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Abstract, UV irradiation of squid giant axons at wave-
lengths of 280 or 290 nm produces nearly the same rate
of irreversible decrease of sodium currents. The rate of
photodeactivation is unaffected by extensive removal
of axoplasm with pronase, and it is independent of
temperature in the range 5° to 20°C. The photo-
chemical effect appears to be all or nothing. It does not
alter the time course and the voltage dependence for
activation and inactivation of the residual currents.
Similar deactivation rates were produced by irradia-
tions of the same intensity, but linearly polarized ei-
ther parallel or perpendicular to the axon. The efficien-
cy of the deactivation process is close to that expected
if it was caused by the photooxidation of a single tryp-
tophan residue per sodium channel. Owing to the ge-
ometry of the preparation the lack of polarization
asymmetry suggests that this residue assumes nearly
random (or pseudo-random) orientation in the three-
dimensional structure of the sodium channel corre-
sponding to the closed state.
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Introduction

It has long been established (Booth et al. 1950; Lieber-
man 1967) that the damage produced by UV radiation
on nerve excitability is maximal at wavelengths char-
acteristic of photon absorption by aromatic amino-
acid residues (Wetlaufer 1962). In voltage-clamped
preparations of myelinated nerves (Fox and Stampfli
1971; Fox 1974a, b, 1976; Fox et al. 1976; Schwarz
and Fox 1977; Hof and Fox 1983, 1984) and lobster
axons (Oxford and Pooler 1975) the effect has been
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shown to involve primarily the sodium channels. In
skeletal muscle fibres, recovery from localized photo-
destruction of sodium and potassium channels has
been used to estimate the lateral mobility of these
membrane proteins (Stuehmer and Almers 1983;
Weiss et al. 1986). Gramicidin A channels in artificial
bilayers are also altered by UV light, with maximal
sensitivity at 280 nm, due to photochemical reactions
involving the tryptophan residues, and this effect has
been used to gain information about the influence of
these residues on the formation of the channel pore
and on its properties (Busath and Waldbillig 1983;
Jones et al. 1986).

The primary sequences of the sodium channel in
the electric eel, Electrophorus electricus and in rat
brain have been recently elucidated by Numa and co-
workers (Noda et al. 1984, 1986) and this has led to the
formulation of models for the three-dimensional struc-
ture of the channel (Noda et al. 1984, 1986; Kosower
1985; Greenblatt et al. 1985; Guy and Seetharamulu
1986). All these models attribute crucial roles for the
channel function to transmembrane «-helices which
contain only a few tryptophan residues. In agreement
with these models, we shall argue here that the photo-
inactivation of the sodium channels may indeed result
from the photooxidation of just one tryptophan resi-
due.

Sodium currents in squid giant axons can be mea-
sured with great accuracy and the photochemical ef-
fect in this preparation can be exploited for quantita-
tive studies of absorption spectroscopy of the crucial
photoreactive centres. In the present study we take
advantage of the simple geometry of the squid giant
axon to gain information about the orientation of
these centres by irradiating the axon with polarized
light. Because of the use of a continuous light source,
to obtain a sufficient rate of polarized UV irradiation
of large membrane areas, this information concerns
only the closed (resting) configuration of the sodium
channel.
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Methods

Axon preparation

Single giant axons were isolated from the hindmost
stellar nerve of the squid Loligo vulgaris available in
Camogli. The axons were freed of all adjacent small
fibres for a length of about 30 mm and placed horizon-
tally in a perspex chamber. The latter followed a stan-
dard design (Conti et al. 1982) except for the top of the
cell, which was provided by a small quartz cylindrical
lens (plano-convex, focal length in water 12 mm),
placed with the flat surface in direct contact with the
extracellular solution and with its symmetry axis par-
allel to the axon.

