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a number of aspects of the interaction, and in particu-
lar—by marked contrast, for example, with ribo-
nuclease—shows that the entry of the substrate pro-
vokes appreciable local changes in disposition of side
chains. There is no evidence of specific interactions
between any groups in the enzyme and the C-terminal
side chain of the substrate, which fits easily into the
cavity. However, the terminal carboxylate group
is brought into contact with an arginine side chain,
which moves 2 A in the process. It is tentatively
suggested, moreover, that the oxygen atom of the
substrate peptide bond may become a ligand for the
zinc atom. It was previously observed by Vallee and
co-workers that certain tyrosine residues seem to be
involved in enzymatic activity, and indeed it is found
that one tyrosine moves a distance of no less than 14 A
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when the substrate is introduced so as to bring up the
phenolic hydroxyl group close to the substrate peptide
bond. The motion occurs in a non-helical part of
the chain, and evidently involves a considerable
disturbance of the backbone conformation as well
as rotation about side chain carbon—carbon bonds.
A carboxylate group also seems to form part of the
active site.

The details so far available are consistent with
chemical data: whether a more precise delineation of
the interaction between the active centre and the sub-
strate will immediately suggest a catalytic mechanism
remains to be seen. There are grounds for optimism,
despite the remarkable failure of known protein
structures so far to reveal the mechanism of their
function unequivocably.

Observation of a Rapidly Pulsating Radio Source
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Ix July 1967, a large radio telescope operating at a fre-
quency of 81:5 MHz was brought into use at the Mullard
Radio Astronomy Observatory. This instrument was
designed to investigate the angular structure of compact
radio sources by observing the scintillation caused by
the irregular structure of the interplanetary medium?!.
The initial survey includes the whole sky in the declination
range —08°<3<44° and this area is scanned once a
weok. A large fraction of the sky is thus under regular
surveillance. Soon after the instrument was brought into
operation it was noticed that signals which appeared at
first to be weak sporadic interference were repeatedly
observed at & fixed declination and right ascension; this
result showed that the source could not be terrestrial in
origin.

Systematic investigations were started in November
and high speed records showed that the signals, when
present, consisted of a series of pulses each lasting ~0-3 s
and with a repetition period of about 1:337 s which was
soon found to be maintained with extreme accuracy.
Further observations have shown that the true period is
constant to better than 1 part in 107 although there is a
systematic variation which can be ascribed to the orbital
motion of the Earth. The impulsive nature of the recorded
signals is caused by the periodic passage of a signal of
descending frequency through the 1 MHz pass band of
the receiver.

The remarkable nature of these signals at first suggested
an origin in terms of man-made transmissions which might
arise from deep space probes, planetary radar or the
refloxion of terrestrial signals from the Moon. None of
these interpretations can, however, be accepted because
the absence of any parallax shows that the source lies
far outside the solar system. A preliminary search for
further pulsating sources has already revealed the presence

Unusual signals from pulsating radio sources have been recorded at
the Mullard Radio Astronomy Observatory. The radiation seems to
come from local objects within the galaxy, and may be associated
with oscillations of white dwarf or neutron stars.

of three others having remarkably similar properties
which suggests that this type of source may be relatively
common at a low flux density. A tentative explanation
of these unusual sources in terms of the stable oscillations
of white dwarf or neutron stars is proposed.

Position and Flux Density

The aerial consists of a rectangular array containing
2,048 full-wave dipoles arranged in sixteen rows of 128
elements. Each row is 470 m long in an E.-W. direction
and the N.—S. extent of the array is 45 m. Phase-scanning
is employed to direct the reception pattern in declination
and four receivers are used so that four different declina-
tions may be observed simultaneously. Phase-switching
receivers are employed and the two halves of the aerial
are combined as an E.~W. interferometer. Each row of
dipole elements is backed by a tilted reflecting screen so
that maximum sensitivity is obtained at a declination of
approximately + 30°, the overall sensitivity being reduced
by more than one-half when the beam is scanned to
declinations above +90° and below — 5°. The beamwidth
of the array to half intensity is about +1°in right ascen-
sion and + 3° in declination; the phasing arrangement is
designed to produce beams at roughly 3° intervals in
declination. The receivers have a bandwidth of 1 MHz
centred at a frequency of 81-5 MHz and routine recordings
are made with a time constant of 0-1 s; the r.m.s. noise
fluctuations correspond to a flux density of 0-5x10-%
W m-t Hz-!. For detailed studies of the pulsating source
a time constant of 0:05 s was usually employed and the
signals were displayed on a multi-channel ‘Rapidgraph’
pen recorder with a time constant of 0-03 s. Accurate
timing of the pulses was achieved by recording second
pips derived from the MSF Rugby time transmissions.

