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EFFECT OF WATER-SOLUBLE CARBODIIMIDE ON GATING IN SODIUM CHANNELS
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The treatment of nodal membrane with water-soluble carbodiimide results in a deceleration of the time-course
of activation and inactivation of Na* channels and in a decrease in the steepness of the voltage-dependence
of the channel gating. The effective charge of activation decreases from about 5 to 3 electronic charges.
Carbodiimide is effective only at low (4.3-4.9) pH, which means that it reacts most probably with carboxyl
groups. The data are consistent with the proposal that carboxyl groups may serve as ‘gating particles’.

The operation of gating machinery in electro-
sensitive ionic channels underlies generation and
propagation of excitation in nerve and muscle
cells. The electrosensitivity of the channels sug-
gests the existence of a system of mobile charges in
their structure. At present, practically nothing is
known about chemical nature of constituents of
the gating machinery, although the functional
properties of this mechanism for a number of
channels have been described in detail. In present
work, we examine the effect of one of the water-
soluble carbodiimides on the Na* channels. These
compounds are known to react specifically (under
certain conditions) with carboxyl groups [1-3].

The work was done on single nerve fibre from
the frog Rana ridibunda under voltage-clamp con-
ditions. Membrane potential ( E) was defined as
inside minus outside. The elimination of linear
component of membrane current was accom-
plished with P/2 or P /4 procedures. Both positive
(test) and negative (control) steps started from
holding potential. Depending on the size of the
channel currents, this program was repeated from
2 to 32 times. The average data were reconverted
to analogue form and reproduced on d.c. pen-re-
corder. The control solution contained (in mM):
110 NaCl, 2 CaCl,, 10 Tris-HCI, 8 tetraethylam-
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monium chloride (pH 7.6). Water-soluble carbodi-
imide (1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide HCI) (Peptide Inst. Corp., Japan) was ap-
plied either alone or with 50 mM hydroxylamine
or glycine methyl ether HCI. These solutions con-
tained, in addition, 20 mM KCl and 5 mM CaCl,.
The pH of these solutions was adjusted to 4.3-4.9
by addition of small amounts of HCI. Carbodii-
mide solutions were prepared just before applica-
tion. All measurements were carried out in control
solution at 8-10°C.

The time of exposure of the membrane to
carbodiimide varied from 10 to 30 min and in
every experiment was chosen so that the parame-
ters of activation reached the new steady-state
level. For this purpose, outward currents were
measured every minute during carbodiimide treat-
ment and the carbodiimide solutions was sub-
stituted by a control one in the 1-2 min after
current kinetics had stopped changing. In six
experiments, carbodiimide was applied twice and
activation parameters were determined both after
the first and after the second exposure.

The carbodiimide treatment resulted in consid-
erable inhibition of sodium conductance (gy,)-
After exposure to carbodiimide for long enough to
reach maximum changes in gating function, g,



ranged from 2% to 15% of the initial value. It
should be noted that, in the presence of carbodii-
mide, g, continued to decrease up to the point of
complete disappearance, even after the gating
parameters had stopped changing. In order to rule
out the possibility of misrepresentation of results
due to some kind of current-dependent artefact,
currents before the treatment were measured with
a prepulse both to —100 mV and to potentials
from —70 to —50 mV, so that current size
decreased by a factor of 10-50. For example, in
the experiment presented in Fig. 1, currents before
the carbodiimide treatment were measured with
prepulse to —66 mV, so they were reduced 10-fold
as compared with currents measured with prepulse
to —100 mV. In several experiments, tetrodotoxin
(Sankyo, Japan) was used to decrease currents in
untreated node. In addition, the compensation of
series resistance was used in all experiments [4].

It can be seen from Fig. 1 that carbodiimide
treatment at low pH considerably slows the activa-
tion kinetics of gy,. The time-course of activation
was approximated by a simplified equation
(1-exp t/7,)1,, where I, is the peak current value
and 7, is the time constant of activation. The
voltage-dependence of 7, tends to have a maxi-
mum, Following the carbodiimide treatment, the
maximal value of 7, increased by a factor of 1.8 +
0.4 and 7, at £ =zero by a factor of 3.0 +0.2
(n=28).

The fraction of channels open at the current
peak (n,) as a function of E was determined in
three ways. (1) ‘Instantaneous’ currents for a con-
stant number of open channels [5] were measured
and n, for particular E was calculated as normal-
ized ratio of peak current to corresponding value
of ‘instantaneous’ current [6]. (2) n, was calcu-
lated as normalized peak chord conductance. In-
asmuch as ‘instantaneous’ current-voltage rela-
tions for normal [7] and for carbodiimide-treated
(this work, not illustrated) membrane are essen-
tially linear over the voltage range from —50 to
+40 mV, second method of calculation gives the
same result as the first one. (3) ‘Tail’ currents in
response to a post-pulse of fixed level were mea-
sured and n, was determined as normalized ‘tail’
current amplitude [8]. Such a measurement is
shown in Fig. 1a. It can be seen from Fig. 1c that
the n (E)-curve from ‘tail’ current measurements
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coincides with chord conductance curve. The num-
ber of channels open at the peak of the current
depends generally on parameters both of activa-
tion and inactivation. However, as evidenced by
our experiments, the prepulses inactivating up to
98% of gy, did not change the shape of n,(E)
curve (if, of course, the influence of series resis-
tance and other current-dependent artefacts was
negligible). So, the n () curve is a good measure
of the steady-state voltage-dependence of channel
activation.