The axons were impaled with “piggy-back” elec-
trodes (Chandler and Meves 1965) comprising a plati-
nized platinum wire as current electrode (18 mm ex-
posed), and a glass pipette (filled with 0.5 M KCI, and
connected to an Ag-AgCl electrode) to measure the
intracellular potential. The extracellular current elec-
trodes were platinized platinum foils glued to the
movable lateral walls of the chamber. Each side wall
contained a virtual ground central electrode (4 mm
x 6 mm) for the current measurement and two
grounded lateral guard-electrodes of the same size.
The walls were widely separated during the prelimi-
nary operations and were positioned at about 2 mm
on each side of the axon before starting the measure-
ments.

The extracellular voltage was probed with an Ag-
AgCl electrode via polyethylene tubing approaching
the centre of the axon from the bottom. The extracellu-
lar medium bathing the axons was artificial sea water
(ASW) with the following composition: 450 mM
NaCl; 10 mM KCI; 50 mM CaCl,; 10 mM TrisCl
(pH = 7.8).

In perfused preparations the intracellular solution
had the following composition: 300 mM CsF; 20 mM
Na-phosphate buffer (pH =7.3); 20mM TEACI;
400 mM sucrose. The temperature was measured with
the aid of a small thermistor placed near the axon and
was regulated by a Peltier cell (Cambion, Cambridge,
Mass).

Voltage-clamp apparatus

The voltage-clamp circuit followed a standard config-
uration (Moore and Cole 1963), except for a time-lag
of about 10 or 20 ps which was introduced in the posi-
tive feed-back for the compensation of the series re-
sistance, R, (Hodgkin et al. 1952). This allowed 100%
compensation of the estimated R;, avoiding undesired
oscillations owing to the fact that at high frequencies
the impedance of access to the axon membrane is not
equivalent to a simple resistor (Benz and Conti 1981).

As discussed extensively by Kimura and Meves (1979),
an accurate compensation of R, is crucial for a correct
comparison of I-V characteristics showing large differ-
ences in peak current amplitudes.

An estimate of the effective low-frequency value of
R; was obtained by extrapolating to time zero the
linear voltage increase between 50 and 200 s from the
application of a step of constant current. We found -
specific values of R, varying between 2.7 and 4.3 Q
cm?, in good agreement with the estimates of Salzberg
and Bezanilla (1983) obtained using an independent
optical method.

The adequacy of our compensation was checked in
several experiments by verifying that the voltage de-
pendence of peak sodium currents was not modified
when the currents were reduced several-fold upon ad-
dition of 10 nM tetrodotoxin to the extracellular me-
dium.

Optical set-up

The light source was a high pressure mercury arc lamp
(HBO 200 W, OSRAM) placed in a lamp housing with
quartz optics (ORIEL mod. 20080). The wide parallel
beam of light formed by the condenser in the lamp-
housing was first filtered and then reflected toward the
axon chamber by a surface-aluminized mirror. The
cylindrical lens on top of the chamber partly focused
the light onto the axon without significant modifi-
cation of the relevant polarization properties of the
incoming photons. The irradiated length of the axon
was about 20 mm. Electrophysiological measurements
of the photochemical effects were obtained from a cen-
tral region of about 6 mm.

Narrow-band radiation was obtained by use of
interference filters with peak transmissions (19%) at
280 nm or at 290 nm and half-widths of about 5 nm
(IR Ind., Waltham, Mass.). Polarized light was ob-
tained by inserting a linear polarizer (Polaroid
HNP'B) with suitable orientation in the path of the
irradiating beam immediately before the cylindrical
lens.

The intensity, W, of the radiation illuminating the
axon, was estimated to be 1.8 mW cm ™2 when the
280 nm filter and no polarizer were used. With the
290 nm filter W was about 1.2 mW cm 2. The po-
larizer reduced the intensity of the beam to about 20%
of its original value. These estimates were in good
agreement with the expectations from the specifica-
tions of the spectral characteristics and transmission
efficiencies of the optical components.

Stimulation and data acquisition

The start and finish of light stimulation was hand-
controlled. Electrical stimulation and the acquisition



of membrane current was performed with the aid of a
PDP 11/23 computer. The data were acquired digital-
ly at 10 or 20 us sampling intervals after filtering (low-
pass 8-pole Bessel with 16 KHz cut-off).