A record obtained when the pulsating source was un-
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Fig. 1. a, A record of the pulsating radio source in strong signal con-
ditions (receiver time constant 0-1 ). Full scale deflexion corresponds to
20 % 10~3 W m~* Hz-'. b, Upper trace: records obtained with additional
paths (240 m and 450 m) in one side of the interferometer. Lower trace:
normal interferometer records. (The pulses are small for /=240 m
because they occurred near a null in the interference pattern; this modi-
fies the phase but not the amplitude of the oscillatory response on the
upper trace.) ¢, Simulated pulses obtained using a signal generator.
d, Simultaneous reception of pulses using identical receivers tuned to
different frequencies. Pulses at the lower frequency are delayed by
about 0-2 s.

usually strong is shown in Fig. la. This clearly displays
the regular periodicity and also the characteristic irregular
variation of pulse amplitude. On this occasion the
largest pulses approached a peak flux density (averaged
over the 1 MHz pass band) of 20x 10-2¢ W m-* Hz"!,
although the mean flux density integrated over one minute
only amounted to approximately 1-0 x 10-2¢ W m-> Hz-1,
On a more typical occasion the integrated flux density
would be several times smaller than this value. It is
therefore not surprising that the source has not been
detected in the past, for the integrated flux density falls
well below the limit of previous surveys at metre wave-
lengths.

The position of the source in right ascension is readily
obtained from an accurate measurement of the ‘‘cross-
over”’ points of the interference pattern on those occasions
when the pulses were strong throughout an interval
embracing such a point. The collimation error of the
instrument was determined from a similar measurement
on the neighbouring source 3C 409 which transits about
52 min later. On the routine recordings which first
revealed the source the reading accuracy was only +10 s
and the earliest record suitable for position measurement
was obtained on August 13, 1967. This and all subsequent
measurements agree within the error limits. The position
in declination is not so well determined and relies on the
relative amplitudes of the signals obtained when the
reception pattern is centred on declinations of 20°, 23°
and 26°. Combining the measurements yields a position

%1950 = 190 19m 385+ 3s
31950 = 22° 00" 4+ 30’

As discussed here, the measurement of the Doppler shift
in the observed frequency of the pulses due to the Earth’s
orbital motion provides an alternative estimate of the
declination. Observations throughout one year should
yield an accuracy of +1’. The value currently attained
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from observations during December—January is 3=21°
58+ 30/, a figure consistent with the previous measure-
ment.

Time Variations

It was mentioned earlier that the signals vary con-
siderably in strength from day to day and, typically,
they are only present for about 1 min, which may occur
quite randomly within the 4 min interval permitted by
the reception pattern. In addition, as shown in Fig. la,
the pulse amplitude may vary considerably on a time-scale
of seconds. The pulse to pulse variations may possibly
be explained in terms of interplanetary scintillation!, but
this cannot account for the minute to minute variation of
mean pulse amplitude. Continuous observations over
periods of 30 min have been made by tracking the source
with an E.-W. phased array in a 470 m x 20 m reflector
normally used for a lunar occultation programme. The
peak pulse amplitude averaged over ten successive pulses
for a period of 30 min is shown in Fig. 2¢. This plot
suggests the possibility of periodicities of a few minutes
duration, but a eorrelation analysis yields no significant
result. If the signals were linearly polarized, Faraday
rotation in the ionosphere might cause the random varia-
tions, but the form of the curve does not seem compatible
with this mechanism. The day to day variations since
the source was first detected are shown mn Fig. 26. In
this analysis the daily value plotted is the peak flux
density of the greatest pulse. Again the variation from
day to day is irregular and no systematic changes are
clearly evident, although there is a suggestion that the
source was significantly weaker during October to Novem-
ber. It therefore appears that, despite the regular
occurrence of the pulses, the magnitude of the power
emitted exhibits variations over long and short periods.

