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Effect of Transjunctional KCI Gradients on the Spermine Inhibition of
Connexin40 Gap Junctions

Xianming Lin and Richard D. Veenstra
Department of Pharmacology, The State University of New York Upstate Medical University, Syracuse, New York

ABSTRACT Spermine inhibits rat connexin40 (Cx40) gap junctions. Glutamate residues at positions 9 and 13 and a basic
amino acid (HKH) motif at positions 15-17 on the amino terminal domain are essential for this inhibitory activity. Questions
remain as to whether spermine occludes the channel within the ion permeation pathway. To examine this question, cis or frans
[KCI] was systematically lowered and the equilibrium dissociation constants (Ky) and kinetics of unilateral spermine block on
wild-type Cx40 gap junctions were determined. Asymmetric reductions in the frans [KCI] produced noticeable asymmetric shifts
in the V4,2 and Gmin values that progressively resembled G-V relationships observed in heterotypic connexin gap junction com-
binations. As cis or trans [KCI] was reduced by 25%, 50%, or 75% relative to the spermine-containing side, the transjunctional
voltage (Vj)-dependent Ky values increased or decreased, respectively. The spermine on-rates and off-rates, calculated from
the junctional current decay and recovery time constants, were similarly affected. Hill coefficients for the spermine dose-
response curves were ~0.58, indicative of negative cooperativity and possible multiple spermine inhibitory sites. The equivalent
“electrical distance” (8) ranged from 0.61 at 25% cis [KCI] to 1.4 at 25% trans [KCI], with a Hill coefficient of 1.0. Symmetrical
reductions in [KCI] resulted in intermediate decreases in the spermine Kys, indicative of a minor electrostatic effect and a more
significant effect of the transjunctional KCI electrodiffusion potential on the spermine association and dissociation rates. These
data are consistent with a single spermine molecule being sufficient to occlude the Cx40 gap junction channel within the KCI

permeation pathway.

INTRODUCTION

Gap junctions functionally integrate coupled cells via elec-
trical and chemical diffusion of ions and second messengers
by forming aqueous pores between like cells that directly
mediate intercellular communication. Gap junctions can be
regulated by a variety of cellular signals, including trans-
junctional voltage (V;), intracellular Ca’>* and proton concen-
trations, and receptor signaling cascades (1,2). Recent reports
also suggest that Mg> " and intracellular polyamine levels can
modulate gap junction conductance (g;) (3—7). Polyamines
are ubiquitous aliphatic amines that are positively charged
under physiological conditions and are expected to interact
with negatively charged molecules, such as nucleic acids,
phospholipids, or proteins within the cells. They may have a
dual role in cellular function by promoting cell growth or
inducing apoptosis when they occur in excess (8—10). They
may also specifically interact with certain ion channels, such
as Ca”" -permeable glutamate receptors, N-methyl-D-aspartate
receptors, cardiac ryanodine receptors, inward rectifying po-
tassium channels, cyclic nucleotide—gated channels, and Na™
channels (11-17).

Spermine is the only polyamine known to significantly
block connexin40 (Cx40) gap junctions in the physiological
submillimolar range, and it does so in a concentration- and
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Vi-dependent manner (6). Two glutamate residues at posi-
tions 9 and 13 and a basic amino acid (HKH) motif at posi-
tions 15—17 on the amino terminal (NT) domain are essential
for this inhibitory activity (18,19). Two cytoplasmic gluta-
mate residues on the BK channel subunit dramatically fa-
cilitate Mg or spermine block by a primarily electrostatic
mechanism (20). Polyamine blockade of ion channels most
commonly involves electrostatic interactions with acidic or
neutral polar amino acids within or near the channel pore
(12,21-24), but allosteric effects on NMDA receptor channel
gating are also known to occur (25). Since spermine reduces
Cx40 gap junction channel activity with only minor effects
on channel conductance, it is important to determine whether
the spermine inhibitory site resides within the Cx40 gap junc-
tion channel ion permeation pathway or acts by an allosteric
mechanism.

Asymmetrical alterations to the transjunctional salt gradi-
ent for permeable ions will result in an electrochemical dif-
fusion potential across the Cx40 gap junction, even when
two coupled cells are voltage clamped to the same membrane
potential (19). If spermine occlusion of the Cx40 gap junc-
tion channel occurs within the permeation pathway, then
altering the net transjunctional KCIl fluxes will affect the
equilibrium and kinetic properties of spermine block. In this
study, we lowered cis or trans [KCl] and determined the ef-
fects of transjunctional [KCI] gradients on the spermine inhi-
bition of Cx40 gap junctions. We demonstrate that lowering
trans [KCl] decreased the spermine equilibrium constant
(Ky), whereas a relative increase in the trans [KCl] increased
the inhibitory K. The kinetics and electrical distance () were
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also similarly affected by the altered cis-trans [KCI] gradi-
ents. Symmetrically lowering [KCl] also enhanced the amount
of spermine block, but the observed effects were lesser than
those observed with asymmetrical lowering of the trans or
cis [KCI]. The results indicate that K* and spermine interact
at a common site or sites and that one spermine molecule is
sufficient to completely occlude the Cx40 gap junction chan-
nel within the KCI permeation pathway.

MATERIALS AND METHODS

All dual whole-cell voltage-clamp experiments were performed on stable rat
Cx40 transfected N2a cell cultures on the stage of an inverted phase-contrast
microscope (IMT-2, Olympus, Melville, NY) using two RK-400 patch-
clamp amplifiers (Molecular Kinectics, Pullman, WA), as previously de-
scribed (25). The standard KCI internal pipette solution (IPS) contained (in
mM) KCl 140, MgCl, 1.0, CaCl, 3.0, K4BAPTA 5.0, and Hepes 25, pH 7.4
(titrated with 1 N KOH). The final osmolarity of all external and internal
solutions was adjusted to 310 mOsm with 1 M KCl. Raffinose (Sigma Chem-
ical, St. Louis, MO) was added to each low [KCI] IPS to maintain the os-
molarity at 310 mOsm. The K™ activities of each IPS were measured using
ion-selective electrodes. MgATP was added daily to achieve a final concen-
tration of 3.0 mM. A stock solution of 0.5 M spermine(HCl), (Calbiochem,
La Jolla, CA) was diluted daily, as required, with IPS KCI. Errors in the
transjunctional voltage command signal (V; = V; — V>) resulting from the
series resistance of each patch electrode (R.)) and the actual junctional
conductance (g;) calculations were calculated according to (26)

gj = —AIQ/((VI + AVl) — (11 XRe“) — V2 + (11 XRell))'
ey

Whole-cell currents were digitized at 1 or 4 kHz after low-pass filtering at
100 or 500 Hz with a four-pole Bessel filter (LPF- 202 A, Warner Institute,
Hamden, CT). All currents analysis and curve-fitting procedures were per-
formed using Clampfit software (p)CLAMP version 8.2, Axon Instruments)
using the sum of squared errors minimization procedure. Final graphs were
prepared using Origin version 6.1 or 7.5 software (OriginLab, Northampton,
MA).

