voltage was clamped
to 0 mv by a voltage clamp circuit with
continuous feedback. The input stage of
the voltage-sensing amplifier was de-
signed around a matched pair of low-
noise transistors (National Semiconduc-
tor 2N4250) to minimize feedback cur-
rent fluctuations arising from this stage.
The open-loop clamp gain was 25,000.
The short-circuit current was amplified
with a gain of 50 wv/na, fed through a
high-pass RC-filter with a characteristic
frequency of 0.007 hertz, amplified 400
times, and recorded on magnetic tape.
Recording periods were 10 to 30 minutes
for each amiloride concentration.

The amplified a-c current signal was
sampled from the magnetic tape at fre-
quencies of 50 and 5000 hertz by use of an
anti-aliasing filter of the Butterworth
type (72 db per octave, characteristic fre-
quency set at 80 percent of the maximal
analyzed frequency). The digitized signal
was divided into 20 records of 4096
words each. A power density spectrum
was computed from each record on an
IBM 370/58 by use of a fast Fourier trans-
form program. The spectra of 20 records
were averaged.

Figure 1A shows five power density
spectra in the range 0.3 to 100 hertz.
Curves a to d were obtained with a so-
dium activity of (Na), = 60 mM in the
outer solution and amiloride concentra-
tions of (A), = 1.4,4.3,12.7, and 35 uM.
Spectrum e was obtained with (Na), =
0. Spectra a to d are of the Lorentz
type expected for exponential re-
laxation phenomena. They obey the
relationship

S = So/[1 + (f/fo)] @

" where S is the power density (amp? sec),

S, the plateau value, f the frequency
(hertz), and f; the corner frequency. The
exponent a was found to be in the range
1.75 to 2 (1.8 in Fig. 1A). It is evident
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Fig. 1. (A) Power density spectra obtained from 3 cm? of epithelium.
Only the parts of the recorded spectra that are relevant for the argu-
ments of this report are shown. (Curves a to d) Increasing
amiloride concentrations of (A), = 1.4, 4.3, 12.7, and 35 uM at 60 mM
(Na),. (Curve e) Sodium-free outer solution (Na replaced by K). The
corresponding values of transcellular Na current are (from curve a to
curve e) 41, 24,9, 0, and 0 pa per 3 cm?. The transcellular Na current
at (A), = 0 was 78 ua per 3 cm? (spectrum not shown). Plateau values
(So) and corner frequencies (f.) are indicated with horizontal and
vertical arrows; f, was read off where the power density equaled half
of the plateau value. The f, of curve d (for which Iy, was zero) was
not evaluated because the « value of this curve fell clearly below the
expected range. (B) Relationship between corner frequency and

that the plateau value, S,, of the power
spectrum decreases with increasing
amiloride concentration while the corner
frequency f. increases.
Following a derivation in Verveen and
~ DeFelice (5), we may set 27f. equal to
the chemical rate (1/7) of the current-
modulating process. In the simplest pos-
sible case this process is due to the ran-
dom formation and disintegration of a
transport-blocking complex between
amiloride (A) and the transport site (R)

A+R 2 AR

k2

where AR is the blocked site; k; and &,
are rate constants, and their ratio
K, = ky/k, is the dissociation constant
of AR. With M = R + AR, where R and
AR are the densities of unblocked and
blocked sites, we find from the law of
mass action the steady-state probabili-
ties that a site is unblocked or blocked

Py = R/M = 1/[1 + (A)m/K4]
Py = AR/M = Py(A)n/Kx  (3)

where (A), is the effective amiloride con-
centration at the outer surface of the
membrane. This blocking mechanism im-
plies the following relationship between
chemical rate and equilibrium concentra-
tions of A and R (6)

11 =kA)m + LR) + k@)

in which (R) is the equilibrium concentra-
tion of unblocked transport sites, ex-
pressed in the same units as (A),. In
cases where (R), which decreases with
increasing (A)y, is numerically negligible
compared to (A)y, a linear relationship
between amiloride concentration and
chemical rate will be expected. We thus
obtain the prediction