Instantaneous Bandwidth and Frequency Drift

Two different experiments have shown that the pulses
are caused by a narrow-band signal of descending fre-
quency sweeping through the 1 MHz band of the receiver.
Irr the first, two identical receivers were used, tuned to
frequencies of 80-5 MHz and 81-5 MHz. Fig. 1d, which
illustrates a record made with this system, shows that
the lower frequency pulses are delayed by about 0-2 s.
This corresponds to a frequency drift of ~ —5 MHz g2,
In the second method a time delay was introduced into
the signals reaching the receiver from one-half of the
aerial by incorporating an extra cable of known length 1.
This cable introduces a phase shift proportional to fre-
quency so that, for a signal the coherence length of which
exceeds I, the output of the receiver will oscillate with

period
; c dv>'1
AT

where dv/d: is the rate of change.of signal frequency.
Records obtained with =240 m and 450 m are shown
in Fig. 1b together with a simultaneous record of the
pulses derived from a separate phase-switching receiver
operating with equal cables in the usual fashion.
Also shown, in Fig.- l¢, is a simulated record obtained
with exactly the same arrangement but using a
signal generator, instead of the source, to provide the
swept frequency. For observation with I>450 m the
periodic oscillations were slowed down to a low frequency
by an additional phase shifting device in order to prevent
severe attenuation of the output signal by the time
constant of the receiver. The rate of change of signal
frequency has been deduced from the additional phase
shift required and is dv/d¢= —49+0-5 MHz s'. The
direction of the frequency drift can be obtained from the
phase of the oscillation on the record and is found to be
from high to low frequency in agreement with the first
result.
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The instantaneous bandwidth of the signal may also
bo obtained from records of the type shown in Fig. 1b
because the oscillatory response as a function of delay is
a measure of the autocorrelation function, and hence of
the Fourier transform, of the power spectrum of the
radiation. The results of the measurements are displayed
in Fig. 3 from which the instantaneous bandwidth of the
signal to exp (—1), assuming & Gaussian energy spectrum,
is estimated to be 80+ 20 kHz.

Pulse Recurrence Frequency and Doppler Shift

By displaying the pulses and time pips from MSF
Rugby on the same record the leading edge of a pulse of
reasonable size may be timed to an accuracy of about

1‘0

I

|
0 R 1 ; S
) 2,000 1 4,000 m
Fig. 3. The response a8 a function of added path in one side of the
interferometer.

0-1s. Observations over a period of 6 h taken with the
tracking system mentioned earlier gave the period between
pulses as Pops = 133733+ 0:00001 s. This represents a
mean value centred on December 18, 1967, at 14 h 18 m
ur. A study of the systematic shift in the frequency of
the pulses was obtained from daily measurements of the
time interval T' between a standard time and the pulse
immediately following it as shown in Fig. 4. The standard
time was chosen to be 14h 01 m 00s UT on December 11
(corresponding to the centre of the reception pattern)
and subsequent standard times were ab intervals of
23 h 56 m 04 s (approximately one sidereal day). A plot of
the variation of T' from day to day is shown in Fig. 4.
A constant pulse recurrence frequency would show a
linear increase or decrease in T' if care was taken to add
or subtract one period where necessary. The observations,
however, show a marked curvature in the sense of a
steadily increasing frequency. If we assume a Doppler
shift due to the Earth alone, then the number of pulses
received per day is given by
2nn
366-25 .

where N, is the number of pulses emitted per day at the
source, v the orbital velocity of the Earth, ¢ the ecliptic
latitude of the source and n an arbitrary day number
obtained by putting n=0 on January 17, 1968, when the
Tarth has zero velocity along the line of sight to the
source. This relation is approximate since it assumes a
circular orbit for the Earth and the origin n=0 is not
exact, but it serves to show that the increase of N observed
can be explained by the Earth'’s motion alone within the
accuracy currently attainable. For this purpose it is
convenient to estimate the values of n for which 37'/dn =0,
corresponding to an exactly integral value of N. These
oceur at n,=158+01 and ny=287+01, and since N

N=N, <1+gcos ¢ sin
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Fig. 4. The day to day variation of pulse arrival time.

is increased by exactly one pulse between these dates
we have

2 27n, :l
—sin

366-25 *  366-25

This yields p=43° 36"+ 30" which corresponds to a de-
clination of 21° 58+ 30’, a value consistent with the
declination obtained directly. The true periodicity of
the source, making allowance for the Doppler shift
and using the integral condition to refine the calculation,
i1s then

N .
=—cos g |sin
c

P,=1-3372795+ 0-0000020 s

By continuing observations of the time of occurrence
of the pulses for a year it should be possible to establish
the constancy of N, to about 1 part in 3x 108, If N, is
indeed constant, then the declination of the source may be
estimated to an accuracy of +1’; this result will not be
affected by ionospheric refraction.

It is also interesting to note the possibility of detecting
a variable Doppler shift caused by the motion of the
source itself. Such an effect might arise if the source
formed one component of a binary system, or if the signals
were associated with a planet in orbit about some parent
star. For the present, the systematic increase of N is
regular to about 1 part in 2 x 107 so that there is no evid-
ence for an additional orbital motion comparable with
that of the Earth.