The membrane potential of the spermine(HCl), + KCl-containing cell
(V1) was stepped (AV;) to negative (control), positive (block), and back to
negative (recovery) V; values relative to the common holding potential (—40
mV = V5). A 500 ms s step to —40 mV occurred 20 s into each V; pulse to
assess any change in the whole-cell current baseline from which the junc-
tional current (/; = —Al,) was measured. Vj was varied in increasing 5-mV
increments to £50 mV. The duration of each V; step was 30 s, with a 10-s
rest interval between each —/+/— voltage sequence.

RESULTS

Effects of KCI on V; gating and equilibrium binding
properties of spermine inhibition

The primary purpose of this study was to determine whether
transjunctional [KCl] gradients alter the Vj-dependent spermine-
blocking properties of homotypic Cx40 gap junctions. In pre-
vious studies, the fraction of unblocked steady-state junctional
current (I;kc1+spermine) /1 i(kcr)) was calculated by dividing the
steady-state /; obtained at positive V; by the steady-state
I; obtained at the equivalent negative V; for each experiment
(6,18,19). This procedure for calculating the amount of
spermine inhibition is valid provided that the /; responses are
otherwise similar in response to V; steps of positive and
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negative polarity, i.e., symmetrical. To account for the asym-
metric Vj-dependent gating produced by the unilateral reduc-
tions in [KCl], steady-state junctional conductance-voltage
curves were determined from Cx40-N2a cell pairs under all
three symmetrical and unilateral low [KCI] conditions. The
Vi-dependent gating of gap junctions was described by fitting
the g; obtained for each V; polarity with a two-state Boltzmann
equation:

8i = (Zmax X (exp(AX(V} = V) + guin)/
(1 + (exp(AX(V} = Vi)))), 2)

where gmin is the residual voltage-insensitive portion of g;
achieved over the examined V; range, gmax is the normalized
maximum slope conductance (obtained at low V; values, e.g.,
*5 to *25 mV), V,, is the half-inactivation voltage for the
voltage-sensitive portion of g;, and A is the slope factor for
the curve. A = zq/kT where q is the equivalent charge of
an electron, z is the valence of the voltage sensor, k is
Boltzmann’s constant, and T is the absolute temperature (°K)
for the experiment. The normalized G; was obtained by
dividing g; by the gn.x value for each V; polarity. The results
in Fig. 1 and Table 1 describe the shift in the Vj-dependent
equilibrium gating properties associated with homotypic
Cx40 gap junctions under asymmetric [KCI] conditions. The
resultant shifts in the V; gating properties are reminiscent of
those observed when heterotypic gap junctions are formed
between two different connexins possessing different NT-
domain charged amino acid residues in the same correspond-
ing sequence positions (18,27-29).

Control spermine inhibition dose-response curves were ob-
tained in response to spermine added unilaterally to the cell
receiving the voltage-clamp pulses (cell 1 = cis = spermine-
containing side of the junction = I;), as previously described
under symmetric conditions with 140 mM KCI (6). Fig. 2 A
demonstrates the increasing time- and V;-dependent inhibi-
tion of Cx40 double whole-cell gap junctional currents (/;) by
2 mM spermine during increasingly positive V; pulses from
a single experiment. The symmetrical [KCI] dose-response
curve data were fitted with the equation

Ij(KCl+spcnninc)/Ij(KCl) = 1/(1 + ([SpeMine]/Ksz)n>7 (3)

where n is the Hill coefficient. Representative Vj-dependent
dose-response curves obtained under symmetric 140 mM
KClI conditions are illustrated in Fig. 2 D. The Vj-dependent
K4 values decreased as [KCl] was symmetrically lowered,
whereas the Hill coefficient for spermine inhibition remained
essentially constant at 0.6 (Table 2 and Supplementary Ma-
terial, Table S1). Applying these same procedures to the
spermine inhibition-concentration curves obtained under asym-
metric [KCI] conditions would yield an ““apparent K4 (K3™)
based on the assumption of symmetrical /; responses in the
absence of spermine (data not shown). As illustrated in Fig.
1, the Vj-dependent gating of rat Cx40 gap junctions was
not symmetrical when cis or trans [KCI] was unilaterally
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FIGURE 1 Cx40 Gj-V; relationships under asymmetric normal to low [KCI] conditions. The steady-state G;-V; curves from six experiments under
symmetrical control (A), asymmetric 75% trans [KCl] (B), asymmetric 50% trans [KCl] (C), and asymmetric 25% trans [KCl] conditions (D) are shown. The
positive and negative V; polarities of each curve were fit by Eq. 2 (thick solid line) and the results are presented in Table 1. Under asymmetric [KCI] conditions,
the Gnin and Vi, progressively increased on the low-[KCl] side while concomitantly decreasing on the high-[KCl] side.

reduced in accordance with the experimental conditions I =g XV,

employed in this study. To account for these [KCl]- VX (o X AX (V. — V. Yo
dependent changes in V; gating when assessing the amount 5 X (gjmax X (exp(A X (Vi = Vic))) + i)/

of spermine block in a given experiment, we fitted the (14 (exp(A X (V; = Vi), @
steady-state g;-V; curves produced under asymmetric [KCl] using the appropriate values from Table 1. The gjm.x value
conditions with the Boltzmann equation, for each experiment was determined from slope conductance

TABLE 1 V;-dependent gating parameters for Cx40 gap junctions with low trans [KCI]