2af, = 1/7 = ki(A)m + ky =
kiB(A), + ko
21 JANUARY 1977

(4a)

amiloride concentration (see Eq. 4a). Arrows point to the intercepts 10'21 -

where k, and K,' are read off. The linear dependence of 1/ on (A), e
shows, in retrospect, that neglecting the term k,(R) in Eq. 4 was
justified.
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where 8 = (A)u/(A), is the unknown par-
tition coefficient of amiloride between
the outer bulk solution and the space at
the outer surface of the membrane. After
substituting B8 into Eq. 3 and combining
Eq. 3 with Eq. 4a, we find the ‘‘on’’ and
“off”” probabilities to be

Py = 1/[1 + (A)o/Kn']l = ket
Py = Py(A)o/Ky" = ki'T(A), (32)

The linear relationship between £, and
(A), predicted by Eq. 4a was found in most
experiments (for example, see Fig. 1B).
This shows that channel blocking by
amiloride can be described in terms of
simple, bimolecular kinetics, and that
ky(R) in Eq. 4 is numerically negligible.
The rate constant k, and the ‘‘apparent”
constants k,’ = k;8and K.’ = K,/B can
be estimated from the plot. We found
1/k,, the mean lifetime of the complex
AR, to be in the order of 100 msec at
room temperature. The apparent dis-
sociation constant K,' was close to 1 uM
at 60 mM (Na),. It decreased with de-
creasing (Na),, as expected if Na and
amiloride compete for transport sites (7).
The apparent constant k," was found to be
in the order of 107 liter mole™! sec~! at 60
mM (Na),.

For randomly blocked transport sites
with unequal on and off probabilities (5)
the plateau value of the power density
spectrum (Eq. 2) is, in our notation, giv-
en by

Sy = 4M2P,Ps1a )

in which a is the experimental membrane
area. Substituting Eq. 1 into Eq. 5, we
obtain

So = 4y Patia (5a)

Further combination with Eqgs. 3a and 4a
yields an expression for the amplitude of
individual current pulses

So kB

" dal (A,

[(A) + Ka'P (6)

10 hertz 100

For (Na), = 60 mM, values in the range
0.3 to 0.5 pa were computed, which cor-
respond to turnover numbers of 1 to 3 X
10 Na ions per second for individual
transport sites. These turnover numbers
are much larger than the values of 10*
ion/sec which are expected (1) and were
observed (8) for shuttle-type mobile car-
riers, like valinomycin, which have to dif-
fuse through the lipid phase of the
membrane. Turnover rates of nonshuttle-
type carriers, where the carrier molecule
rotates or where only a part of the carrier
molecule moves, have, to our knowl-
edge, not yet been obtained experimen-
tally. However, since such carriers will
also have to overcome the viscosity and
the electrostatic energy barrier of the
lipid phase, low turnover rates will be
expected in this case too. We feel justi-
fied, therefore, in concluding that in the
Na-selective membrane of frog skin, trans-
port occurs through pores, which are the
only high-rate translocators presently
known (9). This result is at variance with
a previous conclusion by Biber and
Sanders (10), who maintained that the Na
transport is carrier mediated.

The mean density of open plus amil-
oride-blocked Na pores can be calculated
from

M = Iya/(iP;) = 4aly,"Pat/(PeSo) (7)

It was found to be in the range 0.7 to
2 x 108 pores per square centimeter of
membrane area at 60 mM (Na),. When
(Na), was lowered to 15 mM by sub-
stitution with K, larger pore densities
were computed, but did not exceed
3 X 10° pores per square centimeter.
Extrapolation to (Na), = 0 shows that
the total number of pores (N) will be
below 5 x 10° cm™2. This density cor-
responds to less than 50 pores per square
micrometer of membrane area if a homo-
geneous distribution of pores over the
apical membranes of all cells of the outer
stratum granulosum may be assumed.
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If, in the absence of amiloride, all pores
were permanently open, a Na current
Ina = IN = 2000 wa/cm? would result at
60 mM (Na),. This current is 75 times
larger than the Iy, value of 26 wa/cm?
actually observed (see legend to Fig. 1A).
We deduce from this observation that
even in the absence of amiloride the pores
are not permanently open (/1).
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Size Limit of Molecules Permeating the