The Nature of the Radio Source

The lack of any parallax greater than about 2’ places
the source at a distance exceeding 103 A.U. The energy
emitted by the source during a single pulse, integrated
over 1 MHz at 81:5 MHz, therefore reaches a value which
must exceed 107 erg if the source radiates isotropically.
It is also possible to derive an upper limit to the physical
dimension of the source. The small instantaneous band-
width of the signal (80 kHz) and the rate of sweep (—4-9
MHz s-') show that the duration of the emission at any
given frequency does not exceed 0-016 s. The source size
therefore cannot exceed 4:8 x 10* km. ’
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An upper limit to the distance of the source may be
derived from the observed rate of frequency sweep since
impulsive radiation, whatever its origin, will be dispersed
during its passage through the ionized hydrogen in inter-
stellar space. For a uniform plasma the frequency drift
caused by dispersion is given by

dv c v
At L ow?

where L is the path and v, the plasma frequency. Assum-
ing a mean density of 0-2 electron cm-3 the observed
frequency drift (—4-9 MHz s-') corresponds to L~ 65
parsec. Some frequency dispersion may, of course, arise
in the source itself; in this case the dispersion in the inter-
stellar medium must be smaller so that the value of L
1s an upper limit. While the interstellar electron density
in the vicinity of the Sun is not well known, this result is
important in showing that the pulsating radio sources so
far detected must be local objects on a galactic distance
scale.

The positional accuracy so far obtained does not permit
any serious attempt at optical identification. The search
area, which lies close to the galactic plane, includes two
twelfth magnitude stars and a large number of weaker
objects. In the absence of further data, only the most
tentative suggestion to account for these remarkable
sources can be made.

The most significant feature to be accounted for is the
extreme regularity of the pulses. This suggests an
origin in terms of the pulsation of an entire star, rather
than some more localized disturbance in a stellar atmo-
sphere. In this connexion it is interesting to note that
it has already been suggested?:? that the radial pulsation
of neutron stars may play an important part in the history
of supernovae and supernova remnants.

A discussion of the normal modes of radial pulsation of
compact stars has recently been given by Meltzer and
Thornet, who calculated the periods for stars with central
densities in the range 10° to 10'® g cm-3. Fig. 4 of their
paper indicates two possibilities which might account
for the observed periods of the order 1 5. At a density of
107 g em-3, corresponding to a white dwarf star, the
fundamental mode reaches a minimum period of about
8 s; at a slightly higher density the period increases
again as the system tends towards gravitational collapse
to a neutron star. While the fundamental period is not
small enough to account for the observations the higher
order modes have periods of the correct order of magni-
tude. If this model is adopted it is difficult to understand
why the fundamental period is not dominant; such a
period would have readily been detected in the present
observations and its absence cannot be ascribed to
observational effects. The alternative possibility occurs
at a density of 10'* g em-3, corresponding to a neutron
star; at this density the fundamental has a period of
about 1 s, while for densities in excess of 10 g em-3? the
period rapidly decreases to about 10-3 s.

If the radiation is to be associated with the radial
pulsation of a white dwarf or neutron star there seem
to be several mechanisms which could account for the
radio emission. It has been suggested that radial pulsa-
tion would generate hydromagnetic shock fronts at the
stellar surface which might be accompanied by bursts of
X-rays and energetic electrons®3. The radiation might
then be likened to radio bursts from a solar flare occurring
over the entire star during each cycle of the oscillation.
Such a model would be in fair agreement with the upper
limit of ~5x10* km for the dimension of the source,
which compares with the mean value of 9 x 10® km quoted
for white dwarf stars by Greenstein®. The energy require-
ment for this model may be roughly estimated by noting
that the total energy emitted in a 1 MHz band by a type
IIT solar burst would produce & radio flux of the right
order if the source were at a distance of ~108 A.U. If it



NATURE, VOL. 217. FEBRUARY 24, 1968

is assumed that the radio energy may be related to the
total flare energy (~10% erg)® in the same manner as
for a solar flare and supposing that each pulse corresponds
to one flare, the required energy would be ~10% erg yr1;
at a distance of 65 pe the corresponding value would be
~ 1017 erg yr-'. It has been estimated that a neutron star
may contain ~ 105! erg in vibrational modes so the energy
requirement does not appear unreasonable, although
other damping mechanisms are likely to be important
when considering the lifetime of the source*.