Each record was corrected for unspecific linear re-
sponses estimated from a P/4 stimulation protocol
with smaller control pulses from a holding potential of
—120 mV (Armstrong and Bezanilla 1977). All rele-
vant information concerning the stimulation protocol,
including the real time of acquisition of each record,
was stored on file.

Three types of stimulation sequences were used: a)
1-V sequences, consisting of several depolarizations
to various test potentials, Em, starting from a holding
potential, Eh, of —90 mV; b) h_, sequences, consisting
of several depolarizations to the same test potential
from different prepulse potentials, Ep, maintained for
30 ms; c) photodeactivation sequences consisting of
repeated identical stimulations (Eh = —90, Em = 0) at
constant time intervals (2—5 s). The first two sequences
were applied only during “dark™ periods. The third
was used to monitor the continuous decrease with
time of the sodium currents during UV irradiation.

The peak sodium current, Ip, was defined for each
stored record as the minimum of a third-order poly-
nomial least-squares fitted to an appropriate interval
of the sampled data.

Results

General features

Figure 1 shows several successive records of sodium
currents obtained from repeated identical step depo-
larizations of a squid giant axon before, during, and
after a continuous UV irradiation period of 110 s at
280 nm and 1.8 mW cm 2. It is seen that records tak-
en during dark periods (1 to 4 and 8 to 12), are practi-
cally indistinguishable. In this, as in most of our exper-
iments, sodium currents were monitored every 5 s, but
for clarity the figure shows only one out of every five
recordings. For a total irradiation dose such as that of
Fig. 1, producing about 20% photoinactivation, the
amplitude of the sodium currents appears to decrease
linearly with time.

More prolonged irradiation produced a clearly ex-
ponential decay, in agreement with the reports of
several authors on other preparations (Fox 1974a;
Oxford and Pooler 1975; Weiss et al. 1986). In most
experiments we avoided such extensively destructive
doses under any fixed condition, because they are not
required for the measurements of photoinactivation
rates, whereas they do prevent one from obtaining
several such measurements and other information (po-
larization, etc.) from the same axon.
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Fig. 1. Successive recordings of voltage-clamp currents from an
intact axon in response to voltage steps to 0 mV from a holding
potential of —90 mV. Bandwidth: 16 kHz. Temperature: 7.5°C.
The figure shows the superimposition of a total of 12 records, but
the individual records within the first group of 4 and within the
last group of 5, taken respectively before and after 110 s of UV
irradiation at 280 nm and 1.8 nWcm™?, are indistinguishable
from each other. Records 5 to 8 show the decay of sodium
currents monitored every 20 s after the onset of the UV irradia-
tion, starting in coincidence with record 4 and ending with
record 8

The effect shown in Fig. 1 occurred with no ob-
vious delay either at the onset or at the termination of
the UV stimulation. Furthermore we could never de-
tect any significant fast component of the decay of the
type reported by Jones et al. (1986) for the photolysis
of tryptophan residues in the gramicidin channel. De-
spite the poor time resolution for our control of the
onset of UV irradiation, the latter statement stands on
firm ground because the time course of Ip measure-
ments never showed any appreciable discontinuity
near the onset of any UV irradiation period (see Figs. 4
to 6).

Apart from the decreased amplitude the records of
Fig. 1 obtained before and after the irradiation period
have the same time course and could be made to over-
lap simply by using a scaling factor, as if the only effect
of the irradiation was the disappearance of about 20%
of the sodium channels while the properties of the
others were unaffected. This conclusion was further
supported by the observation that the activation and
inactivation properties of the sodium currents which
survived prolonged irradiation periods were not sig-
nificantly different from those measured before irra-
diation.

Figure 2 shows the comparison between the I-V
characteristics of a fresh axon and that obtained from
the same axon after a loss of about 40% of the sodium
currents produced by two irradiation periods of 110 s
at 280 nm and one at 290 nm. It is seen that, apart
from a normalization factor, the two data sets are
practically identical.