On a fairly general assumption concerning the
mechanism of activation, the theoretical voltage-
dependence of the number of open channels at
potentials where channels just begin to open is
given by an exponential function of E, that is, by a
straight line on a semilogarithmic plot (see, for
example, Ref. 9). The slope of this line is propor-
tional to effective charge of activation (Z,) the
displacement of which is required for transition of
the channel between the open and, energetically
most distant from it, closed state (this closed state
is sometimes named the ‘fully’ closed one). Fig. 1
shows that after carbodiimide treatment, the n ( E)
curve becomes flatter over all potential range
tested. In 14 experiments with 100 mM carbodii-
mide, Z,; was estimated for normal and treated
membrane to be 5.16 + 0.18 and 3.00 + 0.09 elec-
tronic charges (e), respectively. With 50 mM
carbodiimide plus 50 mm hydroxylamine, analo-
gous values were 5.05+0.14 and 2.79+0.17 e
(n =16). Thus, the two sets of experiments yielded
quite identical results: Z,; decreased by a factor of
1.8. Essentially the same result was obtained in
five experiments with carbodiimide + glycine
methyl ether.

At normal pH, carbodiimide proved to be abso-
lutely noneffective in reducing Z,,. Fig. 2 shows an
experiment in which measurements were made
firstly on an unaffected node, then after applica-
tion of carbodiimide at pH 7.5 and lastly after
carbodiimide treatment at pH 4.8. It can be seen
that the steepness of n, voltage-dependence re-
mained unchanged after carbodiimide at pH 7.5
but was significantly reduced after carbodiimide
treatment at pH 4.8. On average, from four such
experiments, Z.; was 5.3 4+ 0.3 before and 5.6 + 0.2
after carbodiimide treatment at pH 7.5-7.6. As to
some other properties of Na* conductance,
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Fig. 1. Effect of water-soluble carbodiimide treatment on kinet-
ics and steady-state properties of activation of sodium chan-
nels. (a) Currents through the Na* channels before (left) and
after 11 min treatment with 100 mM carbodiimide at pH 4.8
(right). All measurements were carried out in the control solu-
tion at pH 7.6. Numbers of the left of each record show
membrane potential during the test pulse ( E,), in mV. Holding
potential was — 80 mV. Currents were measured with prepulses
(50 ms in duration) to —66 mV before and to —100 mV after
the treatment. Test pulses to —20 and to +20 mV were
followed by the post-pulse (£,) to —10 mV before and to zero
potential after carbodiimide treatment. Note the difference in
time-scales for currents before and after the carbodiimide
treatment. (b) Time constant of activation (7,) as a function of
E before (O) and after (a) carbodiimide treatment. (c) Semi-
logarithmic plot of the fraction of open Na™ channels (n,) as a
function of potential before (triangles) and after (circles)
carbodiimide treatment. Open symbols indicate a normalized
chord peak g, Filled symbols indicate the normalized ampli-
tude of ‘tail’ currents in response to fixed E, to —10 mV
before and to zero potential after the carbodiimide treatment.

carbodiimide at pH 7.6 was not without effect.
Thus, following the application of carbodiimide at
normal pH, currents were decreased though to
lesser extent than after carbodiimide treatment at
low pH, and voltage dependence of n, was shifted
to the left by 5-10 mV. Both of these effects seem
not to be specific to carbodiimide; for example,
similar changes in gy, have occurred after more-
or-less prolonged exposure of the membrane to
solutions with low pH (unpublished observations).
Low pH itself had no after effect on the steepness
of n,(E) relation/

The carbodiimide treatment produced also con-
siderable slowing and decreasing of the steepness
of voltage-dependence of channel inactivation:
thus, currents in treated membrane inactivated
only partially, even after prolonged (50—100 ms)
depolarizations.

It might be proposed that there preexist two
populations of Na* channels: one with normal
kinetics and potential-dependence and another,
much less numerous, with ‘unusual’ kinetics and
potential dependence, the latter being resistant to
carbodiimide. Then, apparent changes in kinetics
and potential-dependence of g, would result sim-
ply from inhibition of the conductance in channels
with normal gating. This hypothesis seems to be
inconsistent with the following facts. (1) Experi-
ments with prolonged exposure of the membrane
to carbodiimide (see above) show that there are no
channels resistant to carbodiimide. (2) If this pro-
posal held, the rate of current rise in normal
membrane should depend on a prepulse, because
the contribution of both proposed populations to
the total current should differ for different pre-
pulses due to the difference in inactivation param-
eters. However, this is not the case. (3) In a
number of experiments, absolute current sizes with
prepulses to potentials more positive than -—60
mV were larger in the carbodiimide-treated mem-
brane than those in the intact one.