Control 75% trans [KCI] 50% trans [KCI] 25% trans [KCI]
Parameter =V +Vj* —Vi¥ + Vi =V +Vj* =V +Vj*
G max 1ot Lot 1ot 1ot 1ot 1ot 1.33% £ 0.005 1.16% = 0.003
Gomin 0.17 = 0.001  0.19 = 0.001 0.2 *= 0.002 0.09 = 0.002 032 = 0.002 0.06 = 0.002 0.38 = 0.002  0.03 = 0.002
Vi, (mV) —497 £ 0.1 +492*01 —590=*0.1 +470=*01 —613*01 +379*01 —668=0.1 +30.0 = 0.1
Valence (¢) 371 £0.03 378 =003 341 004 3.17 004 323004 3.03*004 274 *003 2.52=*0.03
Correlation 0.96 0.96 0.95 0.92 0.96 091 0.97 0.93
coefficient (r)
N 6 6 6 6

*V; is defined relative to the 100% (140 mM) KCl-containing cell.
JeraX was fixed to a value of 1.0 at V; = 0 mV for the indicated curve fit.
*Gmax was not fixed to a value of 1.0 at V; = 0 mV for the indicated Boltzmann equation curve fits.
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FIGURE 2 Double whole-cell current (/; and /,) recordings and spermine dose-response curves under different [KCI] conditions. /; and I, recordings for the
control symmetric 140 mM KCl (A), asymmetric 70/140 mM trans/cis KCI (B), or asymmetric 140/70 mM trans/cis KC1 (C) conditions were obtained with 2
mM spermine added unilaterally to cell 1. Junctional current (/; = —Al, measured from baseline Vj = 0 mV steps) was reduced in a time-dependent manner
only when a positive V; pulse (middle 30-s pulse) was applied to cell 1. Each colored current trace represents a +10 mV increase in V; (black < green < blue <
magenta < red). The Cx40 spermine inhibition dose-response curves were calculated from the mean (+SD) fractional lkci + sperminey/jkcry Values for the
symmetric 140 mM KCl (D), asymmetric 140/70 mM cis/trans KCl (E), or asymmetric 70/140 cis/trans mM KClI (F) conditions. The solid lines represent the
Hill equation (Eq. 2) fits for each curve. The effective K4 values are listed in Table 2 (see text and Supplementary Material, Figs. S1 and S2 for more details).

of the /;-V; relationship between —20 = V; = —5 mV, where
the Vi-dependent gating was minimal. These procedures
were followed for the 25%, 50%, or 75% reductions in [KCI]
on the cis, trans, or both sides of the Cx40 gap junction. In a
single experiment, a 50% reduction in [KCIl] on the trans
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side (70 mM KCl in the non-spermine-containing cell = I)
is observed to enhance the block by spermine (Fig. 2 B),
whereas a 50% reduction in [KCI] on the cis side (70 mM
KClI in the spermine-containing cell 1) diminished the block
(Fig. 2 C). The average spermine dose-response curves
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TABLE 2 Symmetrical KCI Vi-dependent Ky values for spermine inhibition of Cx40
Equilibrium dissociation constant, Ky (mM)
Vi (mV) 100% [KCl] 75% [KCl] 50% [KCl] 25% [KCI]

9.0 = 0.1 (r) 9.46 = 11.5 (0.87) 59.0 = 21.1 (0.98) 16.0 = 3.8 (0.98) 15.5 = 3.2 (0.98)
13.8 = 0.1 (r) 8.9 £ 6.2 (0.91) 11.1 = 2.7 (0.97) 5.6 = 0.9 (0.97) 5.9 £ 1.2 (0.97)
18.6 £ 0.1 (r) 5.3 =27 (091) 3.7 = 0.3 (0.98) 2.1 0.2 (0.97) 1.8 = 0.2 (0.96)
235+ 0.2 () 2.3 £ 0.5 (0.93) 1.8 = 0.2 (0.96) 0.94 = 0.13 (0.94) 0.76 = 0.07 (0.95)
284 £ 0.2 (r) 1.2 = 0.2 (0.91) 0.72 = 0.08 (0.94) 0.47 = 0.05 (0.93) 0.40 = 0.03 (0.95)
334 =02 (r) 0.59 = 0.19 (0.82) 0.40 = 0.05 (0.92) 0.27 = 0.03 (0.93) 0.22 = 0.02 (0.94)
384 = 0.2 (1) 0.27 £ 0.06 (0.85) 0.28 = 0.03 (0.93) 0.18 = 0.02 (0.93) 0.16 = 0.01 (0.93)
435 0.2 (1) 0.11 = 0.03 (0.84) 0.22 = 0.02 (0.93) 0.15 = 0.01 (0.92) 0.13 = 0.01 (0.93)
484 £ 0.2 (r) 0.094 = 0.047 (0.75) 0.21 = 0.02 (0.92) 0.16 = 0.02 (0.90) 0.13 = 0.01 (0.91)

obtained under asymmetric 70 mM trans or cis [KCl] con-
ditions are illustrated in Fig. 2, E and F. The Vj-dependent
Kftvalues for all low cis or trans [KCI] spermine dose-
response curves are provided in Table 3. Unilateral trans
[KCI] reductions decreased the Vj-dependent spermine Kfjff
values, whereas cis [KCI] reductions progressively increased
the K values. There were only minor changes in the spermine
Hill coefficients except for the 35 mM cis [KCl] conditions
where n increased to =1.0 (see Supplementary Material,
Tables S1 and S2).