The same is true for the voltage dependence of the
inactivation, shown for the same axon in Fig. 3.

Inactivation rates

The time course of the decrease of peak sodium cur-
rents during UV irradiation is shown in Fig. 4. Up-
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Fig. 2. UV irradiation does not affect the voltage dependence of
the residual sodium currents. Open squares: Peak sodium cur-
rents measured in a fresh axon before UV irradiation, the stimu-
lation protocol consisted of 16 depolarizations from a holding
potential of —90 mV to membrane potentials increasing in steps
of 8 mV, from —50 mV to 70 mV. Open triangles: Similar mea-
surements in the same axon after two periods of UV irradiation
at 280 nm and one period of irradiation at 290 nm. The two sets
of data can be made to superimpose by a scaling factor of 1.7
(T=28°C)
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Fig. 3. Lack of effect of UV radiation on the voltage dependence
of the inactivation of sodium channels (k). Peak sodium cur-
rents for pulse depolarisations to 0 mV are plotted against the
value of the prepulse potential, Ep, lasting 30 ms. The data are
normalized to the peak current measured with no prepulse
(Ep = Eh = —90mV). Open squares: data from a fresh axon;
open triangle: data from the same axon after three irradiation
periods, which reduced the peak currents by about 40%. Same
experiment as Fig. 2. (T= 8°C). The solid line shows the least-
square fit of the data to the equation:

V-7,
h, =1/ | +ex 21,
w /[ exp 7 }

where ¥, = —-49mV and V, = 6.5mV
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Fig. 4. Time course of peak sodium currents in response to
repeated identical stimulations (from Eh = —90mV to Em =
0 mV) during three dark periods interspersed by periods of UV
irradiation at 280 nm and 290 nm. The peak current density

measured at time zero, I), was 3.3 mA cm ™. The ratio Ip/Ig is

plotted on a semilogarithmic scale against time. The estimated
light intensity during the continuous irradiation was 1.8 mW
cm ™2 at 280 nm and about 35% lower at 290 nm. The indicated
K, values for the irradiation periods are in unit of s~* and they
were obtained from least-squares fits of the data according to
Eq. (1) (continuous lines)

ward and downward arrows indicate, repectively, the
start and the end of two 110 s periods of UV irradia-
tion, the first at 280 nm and the second at 290 nm. The
decay of I, with time, t, during the irradiation at
280 nm was least-squares fitted to the equation:

L/Ty = exp(—K,(t — to), )

where ¢, is the start time of irradiation, I3 is the peak
current at t, and K; = 2.7 x 1073 s~ 1. A similar fit of
the decay of I, during irradiation at 290 nm yielded
K,=11x1073s71,

In this experiment the fit of Eq. (1) to the data
obtained during the dark periods yielded K, values
more than two orders of magnitude smaller. In gener-
al, drifts of I, during dark periods could be described
as “background noise” of the order of few percent in
our K, measurement. In three axons, successive mea-
surements of K,; at 280 and 290 nm, as in Fig. 4,
yielded the following ratios between the two rates: 2.0,
2.2 and 24.

Considering the difference in the intensity of the
two irradiations, we estimate that the efficiency of
photodeactivation at 280 nm is about 1.5 times larger
than at 290 nm, a result which is in good agreement
with that reported for frog nodes (Fox 1974a), for
lobster axons (Oxford and Pooler 1975), and for skele-
tal muscle fibres (Weiss ct al. 1986). A ratio of 1.4 be-
tween the absorption efficiencies at 280 nm and at
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Fig. 5. The independence of denaturation rates on temperature.
The decay of peak sodium currents with time is measured on the
same axon at the three temperatures indicated. The experimental
conditions are similar to those of Fig. 5. The three irradiation
pertods lasted 110s each. The wavelength of irradiation was
280 nm, the intensity was about 1.8 mW cm ™2, The peak current
at the beginning of the experiment (t = 0) was 2.4 mAcm ™2
Notice the discontinuities of I, associated with the changes in
temperature (Q,, ~ 1.7). K, values for each irradiation, obtained
from least-squares fit of Eq. (1) to the data are given in units of
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290 nm is expected for tryptophan, whereas the same
figure for tyrosine is about 12 (Wetlaufer 1962).