In order to take into account the sodium inactivation within the
interval from peak current to the end of the pulse, the ‘tail’
current value was multiplied by the ratio of peak current
amplitude to current value at the end of E, {8]. The logarithmic
limiting slope of these curves correspondes to effective charge
of activation (Z.) equal to 5.14 electronic charges (e) for
normal and 3.13 e for carbodiimide-treated membrane, respec-
tively. Node 221-83, r =10°C.
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Fig. 2. Carbodiimide is effective only at low pH. (a) Currents at
E, = zero. Left-hand trace, untreated membrane; middle trace,
after 10 min treatment with 100 mM carbodiimide at pH 7.5;
right-hand trace, after 10 min treatment with 100 mM carbodi-
imide at pH 4.8 in the same experiment. Note the difference in
time-scales. (b) Voltage dependence of the fraction of open
channels in the untreated node (O), after application of water-
soluble carbodiimide (WSC) at pH 7.5 (®), and after subse-
quent carbodiimide treatment at pH 4.8 (a). Z_; values are:
5.30 e in control; 5.30 e after carbodiimide treatment at pH 7.5;
and 2.94 2e after carbodiimide treatment at pH 4.8 Node
154-83,r=9.5°C.

Thus, it is reasonable to assume that carbodii-
mide-induced changes in kinetics and potential-de-
pendence of g, resulted from modification of the
gating machinery in each channel.

Previously, carboxyl group reagents (carbodii-
mide and trialkyloxonium salts) have been ex-
amined as Na* channel modifiers with emphasis
on tetrodotoxin binding [7,10-13]. Our experi-
ments allowed to test tetrodotoxin binding to
channels which preserved their conductivity. It
turned out that the population of carbodiimide-
modified channels is nonhomogeneous by its sensi-
tivity to tetrodotoxin blockage. Most of them had
a dissociation constant (K,) of about 2.1-10"* M
and 10-15% of these channels left unblocked at a
tetrodotoxin concentration as high as 1-107° M.
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The K, for normal channels was estimated in the
same series of experiments to be 5-107° M. On
the other hand, tetrodotoxin did not influence the
kinetics and voltage-dependence of the currents,
which suggests that the properties of the gating
machinery of all carbodiimide-modified channels
are the same.

All effects of carbodiimide are essentially irre-
versible.

Carbodiimide molecules are hydrophilic and
positively charged at the pH employed; therefore
they cannot cross the membrane. Thus, they can
attack the targets only on the external surface of
the membrane.

The fact that carbodiimide exerts its effect only
at low pH suggests that the observed effects of the
carbodiimide are due to interaction of carbodii-
mide with carboxyl groups [1-3], though reaction
with oxy groups of tyrosine [14] and phosphodies-
ter groups [15] cannot be ruled out. The first stage
of reaction of carbodiimide with carboxylic acid is
the formation of unstable acylisourea [1]. This
compound reacts with water to regenerate carbox-
ylic acid, but with excess of carbodiimide (as in
our experiments) acylisourea will be formed again
and again. Several ways of transformation of
acylisourea into stable compounds are known
[1-3,16-17]). (1) Rearrangement into N-acylurea.
(2) Interaction with a nucleophile. In our experi-
ments the presence of nucleophiles such as hy-
droxylamine or glycine methyl ether did not in-
fluence significantly the channel modification. The
possibility remains that such a reaction occurs
with some nucleophilic group, ¢.g., an amino group,
properly situated on the membrane surface. (3)
Intramolecular acylation of a peptide bond with
formation of a cyclic imide if the carboxyl group
belongs to an aspartic acid chain. (4) The forma-
tion of azlactone for the C-terminal group. (5) In
the presence of hydroxylamine, the sequence of
reactions is possible which leads to substitution of
a carboxyl group by an amino group. In the study
by Riem and Sheraga [16], the modification of
carboxyl groups of ribonuclease with carbodiimide
was performed without addition of nucleophiles.
Those authors assumed that the most probable
products of modification were acylurea and cyclic
imide. In that work, the concentration of carbodi-
imide was 1-2 mM and the time of the treatment
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was 6 h. Therefore, one can expect that at a
carbodiimide concentration of 100 mM, the rate of
modification will be comparable with that in our
work.

The value of Z,, is determined by the number of
mobile charged groups and by fractional distance
travelled by each of them in the electric field. It is
natural to explain our data on the assumption that
part of mobile gating charge is represented by
carboxyl groups. This is consistent with the as-
sumption by Gilly and Armstrong [8] that the
mobile gating charge is completely or partially
composed of negatively charge particles. At poten-
tials negative enough, they reside on the external
surface of the membrane, which corresponds to
the closed state of the channel. When depolarizing
the membrane, they move towards the internal
surface of the membrane and the channel opens.
In the ‘closed’ position, these particles can interact
with components of the external solution. Carbo-
diimide modification leads either to loss (or
change) of the charge and/or to restriction of the
motion of these groups. In any case, the steepness
of n (E) curve should decrease.

It is conceivable that, along with mobile acid
groups, there are acid groups ‘fixed” on the mem-
brane surface and they influence gating process in
a way suggested by the surface charge hypothesis
[18-20].
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