The validity of the experimentally derived spermine dose-
response curves and K¢ values were assessed by modeling
the normalized /;-V; curves for the concentration-dependent
spermine block observed under each set of experimental
conditions (Fig. 3). The experimental protocol is schemat-
ically diagrammed in Fig. 3 A such that a positive V; on the
spermine-containing side of the gap junction (cis = cell 1)
corresponds to the right side of the /;-V; curve. The symbols
represent the actual normalized mean /; value for the in-
dicated [spermine] and V; values under the specified [KCl]
conditions. The curved lines were calculated using the fol-
lowing Boltzmann equation for negative V; values:

Likey = Gy X'V
= Vi X (Gjmax X €XpA X (V; = V1)) + Gjmin)/
(1+ (exp(AX (Vi = Vy)))), 6))

and a different expression for positive V; values in the pres-
ence of spermine:

Likcrsspermine) = Vi X (Gimax X (exp(AX(Vj = Vis))) + Giin)/
(1 + (exp(A X (V; = Vy))))
X (1/(1 + ([spermine]/K")")), (6)

using the K§values provided in Tables 2 and 3. These I-V;
relationships demonstrate the shift toward lower spermine
concentrations with 50% [KCl] reductions on the trans (non-
spermine-containing) side and toward higher spermine
concentrations with 50% [KCI] reductions on the cis (spermine-
containing) side. There is reasonable agreement between the
average data and the modeled fits of the /;-V/ relationships for
the various experimental conditions illustrated in Fig. 3. Over-
all, these observations indicate that lowering [KCl] on the
trans or cis side, respectively, increased or decreased the
Vi-dependent affinity of Cx40 gap junctions for spermine at
positive potentials.

Mechanistic basis for spermine inhibition of Cx40
gap junctions

Macroscopic I recordings provide for the determination of
the Kgffvalues and first-order kinetics, but do not provide an
indication of whether the spermine inhibition results from

TABLE 3 Asymmetric KCI Vj-dependent spermine equilibrium dissociation constants (Kjf‘)

Effective equilibrium dissociation constant, Kjff (mM)

V;j (mV) 25% trans|[KCl] 50% trans[KCl] 75% trans[KCl] 75% cis [KCl] 50% cis [KCI] 25% cis [KCl]
43+ 1.1 (r) — — — — 30.95*% £ 9.22 (0.96)  4.35 = 0.61 (0.95)
89 = 1.0() 4.50 x 1.410.91) 6.01 =561 (0.84) 21.3* = 5.3 (0.95) 9.09 = 5.16 (0.94) 20.02* = 4.68 (0.96) 5.91 £ 0.41 (0.99)

13.6 £ 09 (r) 2.53 £0.25(0.96) 3.61 £ 1.37 (0.89) 6.37* = 1.91 (0.91) 10.3 = 3.12 (0.97) 13.63* = 2.29 (0.96) 6.77 = 0.76 (0.98)
183 = 0.8 () 1.68 = 0.30 (0.92) 1.82 = 0.44 (0.90)  2.87 = 1.39 (0.88) 8.13 = 2.36 (0.96) 9.01* £ 1.93 (0.94) 6.80 = 1.89 (0.96)

23.1 = 0.7 (1) 0.599 = 0.163 (0.85) 0.633 = 0.109 (0.89)

1.24 + 0.33 (0.89)

28.1 = 0.7 () 0211 * 0.075 (0.80) 0.233 = 0.055 (0.84) 0.603 * 0.112 (0.90)
33.1 % 0.6 () 0.086 = 0.023 (0.83) 0.049 =+ 0.033 (0.73) 0.327 = 0.049 (0.89) 0.664 * 0.150 (0.87)
38.1 = 0.5 (1) 0.076 = 0.012 (0.87) 0.017 =+ 0.008 (0.84) 0.188 =+ 0.040 (0.83) 0.394 =+ 0.092 (0.84) 0.674 =+ 0.135 (0.88)
432 * 0.5 (1) 0.091 * 0.020 (0.77) 0.007 = 0.005 (0.84) 0.138 + 0.012 (0.94) 0.149 + 0.045 (0.85) 0.462 = 0.087 (0.86)

3.86 = 0.58 (0.96)
1.73 = 0.43 (0.89)

7.13 + 2.78 (0.95)
2.96 = 0.91 (0.91)
1.42 * 0.28 (0.89)

4.62 = 0.87 (0.95)
2.95 = 0.51 (0.93)
2.22 = 0.36 (0.91)
1.43 = 0.34 (0.83)
1.16 = 0.26 (0.82)

48.2 = 0.4 (r) 0.070 = 0.018 (0.83) 0.008 = 0.002 (0.94) 0.163 = 0.043 (0.81) 0.067 = 0.039 (0.82) 0.384 = 0.069 (0.87) 0.831 = 0.291 (0.69)

*The Hill coefficient for the indicated dose-response curves was fixed to the mean value of 0.7.
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FIGURE 3 Spermine inhibition /;-V; relationships under three different [KCI] conditions. (A) Schematic diagram of the experimental design for the
asymmetric [KCI] and [spermine] experiments performed on homotypic wild-type rat Cx40 gap junctions expressed in N2a cells. The normalized steady-state
I;-V; curves for representative spermine concentrations are shown for the symmetric 140 mM KCI (B), asymmetric 140/70 mM cis/trans KCI (C), or
asymmetric 70/140 cis/trans KCI (D) conditions. Each data point represents the average from three to five experiments (average of 4.6 = 0.6 experiments for
each [spermine] tested). The solid lines represent the model /;-V; curves using Egs. 5 or 6 that account for the Vj-dependent gating plus spermine block of Cx40

gap junctions under the indicated conditions.