A direct correlation between photodeactivation
and tryptophan absorption was also established by
exciting the fluorescence of tryptophan solutions with
the same optical setup used for irradiation of the
axons. The solutions were inserted in a quartz tube of
about 1 mm diameter, positioned in the axon chamber
as a model axon. The ratio between the fluorescence
emitted by the tube upon excitation at 280 nm or
290 nm was about 2.1, very close to the ratio of the
inactivation rates of Fig. 4.

For similar experimental conditions the K, values
measured in seven axons under 280 nm irradiation
varied in the range (1.8 —2.7) x 10 357!, Some of
this variability might be due to variations in the power
absorbed by the arc lamp. However, we cannot ex-
clude some influence of differences in geometrical pa-
rameters such as the diameter and the position of the
axon, which may affect the results if the irradiating
beam is not uniform.

The inactivation rates were found in three experi-
ments to be fairly independent of temperature in the
range from 6° to 20 °C. Figure 5 shows three successive
runs of measurements such as that of Fig. 4, performed
successively at 6°, 17° and 12°C. An apparent slight
decrease of K, following the first temperature change
was followed by a similar decrease after the second
change in temperature of opposite sign. Most proba-
bly, these decreases arise from non-uniformities of the

71

p ip Dark
1_0‘ x E
o E
.72%107 3
.o
| .Bg %1073
18_7
’ e
i
e
[ | ! | ]
=] 2. 5 5 7.5 10 t/min

Fig. 6. Lack of polarization effects on the UV-inactivation of
sodium channels. The same axon is irradiated with 280 nm pho-
tons polarized either parallel (open squares) or perpendicular
(crosses) to its axis. The denaturation rate is the same in the two
cases. The K values, in units of s™*, are lower than in Fig, 5
because the polarizer absorbs about 80% of the light available
after the interference filter. However, the intensity of the light
source was increased in this case by about 40% by driving the
lamp at a power higher than nominal

irradiating beam which lead to a photoselection of
different membrane areas during prolonged irradia-
tions. Higher K;’s from membrane areas which are
more brightly illuminated will be emphasized initially,
but their contribution will decrease at later times be-
cause of the faster decay of sodium channel activity in
these regions.

The independence of K, on temperature is in
agreement with the results of Fox (1974a) on frog
nodes and with those of Weigele and Barchi (1980) on
the loss of saxitoxin binding produced by UV irradia-
tion of sodium channels in rat synaptosomes.

Polarization measurements

In three different experiments we tried to detect differ-
ences in the rate of photodenaturation produced by
exciting photons of different polarization. By intro-
ducing the polarizer in the path of the exciting beam,
K ; decreased by a factor 5, consistent with an effective
20% transmission of the polarizer and a linear depen-
dence of the UV effect on the light intensity due to the
“single hit” nature of the photodenaturation process.
In some runs such as that shown in Fig. 6, the attenu-
ation of the polarizer was partially compensated by
driving the arc-lamp at a power 50% higher than the
nominal,

K, was found to be independent of the orientation
of the polarizer. It is seen that no significant changes in
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K, occur when the polarization of the exciting photons
is switched from parallel to perpendicular to the axon
and vice-versa. Controls to show that the intensity of
the parallel and perpendicular irradiations were iden-
tical, i.e. that the light beam before the polarizer had
no polarization asymmetries, were performed by test-
_ing the fluorescence of tryptophan solutions as de-
scribed before.