Junctional Membrane Channels

Abstract. The permeability of the cell-to-cell membrane channels in salivary gland
cell junction (Chironomus thummi) was probed with fluorescent-labeled amino acids
and synthetic or natural peptides. Molecules up to 1200 daltons pass through the
channels with velocities depending on molecular size. Molecules of 1900 daltons or
greater do not pass. This passage failure seems to reflect the normal size limit for
junctional channel permeation; the channels continue to be permeated by the mole-
cules up to 1200 daltons when these are mixed with the nonpermeant molecules.
From this size limit a channel diameter of 10 to 14 angstroms is estimated.

Since the finding that fluorescein, a
molecule of 330 daltons, passes through
a cell junction of low electrical resistance
(1), other fluorescent and colorant sub-
stances have been used to probe junc-
tional permeability properties (2, 3).
However, the range of questions that
could be studied has been restricted by
the small number of useful probes avail-
able. We have now enlarged the reper-
toire of probes with the aim of determin-
ing the size limit of molecules per-
meating the junctional membrane
channels ¢).

We set out to construct fluorescent
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conjugates which incorporate some of
the desirable features of the popular trac-
er fluorescein, such as water solubility,
nontoxicity, low cytoplasmic binding,
and high fluorescent yield. To obtain con-
jugates of well-defined structure, we
sought, for the nonfluorescent backbone,
not only a molecule of known structure
but one with few reactive sites, prefera-
bly only one. Thus, the primary amine
group of the synthetic and natural pep-
tides listed in Table 1 was coupled with
the fluorescent dyes fluorescein iso-
thiocyanate (FITC), dansyl chloride
(DANS), or lissamine rhodamine B

(LRB) (5). The conjugation reactions
were carried out at room temperature in
an aqueous-acetone solvent made alka-
line with KHCOj;. The products were pu-
rified by ion-exchange and gel-per-
meation chromatography. The criterion
for purity was the formation of a single
fluorescent spot in paper electro-
phoresis. Amino acid analysis and end-
group analysis were performed on all
peptides, except microperoxidase. The
purified compounds were dissolved in
water and the pH was adjusted to about 7
with KOH or HCI.

The solutions of the fluorescent probes
were injected into cells of isolated Chiro-
nomus salivary glands (mid-fourth in-
star) with the aid of a micropipette and a
pneumatic pressure system (6); the
spread of the fluorescence inside the
cells (excited with wavelengths of 460
nm for FITC, 340 nm for DANS, and 540
nm for LRB) was observed and photo-
graphed in a microscope darkfield, or,
for velocity determinations, the spread
was viewed and videotaped with the aid
of an image intensifier-television system
(7). The fluorescent emissions of FITC
and DANS peak at 520 and 525 nm (yel-
low-green) and that of LRB, at 590 nm
(red). Thus, in experiments where two
tracers were injected together, the LRB
was easily distinguished from either of
the other two by the use of appropriate
filters. In some cases, the tracer studies
were combined with measurement of
electrical coupling. Electrical current
was then passed between the exterior
and the interior of the cell injected with
the tracer, and the resulting changes in
membrane potential were measured in
this cell and the immediate neighbor with
the use of three microelectrodes (7).

The results obtained with the various
tracers are summarized in Table 1. The
amino acids and peptides with sizes less
than or equal to 1158 daltons passed
through the junction. Their fluorescence
spread from the site of injection through-
out the injected cell and into the cell
neighbors at rates inversely related to
molecular size. The tracers generally
crossed several cell junctions on either
side. The arrival of a tracer at the junc-
tion was marked by an abrupt change in
the velocity of the fluorescence spread.
With molecules less than or equal to 380
daltons, passage through the first junc-
tion became detectable within a few sec-
onds of the tracer’s arrival at the junc-
tion; and the fluorescence on the two
sides of the junction appeared to equal-
ize within 1 to 10 minutes. With mole-
cules between 593 and 1158 daltons, the
transit through junction was slower (tak-
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