reductions in Cx40 channel open probability (Pypen) Or uni-
tary gap junction channel conductance (7;). To determine
which of these mechanisms was most responsible for the
reduction in Cx40 /; under the altered transjunctional [KCl]
conditions, low g; recordings from four experiments with
high-dose (3.5 mM) or low-dose (100 wM) spermine and op-
posite cis-trans [KCI] conditions were analyzed to determine
the effects on Cx40 gap junction channel activity and vy; (Fig. 4).
The high-dose spermine maximizes any possible effect of
spermine on 7;. The cumulative open probabilities (N X
Popen) Of the summatory channel activities during the 30-s
negative V; (nonblocking) and subsequent positive V; (block-
ing) steps were calculated to provide a direct measure of the
relative channel P, under the distinctly different experi-
mental conditions. The time integral of the total /; was di-
vided by the V; pulse duration integral of the unitary current
(ij = g; X V) to arrive at the N X Py, calculation. In the
absence of spermine, Ppe, Was found to be identical for the
148-pS Cx40 gap junction channels observed during the —V;
and +V; pulses under control [KCI] conditions (Fig. 4 A). A
25% reduction in the trans [KCl] produced a 15% decrease
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in Popen at +Vj relative to the —V; pulse, whereas the ap-
parent vy; values were reduced from 148 to 109 pS on the
trans side of the junction (Fig. 4 B). The ‘‘apparent’ v;
values were calculated by dividing i for each observable
channel by the command V; value (i.e., V| — V). The actual
v; values would require accounting for the reversal potential
shift due to the asymmetric [KCI] gradients that averaged
—6.2, —14.4, and —26.5 mV for the 75%, 50%, and 25%
trans [KCI] conditions, respectively, as determined previ-
ously for the Cx40 gap junction channel (19). The complete
i;-V relationships for the experimental conditions illustrated
in Fig. 4 are provided as Supplemental Material (Fig. S6).
In the presence of 3.5 mM spermine, N-P,pe, Was reduced
by 70% during the +35 mV V; pulse in the control (sym-
metrical 140 mM [KCI]) experiment (Fig. 4 C). The apparent
v;j values were reduced by 14% (128/148 pS) under these
conditions, in close agreement with our previous observa-
tions in the presence of 2 mM spermine (6). Lowering the
trans [KCI] to 105 mM reduced the apparent y; to ~114 pS
during the negative V; pulse (Fig. 4 D). However, the N-Ppen
value during the +35 mV V; pulse in the 75% trans KCI
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FIGURE 4 Channel activity in the presence or absence of spermine and unilaterally reduced transjunctional [KCl] gradients. (A) Cx40 channel activity under
symmetrical 140 mM [KCI] conditions in the absence of spermine. The activity of zero to three 148 pS channels is evident and the cumulative open probabilites
(N X Pgypen) were identical for each 30-s =30-mV pulse with an average of 1.02 channels being open for the entire duration of each pulse. (B) The cumulative
open probability at +-35 mV (6.5 open channels) was reduced by 14% relative to the —35-mV V; pulse (5.6 open channels) under 75% trans [KCl] conditions in
the absence of spermine. The apparent single-channel conductance (y;) was still 144 pS for the cis-side positive and was reduced to 109 pS for the trans-side
positive. (C—F). Cx40 channel activity observed during the last 10 s of a 30-s-duration V; pulse to —35 mV and the first 10 s of the following +35-mV V; pulse
in the presence of 3.5 mM spermine. (C) The v; of the observed channel activity with symmetrical 140 mM [KCIl] measured 128 pS in the presence of spermine.
This corresponds to a 15% reduction in v;j, whereas N X P e, was reduced by 70% during the positive V; pulse (0.96 relative to 3.14 open channels; +V;/—V})
in the presence of 3.5 mM spermine. (D) In this example, the trans side of the gap junction contained only 105 mM KCI. This reduced the apparent trans vy;
slightly (?20%) to 120 pS but N X P, declined by 81% (0.42 relative to 2.21 open channels) during the +35-mV V; step on the cis spermine-containing side
of the junction. (E) Results obtained when [KCI] was reduced to 105 mM on the cis 3.5 mM spermine-containing side of the gap junction. N X Py, declined
by only 45% (1.13 relative to 2.47 open channels) during the +35-mV step, whereas the apparent y; was reduced by 25% to 90 pS. (F) Cx40 gap junction
channel blockade at low (100 wM) [spermine] occurred by a 96% reduction in N X P, relative to the preceeding —40 mV V; step (0.24 relative to 3.89 open
channels). This dramatic reduction in N X Pgpe, occurred despite the apparently higher v; value of 195 pS on the cis spermine-containing side of the junction
due to the electrodiffusion potential established by the asymmetric [KCI] gradient. The dotted line indicates the true zero /; baseline under these recording
conditions (see text for further details).
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experiment was diminished by 81%, more than under control
conditions. Similar analysis of the cis 105 mM [KCI] plus
3.5 mM spermine experiment indicated a further reduction
in the apparent 7; to 91 pS (a 29% reduction from 128 pS),
but the N X Pgpen value was reduced by only 55% (Fig. 4 E).
These multi-channel recording were obtained at spermine con-
centrations several times higher than the Vj-dependent K&t
under these experimental conditions (Table 2). To ascertain
whether the same mechanism of block applies at low spermine
concentrations, Cx40 gap junction channel recordings were
examined at spermine doses that closely approximated the
experimental KSvalue. Fig. 4 F demonstrates a 94% reduc-
tion in the N-Ppe, value in the presence of 100 uM spermine
under 25% trans [KCl] conditions, despite the increased ap-
parent ;. Under symmetrical 25% KCI conditions, the Cx40
gap junction channel y; was 70 pS and the average slope ;
of the 25%/100% i;-V; relationship was 108 pS, close to the
arithmetic mean of 70 and 148 pS (data not shown) (19).
These results consistently demonstrate that the predominant
basis for the reductions in macroscopic /; during the spermine
experiments with altered transjunctional KCI and spermine
concentrations was the decrease in the cumulative gap junc-
tion channel activity, N-Ppep.

Effects of [KCI] on the spermine blocking kinetics

Since the K§'values decreased concomitantly with the de-
creases in [KCI] on the opposite side of the junction relative
to spermine, the relative association rates (K,,) and disso-
ciation rates (K,g) should be altered up or down by the re-
duction in the cis or trans [KCl] in accordance with the
definition: Kgff = Koir/Kon. The spermine K, values were
calculated using the expression

Kon = (1 - Pnpen)/(Tdecay X [Spemine])v (7)

which accounts for the varying [spermine] and amount of
inhibition observed at each V. P, was the fraction of /; that
remained at the end of the positive V; pulse, and the decay
time constant (Tgecay = 1/(Kon + Kofr)) Was determined by
fitting the decay phase of /; during the positive V steps with a
first-order exponential function (Fig. 5 A). The correspond-
ing off-rates (K,gr) were calculated from the expressions

Koff = Popen/Tdecay7 (8)
at positive V; and
Koff = I/Trise (9)

at negative V; (where Py = 1). Tyse Was determined by
fitting the rising phase of /; and (Fig. 5 B). The calculated on-
rates (in ms ! mel) and off-rates (in msfl) under sym-
metrical [KCI] conditions were plotted as a function of V;,
and the pooled data were fit with a single exponential func-
tion of the form

K=AX CXP((VJ' - Vinn)/Vk) +C, (10)
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where A is the initial amplitude, Viy;, is the minimum V; value
from which kinetic measurements could be determined, Vy
defines the Vj-dependence of the spermine on- or off-rates,
and C is a constant (Fig. 5, C and D). The spermine on-rate
and off-rate results obtained under asymmetric [KCl] condi-
tions are similarly illustrated in Fig. 6 (see Supplementary
Material, Fig. S4). It is apparent that the spermine K, rates
increased and the K g rates decreased as [KCl] was lowered
symmetrically or on the opposite frans side of the gap junc-
tion. When cis [KCI1] was lower relative to the normal-[KCl]
opposite side of the junction, the spermine K, rates were
diminished. The spermine K rates varied reciprocally in all
cases. These data are consistent with transjunctional K™ flux
opposing the association of spermine with the Cx40 gap
junction channel.