Discussion

Most of the general features of the photodenaturation
of sodium channels that we have found in the present
work agree with previous studies of the same effect in
other preparations. These include: the proportionality
between the denaturation rate and the UV light inten-
sity, which implies a single photon effect (Fox and
Stampfli 1971; Hof and Fox 1983; Weigele and Barchi
1980); the similarity of the effects produced by 280 and
290 nm radiations (Fox 1974a; Oxford and Pooler
1975; Weigele and Barchi 1980; Weiss et al. 1986); and
the independence of the effect on temperature (Fox
1974 a; Weigele and Barchi 1980). The “all or nothing”
character of the UV effects is in agreement with what
has been reported by Oxford and Pooler (1975) for
lobster axons and by Weiss et al. (1986) for skeletal
muscle fibres. The more complex phenomenology re-
ported for frog nodes, where significant shifts in the
inactivation of the residual sodium currents are ob-
served (Fox 1976; Schwarz and Fox 1977; Hof and
Fox 1983), seems to be peculiar to this preparation.
Indeed, these effects, which are most prominent for
irradiations at 260 nm and are sensitive to the action
of sulfhydryl compounds (Hof and Fox 1984), have
been attributed to modifications of the membrane
surface-charge rather than to alterations of the chan-
nel proteins. The simplest kinetic scheme accounting
for the irreversible photochemical denaturation of the
sodium channels is given by:

k 2]

CsC*> (, )]

hvq

where C represents a native sodium channel; C * is the
excited state produced by the absorption of a UV pho-
ton by a reactive group; a, is the rate of decay to the
denatured state, C;; and k is the total rate of all the
other possible decays of C* to the ground state. The
rate g of the transition from C to C* is given by the
product of the effective absorption cross section of the
reaction centres, ¢ [cm?/photon], and the intensity of
the photon flux, I [photons cm™2 s~ 1].

From the extinction coefficient of tryptophan in
bulk solutions (Wetlaufer 1962) the absorption cross
section of a single tryptophan residue for photons of
280 nm can be estimated to be of the order of

2-107'7 cm? . Since the energy of a photon at 280 nm
is about 7 - 10719 J, the irradiation rates used in this
work (W =18 mW cm™2) correspond to about
2.7- 103 photons cm~2 s~ 1. Thus, assuming n effec-
tive reactive centres per sodium channel, the rate g in
reaction (2) is of the order of 0.054 ns™1.

Since the time constants for the fluorescent decay
of aromatic residues, either isolated or in proteins, are
of the order of a few nanoseconds (Beechem and Brand
1985) the total rate of non-denaturing decays from
state C* is expected to be at least of the order of
108 s7%, so that, in any case: k > g. Using this condi-
tion it is simple to verify (see Appendix A) that the
scheme (Eq. (2)) predicts a simple exponential decay of
the number of native channels with a rate constant,
K,, given by:

Ki=®,-q A3)

where:
Dy = oy/(oy + k)

is the efficiency of the photochemical denaturation.

Comparing the above estimates of g with our mea-
sured values of K; (22-1073s7! for W= 1.8 mW
cm~?) we obtain from Eq.(3) an estimate of &, of
about 0.04/n.

For n = 1 this value is very close to the efficiency of
photooxidation of tryptophan residues (Creed 1984;
Busath and Waldbillig 1983), suggesting that indeed
only the photolysis of one or a few particular trypto-
phans prevents the sodium channel from functioning.

Consistent with the above conclusion, it should be
noticed that in the amino acid sequence of the sodium
channel of Electrophorus electricus only one of the 31
Trp residues present, (Trp 671) is located within one of
the segments (54, repeat I1), which have been modelled
by Noda et al. (1984) as having a crucial role in the
channel function, whereas in the model proposed by
Kosower (1985), the four other Trp residues (1066,
1068, 1140, 1385) which are assigned to hydrophobic
transmembrane helices (H7, H8, H12) are relatively
remote from the ion-pore.

Further circumstantial support for the idea that
only one tryptophan is responsible for photoinacti-
vation is provided by the all-or-nothing nature of the
phenomenon, which is in contrast with the wide spec-
trum of effects observed in the case of gramicidin A
where several equivalent residues are involved (Busath
and Waldbillig 1983).

