Light Modulates Voltage-Dependent Potassium

Channels in Limulus Ventral Photoreceptors

Abstract. Voltage-dependent outward current measured in the dark is reduced
after illumination. This reduction can be blocked by tetraethylammonium and is
associated with a decrease in total membrane conductance. The voltage dependence
of the current reduced by light is the same as that of the delayed rectifier. These
results indicate that light modulates the delayed rectifier. This modulation serves to
maintain a stable voltage response to constant illumination.

Voltage-dependent K*  channels
(termed the delayed rectifier) were first
characterized in squid axon (/) and have
subsequently been found in a wide vari-
ety of nerve cells. Modulation (2) of the
delayed rectifier could have important
consequences because these channels
participate in the formation of the action
potential (), in the formation of the
receptor potential in sensory cells (3),
and in transmitter release (¢). We now
report that the delayed rectifier in Limu-
lus ventral photoreceptors is modulated
by illumination and that this modulation
is functionally important.

To measure the voltage-dependent
properties of the membrane, we used a
two-microelectrode voltage clamp tech-
nique. The currents superimposed (5) in
Fig. 1a were evoked by voltage pulses of
duration 1.6 seconds, given in 10-mV
increments. Depolarization to voltages
more positive than —~30 mV resulted in a
large initial outward current that de-
cayed to a steady state within 1 second.
The transient nature of the outward cur-
rent is due to a rapidly inactivating chan-
nel that strongly resembles (6) the A
current of snail neurons (7). The steady-
state currents remaining after this inacti-
vation are carried by the delayed rectifi-
er. The steady-state currents in Fig. la
were measured after the cell had been in
the dark for more than 30 minutes. Simi-
lar measurements (Fig. 1b) were made
shortly after terminating a bright light
(8). Under these conditions, the steady-
state outward currents were reduced,
but the shape of the normalized steady-
state current-voltage relation (Fig. 1c)
was the same before and after illumina-
tion (9). Light therefore reduces the
steady-state outward current without sub-
stantially affecting its voltage dependence.

This reduction by light of the net out-
ward currents could be due either to a
decrease of voltage-dependent outward
current or to an increase of voltage-
dependent inward current. A decrease of
the outward K* current would be associ-
ated with a reduction in total membrane
conductance, whereas an increase of in-
ward current would be associated with
an increase in conductance. To distin-
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guish between these alternatives, we ex-
amined the aftereffect of light on the
instantaneous current-voltage curve, the
slope of which is a measure of total
membrane conductance (10). The cell
was depolarized to zero voltage to acti-
vate the K* conductance and then was
rapidly repolarized to a series of poten-
tials (Fig. 2a, inset). The currents imme-
diately following the repolarization steps
were calculated as described in the leg-
end to Fig. 2 and were used to construct
instantaneous current-voltage curves
(Fig. 2a). These plots show that the total
conductance activated by depolarization
was reduced when light preceded the
depolarization; the reversal potential of
the currents was unchanged. These re-
sults are in agreement with the notion
that light decreases the voltage-depen-
dent K* conductance.

Direct evidence that the conductance
decreased by light is actually a K™ con-
ductance was obtained by raising the
extracellular K™ concentration. This
caused the reversal potential to become
more positive (/1) (Fig. 2a). Further-
more, iontophoretic injection of tetraeth-
ylammonium (TEA), a substance known

to block the voltage-dependent K* chan-
nels in Limulus (3), greatly reduced the
effect of light on the steady-state out-
ward current (Fig. 2b). In contrast, 10
mM NiCl,, which completely blocks
voltage-dependent inward currents (6),
did not significantly reduce the effect of
light on the steady-state outward cur-
rents. These results further indicate that
the effect of light on maintained outward
current is due to a reduction of the
voltage-dependent K™ conductance and
is not related to an effect of light on
voltage-dependent inward currents.

The kinetics of the modulation of the
voltage-dependent K* conductance can
be deduced from previous experiments
(12) in which the light-induced decrease
in outward current was measured. The
decrease occurred slowly (in seconds)
during illumination, and the recovery in
the dark took up to 10 minutes (I3).
These changes in outward current were
termed the ‘‘slow process’ because of
their sluggishness in comparison with the
light-activated increase in Na® conduc-
tance (/4), which responds to changes in
illumination within a few hundred milli-
seconds.

The amplitude of the receptor poten-
tial depends on both the Na* and K*
conductances. Modulation of the K*
conductance functions to stabilize the
plateau phase of the receptor potential
(Fig. 3). In contrast to the stability of the
plateau potential (V,,), the plateau value
of the Na™ current (J,) progressively
decreased with each flash. At the same
time, however, there was a progressive
decrease in K* current (Ix). Thus the

Fig. 1. An aftereffect of light is a
reduction of the steady-state volt-
age-dependent outward current
measured in the dark. (a) Super-
imposed current responses to a
family of depolarizing voltage
pulses. The cell was clamped to a
holding potential of —70 mV and
kept in the dark for 30 minutes.
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Voltage pulses had a duration of
1.6 seconds and were given in
increments of 10 mV. The steady-
state current was measured at the
end of the depolarizing voltage
pulse at the time indicated by the
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arrows. (b) The same voltage
pulses were applied as in (a), buta
bright light (10~° W/cm?, ~ 1 sec-
ond) preceded each pulse. The
flash was terminated ~ 3 seconds
before the onset of the pulse, so
that only the voltage-dependent
currents were recorded. (¢) The
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the end of each voltage pulse in
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20 (a) and (b) is normalized and plot-
ted as a function of membrane
potential.
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Fig. 2. The voltage-dependent current affected by light is K* current.
(a) Inset: The photoreceptor was depolarized from a holding potential
of —70 mV to 0 mV for 1.5 seconds to activate the voltage-dependent
K* conductance. The membrane was then repolarized to a family of