K* activity dependence of Cx40
spermine inhibition

The observations presented thus far suggest that spermine
associates with the Cx40 gap junction channel while expe-
riencing positive V; gradients, and that transjunctional K"
flux opposes this interaction. To examine this hypothesis
further, we employed the Woodhull model to calculate the
“‘effective electrical distance’” of a charged molecule to the
site of occlusion (30,31). According to the model, voltage-
dependent inhibitory K, values result from point charges on
a blocking molecule sensing a fraction of the applied voltage
field at the site of occlusion. For a gap junction channel, the
actual applied V; field results from the difference in cellular
membrane potentials (V; = [(V; + AV}) — (I; X Repy) — Vo +
Iy X Re))D) (Eq. 1). In the case of asymmetric [KCI] gra-
dients, K™ ions will experience an electrodiffusion potential
that will affect spermine binding if there is a common site
of interaction. The electrical distance (6) is defined by the
equation

K" = (b_,/b))exp(—z8FV,/RT) + C. (11)

d

The spermine dissociation/association rate ratio (b_,/b;) is
equal to the effective spermine Ky in the absence of an ap-
plied V; (Kfjff(O)), z is the effective valence, & is the fraction
of the applied V; field at the inhibitory site, and C is a con-
stant remainder term. The product of zé ranged from 2.4 to
5.6 depending on whether the 25% KCI was on the side with
or without the added spermine (see Supplemental Material,
Fig. S5). Spermine has a valence of +4 at physiological pH,
so the equivalent 6 for all four point charges was 1.06 = 0.09
under the control symmetric 140 mM KCI conditions. The
6-value increased slightly to 1.21 = 0.12 with symmetrical
lowering of [KCI] to 35 mM. The &-value increased even
further to 1.4 when [KCI] was lowered unilaterally, even
though the cis spermine-containg side of the junction con-
tained 140 mM [KCl]. Conversely, the 6-value decreased to
0.6 when [KCI] was unilaterally reduced to 35 mM on the cis
side of the gap junction.
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FIGURE 5 Concentration- and V;-dependent spermine association and dissociation rates under symmetric [KCI] conditions. (A) Determination of the decay
time constant (7gecay) during the onset of a positive V; step in the presence of 2 mM spermine. For this example, the steady-state open probability (Ppen) Was
0.11. (B) Determination of the rise-time constant (7y.) during the onset of a negative V; step in the presence of 2 mM spermine. (C) The spermine on-rates
(Kon), determined from the /; decay time constants at +V; values, were calculated using Eq. 7 for all four symmetric [KCI] conditions. The K, values were fit
by a single exponential. (D) The spermine off-rates (Kosr), calculated from the decay time constants at 4V values or rising time constants at —V; values using
Eq. 8 or 9, respectively, were fit by a single exponential function for all four symmetric [KCl] conditions. Symmetrically decreasing the [KCl] reciprocally
increased and decreased the spermine on-rates and off-rates (see Supplemental Material, Fig. S3, for further details).

To examine any possible correlation between the 6-value
and the cis/trans K™ activity ratio, the corresponding curve
was fitted with the Hill equation

V=3 (14 (K,)/[cis/trans))"). (12)

In Fig. 7, the Hill coefficient () was 0.99 + 0.16 with a»®
of 1.64 = 0.13 and a half-maximal cis/trans K™ activity ratio
(x1,) of 0.53 £ 0.09, assuming a net valence of +4 (r =
0.97). This correlation is indicative of a direct relationship
between the cis/trans K™ activity ratio and the fraction of
the V; field sensed at the inhibitory site for spermine. Also
plotted are the 6-values for the symmetrical 75%, 50%, and
25% reductions in [KCl] (open squares) for comparative pur-
poses. Decreasing the cis [KCI] to match the reduced trans
[KCI] would enhance any electrostatic effect of the channel
protein surface charge on spermine association by decreasing
the ionic strength of the cytoplasmic solution. These symmet-
rical low [KCI] data do indicate an increased §-value com-

pared to the control 140 mM KCI condition, but the dashed
arrows indicate the reduction in the -value at the same ionic
strength when the trans reduction in [KCl] is matched on the
cis side of the gap junction. The on- or off-rate voltage con-
stants (V) under different experimental conditions were also
plotted relative to the cis/trans K activity ratios and fitted
with the Hill equation

Vi VK
Vo= vmax

(1+ (K,),/[cis/mrans))") +C.  (13)

The respective Hill coefficients were 3.4 = 0.5 and 3.5 *
0.1, the half-maximal cis/trans K* activity ratios (x,,) were
0.99 = 0.01 and 1.22 = 0.06, and the values of C were
—17.7 £ 0.1 and 9.8 = 0.3 mV for the off-rate and on-rate
Vi values, respectively. These Hill coefficient values are
similar to the valence of spermine (z = +4 at pH 7.4) and are
consistent with the hypothesis that the equivalent of one
spermine molecule is sufficient to produce the block of Cx40
gap junctions. The larger increase in the -value under low
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FIGURE 6 Concentration- and Vj-dependent spermine association and
dissociation rates under asymmetric [KCI] conditions. (A) The spermine K,
rates, determined from Tgecay and Popen at +V; values for all asymmetric cis/
trans [KCI] conditions, were well described by a single exponential function
(Eq. 10). Increasing the cis/trans [KCI] ratio increased the spermine on-rates,
whereas decreasing it had the opposite effect. (B) The spermine K rates,
calculated from Tgecay and Popen at +Vj or Ty values at —Vj values for all
asymmetric cis/trans [KCIl] conditions, were well described by Eq. 10.
Increasing the cis/trans [KCI] ratio reciprocally increased the spermine on-
rates and decreased the spermine off-rates and vice versa (see Supplemen-
tary Material, Fig. S4 for further details).

trans [KCl] conditions relative to the symmetrical situation
indicates that net transjuctional K™ flux is more influential
than the enhanced electrostatic effects of decreasing the mono-
valent ionic strength of the internal milieu on the spermine
inhibitory block.