! This figure can be obtained from the molar extinction coeffi-
clent, ¢, =55-10*M "'cm™* at 280 nm and from the rela-
tion (see also Busath and Waldbillig 1983):

6=23-10% ¢,/N,,

where N, is Avogadro’s number



Fig. 7. Scheme of the absorption of photons by a chromophore
bound to a sodium channel in the axon membrane. » is the
normal to the membrane at the location of the chromophore.
The x and y axes, are on the plane tangential to the axon surface.
o is the angle between the direction of incidence of the light and
n; pis the absorption dipole moment of the chromophore. which
forms the angle @ with »; ¢ is the angle between the x axis and
the projection of p onto the xy plane. E| and E, respectively
indicate the electric vector of incoming polarized parallel and
perpendicular respectively to the axon

Following the above considerations it is interesting
to discuss the data on polarized irradiation assuming
a single photodeactivation centre and an ideal cylin-
drical geometry for the axon membrane. The latter
assumption is well supported on several grounds.
First, departures from local membrane planarity on
the micron scale are observed in electromicrographs of
giant axons only occasionally and they are much less
frequent in freeze-fractured replicas, which are less
subject to fixation artifacts (Villegas and Villegas
1984). Second, should membrane foldings be extensive
in vivo, they would increase significantly the effective
membrane area, making the apparent specific capacity
of the squid axon membrane much higher than that of
solvent-free lipid bilayers, just the opposite of what is
actually observed (Haydon et al. 1980). Finally the
strong polarisation anisotropy of the optical changes
observed in squid axons stained with fluorescent dyes
is inconsistent with a random orientation of the axon
membrane, whereas it is very well accounted for by a
simple cylindrical geometry (Conti 1975).

For the above simple model it is easy to express the
dependence of the rate ¢ in Eq. (2) on the orientation
of the absorption dipole with respect to the irradiating
beam. If the chromophore is rigidly attached to the
channel protein and if the latter can be viewed as a
rigid structure which is only free to translate along the
plane of the membrane and to rotate around the nor-
mal to this plane, n, the absorption dipole u of our
chromophore is expected to form with n a fixed angle,
@, while the orientation of its projection on the plane
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of the membrane is expected to be completely random
(see Fig. 7).

Let g, and g, be, respectively, the rate of absorb-
tion of photons with the ¢lectric vector, E, parallel or
perpendicular to the axon. We shall have:

g=q+q,. “)
Furthermore, as shown in Appendix B:
A= (1/2) a0 Iy sin* @ (5)
q. =(1/2) 01, [cos* O + (1/2)sin* O], (6)

where I and I, , respectively, are the fluxes of photons
polarized parallel or perpendicular to the axon; and o,
is the cross section offered by a chromophore when its
absorption dipole is parallel to E. o is related to the
mean cross section, ¢, of randomly oriented chromo-
phores in the bulk phase by: 0, =3 0.

For excitation with unpolarized photons (I = I,
=1/2):

q=U/4o,1[1+(1/2)sin* O] (7

The ratio of the absorption efficiencies for orthogo-
nally polarized irradiations of the same intensity is
given by:

q./q) = (1/2) + cotg? . (8)

This ratio can assume any value between 0.5 and
and it becomes unity for the particular case of @ ~ 55°.

On the other hand, if the absorbing chromophores
have random orientations, the mean absorption rates
are obtained from Eqgs. (5) and (6) after averaging over
@ (with the weighting factor sin @ d®). In this case, for
Iy=1, =12

q) =q, =(1/6)ao 1. ©)

The absorption is then independent of photon polar-
ization and the effective cross section, o = (g + q,)/1,
is go/3 as in bulk solutions.

The above discussion suggests that the lack of po-
larization asymmetry observed in our measurements is
simply due to a random orientation of the tryptophans
responsible for the photoinactivation of a sodium
channel. Such a situation is more likely to arise from
freedom of the residues to reorient themselves relative
to the channel backbone than from allowed rotations
of the whole protein around an axis parallel to the
membrane surface.