more negative potentials in increments of 5 mV. The superimposed
tail currents elicited by this protocol are shown. The arrow at A marks
the steady-state current activated by the depolarization. The arrow at
B marks the time at which the voltage reached its new value following
repolarization (inset calibration: vertical, 100 mV, S nA; horizontal,
20 msec). The current at B was obscured by a capacitative transient
after which the current declined exponentially as the channels closed
(22). The instantaneous values of the currents at B, which were
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extrapolated from the exponentials, were plotted as a function of
membrane potential in (a). The results from the same cell under four
different conditions are plotted together. (O) The cell was dark-
adapted for 30 minutes in the normal seawater containing 10 mM K™*,
(A) Next, a light flash of the same intensity and duration as that
described in Fig. 1 was presented before the depolarization from
holding potential to 0 mV. (@) The external solution was then changed
to one containing 30 mM K* (substituted for Na*), and the cell was
dark-adapted for 30 minutes. (A) Finally, the cell was light-adapted as
before. Light reduced the slope of the instantaneous current-voltage
relation without significantly changing the reversal potential. The
reversal potential was affected by changes in the external K* concen-
tration. (b) Intracellular TEA blocked the effect of light on the steady-
state outward currents. The steady-state current-voltage curves for
the same cell are shown before and after iontophoretic injection of
~ 107 coulombs from a third microelectrode containing 100 mM
TEA. The points were obtained with the protocol described in Fig. 1.
(O) Dark-adapted; (4) light-adapted.

Fig. 3. A physiological role of the light-mediated reduction of the voltage-
dependent K* conductance. (a) The voltage response to each of a series of 4-
second repetitive flashes (10~ W/cm?) consisted of a transient depolarization,
which rapidly decayed to a steady plateau voltage (V,,). The absolute value of V,
did not change with repeated illumination. (b) Under voltage clamp, the photo-
receptor was depolarized to the value of the plateau voltage response (—20 mV).
The magnitude of outward current activated by this depolarization is shown by the
arrow labeled Ix. As each flash was presented, there was a large transient inward
current that decayed to a plateau. When the flash was terminated, the light-
activated current (In.) turned off rapidly, but the current did not return to the
resting value because of a reduction (Alk) in the magnitude of Ix. With repeated
illumination, I, decreased and Alyx increased. The increase in Alyx implies a
decrease in Ix; thus the constant V, occurred because a reduction in In, was
compensated for by a reduction in Ik.
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stable plateau voltage (/5) was achieved
because a gradual decrease in the light-
activated Na™ conductance was com-
pensated for by a gradual decrease in the
voltage-dependent K* conductance. If
this compensation did not occur, the
plateau voltage would slowly droop, and
a steady illumination might be falsely
perceived as a slowly dimming one (/6).
One mechanism by which light might

lower the K* conductance is reduction
of intracellular pH (pH;). Potassium
channels in squid axon (/7) are blocked
by protonation of a site with an apparent
pK of 6.9. A large light-induced reduc-
tion of pH; occurs in the barnacle photo-
receptor (I8). In Limulus, however,
measurements of pH; made with phenol
red indicate that the average pH; of the
cell is not significantly affected by light
(19). Light does cause a large increase
(20) in Ca®*, and injection of Ca**
causes a decrease in net outward current
(3). This evidence suggests that Ca®**
might reduce the K™ conductance,
though there is little precedent for this in
other preparations (2/). Further work
will be required to determine whether
the K* conductance in Limulus is modu-
lated by pH;, Ca®*", or some other cyto-
plasmic factor.
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Absence of Correlation Between Base-Pair Sequence and

RNA Conformation

Abstract. A survey of all available double-stranded RNA crystal structures shows
that there is a considerable range of variation in local conformation of a given base-
pair doublet, but that there is no significant correlation between base-pair sequence

and RNA local conformation.

The presence or absence of correlation
between base-pair sequence and DNA-
RNA conformation at the local level is
important for understanding protein-nu-
cleic acid interaction, one of the most
central processes in all cells. Until now it
was not possible to answer the question
owing to lack of a large enough data base
for statistical studies. In past years there
has been an effort to experimentally de-
termine the conformational variation of
double helical nucleic acids by various
optical spectroscopic techniques such as
ultraviolet circular dichroism and infra-
red linear dichroism. Such effort resulted
in several indirect pieces of evidence
that the conformation of double-stranded
DNA (dsDNA) depends on solution con-
ditions and base sequence (I-<4). Howev-
er, these techniques suffer from the fact
that they measure average properties of
entire molecules rather than local prop-
erties such as local conformation. Thus
no structural details can be derived.

Until recently, structural details of
double-stranded polynucleotides have
been derived exclusively from x-ray fi-
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ber diffraction data, the interpretation of
which depends on the assumption that all
nucleotides along a polymer chain have
the same conformation. Like the optical
techniques mentioned above, this tech-
nique gives information about the aver-
age structure only. Thus the three-di-
mensional structural model derived from
this technique leaves the impression of
extremely regular structures of dsDNA
and dsRNA. Local heterogeneity in con-
formation which must exist is lost in
these artificially uniform structures.
Recent determination of three-dimen-
sional structures of dSDNA model com-
pounds (5-9) provides the most specific
and detailed support to the hypothesis
that dsDNA structures do not have regu-
lar conformation throughout their entire
length, but that the local conformation
may be significantly different from the
DNA-B form depending on the particular
base sequence in that region and on the
solution conditions. These self-comple-
mentary structures, dCGCGCG (C, cy-
tosine; G, guanine) (5), dCGCG (6, 7),
dATAT (A, adenine; T, thymine) (8),
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