DISCUSSION

The purpose of this study was to explore further the ionic
basis for the inhibition of Cx40 gap junction currents by
intracellular spermine. Previous results have shown that this
property is specific to Cx40 compared to Cx43 and results
predominantly from decreased Cx40 gap junction channel open
probability with increasing [spermine] and positive trans-
junctional voltages (6). Spermine inhibition also involves
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FIGURE 7 §&-Values (m) for control and all asymmetric experimental cis/
trans [KCI] conditions. The fraction of the V; field (5) sensed by spermine
(z = +4) at the inhibitory site increased with elevations in the cis/trans K™
activity ratio with a Hill coefficient of 0.99 * 0.16, indicative of a direct
single-site interaction (see Supplementary Material, Fig. S5 for further
details). The 6-value under symmetrically reduced [KCl] conditions ((J) was
less than that observed during the frans-only reduction. The shift in the
8-value from the low frans condition to the equivalent low cis-trans con-
dition is indicated by the dashed arrow.

Cx40 amino terminal (NT) acidic and basic amino acid
residues that are distinct between Cx40 and Cx43 (18,19).
Two general mechanisms are considered for ionic block of
ion channels, direct pore block characterized by reductions in
unitary channel conductance (7y;) and discrete blocking events
characterized by prolonged closed intervals and reduced
open probabilities (Popen) during channel gating at a constant
voltage. The latter is sometimes referred to as a ‘‘gating’’
type of block. The gating mechanism of block was previously
indicated for the Cx40 gap junction channel since 2 mM
spermine added unilaterally to one side of the gap junction
reduced Ppen by 95% yet reduced v; by only 15% (6). The
major question to be considered here is whether this
spermine inhibition of Cx40 I; results from a direct action
on the channels or from an allosteric alteration of the intrinsic
Vi-dependent gating of the gap junctions. To accomplish this,
we altered the [KCl] both bilaterally and unilaterally in the
presence of spermine applied unilaterally to homotypic Cx40
gap junctions and determined the effective K4s and on- and
off-rate kinetics for spermine block. In this article, we report
the effects of ionic strength alterations and transjunctional
[KCI] gradients on the equilibrium binding properties and
kinetics for spermine inhibition of Cx40 gap junctions.
Symmetrical reductions in [KCI] decreased the K4 for
spermine inhibition of Cx40 /;. These values were determined
by fitting the Vj-dependent spermine dose-response curves
with the Hill equation for cooperative binding (Eq. 3, Fig. 2).
Only small decreases in the spermine Ky values were pro-
duced by bilateral low [KCl]. These results indicate that elec-
trostatic attraction is not the major determinant of spermine
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affinity since the Debye length constant would be expected
to increase with decreasing ionic strength, thus reducing the
spermine K4 values. The Hill coefficients for spermine inhi-
bition were <1 and did not change significantly with these
bilateral reductions in [KCl]. The lack of change in the Hill
coefficients further suggests that K™ ions are not the basis for
the negative cooperativity of spermine inhibition (Hill co-
efficient, n = 0.6, see Supplemental Material, Figs. S1 and
S2). The Hill coefficient for spermine inhibition achieved
independence (n = 1.0) only when cis [KCI] was threefold
lower than trans [KCl], a condition that elevated the spermine
K4 values. These results are consistent with negative cooper-
ativity among inhibitory spermine molecules that is alle-
viated by higher net transjunctional K™ fluxes. Negative
cooperativity among spermine molecules independent of
ionic strength was observed with the BK channel (20). This
led to the hypothesis that multiple-site interactions among
spermine molecules were responsible for this negative coop-
erativity. It is feasible to assume that the Cx40 gap junction
channel also contains multiple spermine inhibitory sites since
each of the six Cx40 NT domains contains four acidic res-
idues within a span of eleven amino acids. It is not precisely
known if more than one Cx40 NT domain or if other cy-
toplasmic domains are required for block to occur, but the
hexameric configuration of connexin subunits raises the pos-
sibility that multiple spermine blocking sites can exist within
the same Cx40 gap junction channel.

The kinetics of spermine block were also altered by the
symmetrical decreases in [KCl], which is expected from
the changes in the observed K4s. The spermine on-rates in-
creased progressively and the off-rates decreased progres-
sively as [KCI] was symmetrically reduced (Fig. 5). The &,
values became more Vj-sensitive and the ko values less
sensitive as bilateral [KCl] was decreased. These alterations
are consistent with transjunctional K™ flux opposing spermine
block. One mechanism by which the V;-dependent kinetic
shifts could occur is if K* ions and spermine*” molecules
compete for common sites on the Cx40 channel. These ion
conductive and spermine inhibitory sites must reside some-
where on the Cx40 protein that affects Vj-dependent gating
more than channel conductance since the predominant effect
of transjunctional spermine and KCl gradients was on Cx40
gap junction channel open probability rather than v; (Figs.
1 and 4). This conclusion is substantiated by the observation
that the 10-15% reduction in Gj at +40 mV with 75% trans
[KCI1] in Fig. 1 closely matches the observed decrease in
Cx40 channel N-P ., under identical conditions in Fig. 4 B.
The highest concentrations of spermine reduced vy; by only
15-30%, depending on the cis [KCl], whereas N-Pqpen, Was
observed to decrease by 45-94%, depending on the cis-trans
[KCI] gradient (Fig. 4, C-E) (6).