However, we cannot exclude that either by mere
fortuitous coincidence the relevant chromophores
have a mean orientation with @ close to 55°, or that
more photoinactivation centres coexist in each sodium
channel with fixed complementary orientations.

Finally it should be stressed that all our conclu-
sions apply only to the closed configuration of the
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sodium channel, which is by far the most populated at
E, = —90 mV. Different results might be expected for
the open conformation, since Hof and Fox (1983) have
reported that the efficiency of flash irradiations of frog
nodes depends on the electrophysiological state of the
nerve. Such dependence may arise from differences in
the lifetime of the tryptophan’s excited state. However,
Eq. (7) shows that the efficiency of photodenaturation
may also change significantly because of variations in
the mean orientation of the reactive chromophores.

Appendix A

Let N and N*, respectively, denote the number of
sodium channels in the native state and in the excited
state. Their time course, according to the kinetic
scheme (2), is governed by the linear differential equa-
tions:

dN/dt =—gN +kN* (A1)
dN*/dt =gN —(k+a))N*. (A2)
The solution of the above equations is:

Nit)=a,e " +a,e ** (A3)
where A; and 4, are the roots of the secular equation:
—(k+tos+qAi+qog=0 (Ad)
or:

;tz(k+ocd-|—q)i\/(k2+ocd+q)2—4ocdq. (A5)

For g < k we have:
doyq<bogk<2a,k+k> 403 <(k+oy+q)?
and:
ikt o+ 9% —4agq ~ (k+ g+ 9)

. [1 _ ﬂ“}

(k+as+q)% |

Using the above approximation the rates 4; and 4, are
given by:
Ay ~k + oy (A6)
Ay~ qog/(k + o) (A7)

The coefficients a, and a, in Eq. (A3) are obtained by

imposing the initial conditions:

a; +a, = N(0) (A8)
dN

a111+02/12="€]0=qN(0) (A9)

From that last two equations we have:
a1/a; =(q —72)[(21—9)

and inserting the values of A, and A, from Eqs. (A6)
and (A7):

(A10)

gk q
(k+og)*  k+o
Thus the fast component of the decay of N (¢), with

the rate 4, yields only a trivial contribution in Eq. (3),
which can be for all practical purposes replaced by:

<1.

aja, ~

N(t) = N(0)e %! (A11)
where:
K,=4,=qo,/(ons+ k) (A12).

Appendix B

Let us consider the absorption properties of a chromo-
phore in a sodium channel situated at a point in the
axon membrane characterized by the angle «, and let
¢ and O be the angles characterizing the orientation of
its absorption dipole, u with respect to a local system
of coordinates having r as z axis and the x axis parallel
to the axon (Fig. 7).

1f the chromophore is exposed to a flux of exciting
photons, I, having the electric vector, E, parallel to the
axon, the rate of photon absorption per unit time,
® (¢, O), is independent of o and given by:

¢“ ((p,@) = O-OI][ Sinz@COSZ(p, (Bi)

where ¢ is the maximum cross section for absorption,
obtained when u is parallel to E.

Similarly, for a flux, I | , of exciting photons with E
perpendicular to the x axis:

D (o, 0,0) = 6,1 ,(cosa sing sin @ + sina cos @)% .
(B2)

Assuming a uniform distribution of chromophores
over ¢, the average rates of photon absorption for a
fixed ® are obtained by integration of Eqs. (B1) and
(B2):

D) (%0,0),=(1/2)0o I sin’ @ (B3)
(D (e, 0,0)),
= 0o I (cos?a sin? @ + sin®a cos? ) . (B4)

Further averaging over o, assuming a uniform distri-
bution of channels over the axon membrane, yields:

4y = (1/2) 001 sin* O (B5)
g, =(1/2)ao1.[cos* O +(1/2)sin2 O]. (B6)
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