The swept frequency characteristic of the radiation is
reminiscent of type II and type III solar bursts, but it
seems unlikely that it is caused in the same way. For a
white dwarf or neutron star the scale height of any atmo-
sphere is small and a travelling disturbance would be
expected to produce a much faster frequency drift than
is actually observed. As has been mentioned, a more
likely possibility is that the impulsive radiation suffers
dispersion during its passage through the interstellar
medium.
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More observational evidence is clearly needed in order
to gain a better understanding of this strange new class of
radio source. If the suggested origin of the radiation is
confirmed further study may be expected to throw vatuable
light on the behaviour of compact stars and also on the
properties of matter at high density.
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Action Potentials induced in Biomolecular Lipid Membranes

by
PAUL MUELLER
DONALD O. RUDIN

Department of Basic Research,
Eastern Pennsylvania Psychiatric Institute,
Philadelphia, Pennsylvania

ALAMETHICIN, a cyclopeptide antibiotic from T'richoderma
viride containing the amino-acids (GluN),, (Glu),, (Pro)s,
(Gly),, (Ala),, (Methyl Ala),, (Val), and (Leu), (ref. 1),
develops a cationic conductance in experimental bilayers
which can be controlled by a factor of 10¢ either chemically
or by changing the membrane potential using applied
voltages or ionic gradients. When it is brought together
with an ionic gradient and a few pg/ml. of protamine,
polylysine or spermine in the aqueous phase, the mem-
branes develop characteristics of negative slope resistance
{Fig. 1), delayed rectification (Fig. 2), bistable changes of
eMr (Fig. 34) and single or rhythmic action potentials
(Fig. 3B and C). These changes resemble those occurring
in excitable algae or those produced in bilayers by an
unidentified proteinaceous material obtained from Enfero-
bacter cloacae called excitability inducing material (EIM)?3.
As shown in Fig. 4, alamethicin structurally resembles
other macrocyclic compounds like the depsipeptides and
macrolids which develop extreme K*/Na* selective con-
ductances of an ohmic nature in experimental bilayers®.
Alamethicin, however, is a pure peptide containing fune-
tional side groups.

The electrokinetic and chemical data suggest that six
or more alamethicin molecules form either carriers or
tubular channels through which ions flow across the
membrane and that assembly and dissembly of these
aggregates by the voltage or chemical factors regulate
the conductance. The kinetic and chemical characteristics
of alamethicin apparently fulfil the criteria of an allosteric
protein specifically designed to form complexes of ionie
co-ordination within lipid membranes. We discuss the
possibility that related compounds could generate active
ion transport and act as high energy intermediates in
oxidative phosphorylation.

Bilayer membranes separating two aqueous phases were
made by published methods*35. Alamethicin acts on
membranes made from mixed brain lipids and tocopherol,

Alamethicin, a cyclopeptide, can induce action potentials in biomole-
cular lipid membranes.

lecithin and decane, sphingomyelin and tocopherol®? or
oxidized cholesterol and octane®, although the sensitivity
to alamethicin and to protamine varies from one lipid
type to another. Best results were obtained with mem-
branes made from oxidized cholesterol (1 per cent),
dodecyl acid phosphate (0-25 per cent), cholesterol (0-42
per cent in octane : dodecane, 1 : 3%) and with membranes
made from purified lecithin (10 per cent in decane—
squalene, 2 : 1). In the presence of adsorbates the life of
the membrane lasts from a few minutes to several hours
according to the type of lipid. Alamethicin can be
introduced either by dissolving it in the bulk lipid
solution or by adding it to the aqueous phase after bilayer
formation.

Fig. 1 presents three steady state current-voltage,
I(V), curves in the presence of 10-7 g/ml. of alamethicin
on one side of the membrane. With 0-1 M sodium chloride
on both sides, the membrane shows strong and more or
less symmetrical rectification (Fig. 14). The conductance
decreases 10* times between zero and 100 mV and attains
a maximum change of e-fold/6 mV. An ionic gradient
generates a cationic resting potential of 10-30 mV/
decade without intracationic selectivity. This acts like
an applied potential to drive the system into its high
conductance state although it does not deliver a net
current. As shown in Fig. 1B, the resting potential shifts
the I(V) curve along the voltage axis, raises the resting
conductance and, for analytical reasons given elsewhere?,
transforms the rectification characteristic in one quadrant
into a characteristic of negative slope resistance. If prot-
amine is added to either aqueous phase under zero ion
gradient there is a similar effect as shown in Fig. 1C.
The resting conductance is increased and a negative
resistance arises in the absence of a resting potential.
This is the first of three distinct effects produced by
protamine, histone or spermine acting as secondary ad-
sorbates. Because this particular effect resembles that of
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