Asymmetric alteration of the internal [KCl], performed while
maintaining osmotic balance (ignoring the added spermine to
one side of the gap junction) imposes a KCl electrodiffusion
potential across the gap junction in addition to the alterations
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in ionic strength. These lowered frans or cis (relative to the
spermine-containing and Vj-pulsed side (see Fig. 3)) [KCI]
experiments produced much lower or higher spermine Ky
values than under symmetrical conditions. The effective Kgs
were calculated from the Vj-dependent /;(KCl + spermine)/
I,(KCl) curves after accounting for the alterations in the V;-
dependent gating produced by the asymmetric [KCI] (Fig. 1
and Table 1). These Kjffdeterminations are central to the
question of whether spermine directly inhibits, or whether it
“‘enhances’’, the Vj-dependent gating of the Cx40 gap
junction channel. By accounting for the Vj-dependent gating
properties of the homotypic Cx40 gap junctions while ex-
periencing asymmetric [KCI] gradients, any further V;-
dependent asymmetries in the /;-V; relationships must be the
result of spermine inhibition occurring at positive V; values
(Fig. 3). The spermine on- and off-rate kinetics were op-
positely affected by the cis/trans [KCl] gradients. Again, de-
creasing trans [KCl] increased the spermine association (ko)
rates and Vj-dependence while decreasing the spermine dis-
sociation (ko) rates and Vj-dependence (Fig. 6). The op-
posite effects were observed with decreases in the cis [KCl],
as expected. That the Vj-sensitivity and spermine on-off rate
kinetics were affected more by unilateral than bilateral cis or
trans [KCl] reductions is again consistent with net increases
or reductions in transjunctional K* flux diminishing or en-
hancing spermine association from the cis side of the gap
junction. These results cannot definitively determine whether
spermine itself is acting as the inactivation gating particle or
whether spermine is modulating the behavior of an intrinsic
V; gating particle. Additional experiments with polyamine
analogs and site-directed functional mutagenesis studies of
connexin sequences will be required to further delineate be-
tween these two hypotheses.

The hypothesized K™ -dependence of Cx40 spermine in-
hibition was further examined by measuring the actual K*
activities of the 25%, 50%, and 75% of normal [KCl] internal
pipette solutions and determining the relationship between
the fraction of the applied V; field (5) or the kinetic on- and
off-rate voltage constants (V. on or off) and the cis/trans
K™ activity ratio (Fig. 7 and Supplemental Material, Fig.
S5). After accounting for an equivalent valence of +4, the
fractional electrical distance 6 estimate varied according to
the cis/trans K* activity ratio, with a Hill coefficient of 0.99.
These estimated parameters also assumed an extrapolated
minimum & = 0 in the absence of cis K* and a maximum
8 = 1.6 in the absence of trans K. We do not know if these
theoretical limitations of the equivalent electrical distance
analysis are true experimentally, but it is feasible to assume
that a large trans K" flux can completely oppose the inhi-
bition by cis spermine. A z8-value >4 implies that more than
one spermine molecule can enter the Cx40 channel at the
same time when the t7ans K™ flux is maximally reduced by a
large applied V; gradient, a high cis [KCI] gradient, or both.
Another limitation of this 6 analysis approach is that it does
not provide an indication of where the charge occurs within
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the channel pore or upon the inhibitory molecules. Again, this
information can only be provided by subsequent structure-
function analysis of mutant channel proteins in conjunction
with polyamine analogs.

The observation of a spermine inhibitory Hill coefficient
of 1 for the K™ -dependence of the & estimate is consistent
with a single spermine molecule accounting for all of the in-
hibition of Cx40 /; at the site of occlusion. However, it can-
not be ruled out that four spermine molecules each contribute
one identical positive charge to the observed inhibitory re-
sponse. We believe the latter hypothesis is unlikely given the
knowledge that spermidine, which lacks one terminal pro-
pylamine relative to spermine, produced only partial block of
Cx40 gap junctions despite significantly higher concentra-
tions (6). The 10-fold higher K4 values, the reduced efficacy
of block, and the estimated 6-value of 0.75 for spermidine all
suggest that the four positively charged amino groups of one
spermine molecule are necessary to effect block of Cx40 gap
junctions. Still, if a single spermine molecule is sufficient to
occlude a Cx40 gap junction channel, then long closed
intervals and reduced channel Ppe, values should be evident
at submaximal spermine concentrations. This was indeed the
case, as can be seen in Fig. 4 F' with 100 uM spermine. Since
the Hill coefficient for spermine inhibition is 0.70 under
these conditions, the negative cooperativity and low inhibitor
concentration also favor blockade by a single molecule
rather than multiple spermine molecules.

The K "-dependence of the spermine electrical distance (5)
and kinetic rate constants support the hypothesis that K*
jons and spermine** molecules directly compete for com-
mon sites on the Cx40 gap junction channel. Direct com-
petitive inhibition is characterized by outward shifts in the K4
values with the addition of an antagonist (i.e., transjunctional
K* flux), without reductions in the maximum effect of the
drug (i.e., spermine inhibition). This is best demonstrated by
the progressively lower trans [KCl] that continued to shift
the spermine K4 values toward smaller values while achiev-
ing maximum blockade. The increase in the 6-value does not
imply indirect (noncompetitive) competition between K
and spermine, since the data in Fig. 7 are consistent with a
saturable site with no reduction in the maximum inhibitory
effect of spermine in response to varying transjunctional
[KCI] gradients.

In summary, the block of Cx40 gap junctions by in-
tracellular spermine is consistent with a gating type of block
that occurs within the V;; field and ion conduction pathway of
the channel. The spermine inhibition is opposed by trans-
junctional K flux and may require only single-site occupancy
to occlude the channel, although multiple sites may exist.
These conclusions are consistent with a particle-receptor bi-
molecular gating mechanism, with spermine acting as the
inactivation particle or enhancing the action of an intrinsic
gating particle. To date, the only Cx40 amino acid residues
implicated in the spermine inhibitory process reside on the
cytoplasmic amino terminus and are unique to Cx40 relative
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to Cx43. The connexin amino terminal domain has previ-
ously been implicated in the V;-dependent gating process and
influences the V; polarity of gating by virtue of sensing the
applied V; field (31-34). These new data suggest that bimo-
lecular interactions with the connexin amino terminal do-
main can serve as a Vj-dependent gating mechanism with
spermine acting as an exogenous (to the connexin protein)
gating particle or modifier and the connexin NT domain serv-
ing as the receptor.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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