Limulus Rhodopsin: Rapid Return of Transient
Intermediates to the Thermally Stable State

Abstract. Spectral transitions of rhodopsin in single cells of the Limulus ventral
eye were observed both with flash photometry and by measuring the early
receptor potential. Even with repetitive stimulus flashes the rhodopsin did not
bleach; after each flash the spectral intermediates decayed rapidly to the initial
thermally stable state. The pigment returns to the stable state in a time comparable
with the duration of the late receptor potential.

The ventral photoreceptor of Limu-
lus, because of its large size, has proved
to be an important preparation for
studying the ionic mechanisms in visual
excitation. However, little is known of
the changes in the visual pigment mole-
cule that may be involved in this ex-
citation process. We have used both
flash photometry and mecasurements of
the early receptor potential to observe
two transient spectral intermediates in
the ventral photoreceptors of Limulus,
and we compare the lifetime of these
intermediates to the time course of ex-
citation and adaptation.

Specimens of Limulus (carapace di-
ameter 15 to 20 cm) were obtained
from the Marine Biological Laboratory
at Woods Hole, Massachusetts. The
lateral olfactory nerves containing the
ventral photoreceptors were dissected
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Fig. 1. Decrease in transmitted light ob-
served at 463 nm and 21° to 23°C. (a)
Oscilloscope record of photomultiplier
output (band pass 0 to 300 hertz). (b)
Computer average of photomultiplier
output to 40 stimulus flashes (band pass 0
to 1000 hertz). The arrow indicates the
occurrence of the stimulus flash (approxi-
mately 0.2 msec). The fast and slow
components of the absorbance decay are
designated A4 and B, respectively. The
data in (a) and (b) are from different
photoreceptors.
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tree, desheathed, and placed in a small
chamber containing artificial seawater
(/). Under these conditions the photo-
receptor maintains its sensitivity to
light, as well as its ability to adapt to
light and dark. The absorbance changes
in these photoreceptors are very small
(less than 0.002) and our observations
were limited by the photon noise of
the measuring beam. Since photon noise
decreases as the square root of the
intensity, we operated the measuring
light source, a 12-volt quartz-iodide
lamp with a tungsten filament, at 14.5
volts off a battery. The measuring beam
passed through a broad-band blue
filter (Corning 5030; for the wave-
length range 360 to 500 nm) and was
focused to a spot measuring 40 by 80
um by using a 20X microscope objec-
tive (numerical aperture 0.4). The spot
was centered on cell bodies of indi-
vidual receptors which had cross sec-
tions of about 50 by 100 um. After
passing through the cell the light was
refocused on a photomultiplier. Inter-
ference filters peaking at 463 or 427
nm were used to set the measured
wavelength and also served to protect
the photomultiplier from the intense
stimulus flashes (about 0.2 msec) pro-
duced by a photographic flash unit
(Honeywell Auto/Strobonar 332). A
cutoff filter eliminated all short wave-
lengths (less than 520 nm) from the
stimulus flash. With this arrangement
continuous recordings of absorbance in
the photoreceptor, with negligible flash
artifact, could be displayed and re-
corded on an oscilloscope.

At 463 nm each stimulus flash
elicited a transient absorbance increase,
as shown in Fig. la. The increased ab-
sorbance decayed to the original base-
line with a fast and a slow component,
here designated A and B, respectively.
At 427 nm a similar transient absorb-
ance increase was observed, but the B
component of the decay was much
smaller in magnitude than the A com-
ponent. At both wavelengths the
transient absorbance increase always
decayed to the original baseline; thus,

the visual pigment apparently did not
bleach (2) but rapidly returned after
each flash to the initial thermally
stable state (3). We attribute the two
components of absorbance decay to
two photoproducts with different ab-
sorption spectra, both of which absorb
more strongly in the blue than the
initially stable state of the pigment.
Since photoproducts A and B both
decayed rapidly, and since the visual
pigment did not bleach, we were able
to use a computer of average transients
to sum the absorbance changes pro-
duced by many stimulus flashes (Fig.
1b). Absorbance changes were ob-
served in more than 25 cells. In
some cells absorbance changes were too
small to be seen clearly in a single
trace, but computer averaging showed
that both components, A and B, were
present. At room temperature (21° to
23°C) the decay half-times of A and
B were 4+ 1 and 70 = 20 msec, re-
spectively., The measured half-times
were not altered by variations in the in-
tensity, wavelength, and duration of
exposure of the measuring beam. We
have looked for and not found any
other faster or slower components of
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Fig. 2. Intracellular ERP elicited by two
flashes (approximately 0.2 msec). (a) The
downward deflection indicates increasing
intracellular negativity. In each case the
first flash was white. The second flash was
either white (W; no filter), orange (O:;
Wratten 16 filter; above 520 nm), or ab-
sent (N). The arrows indicate the occur-
rence of the stimulus flashes.
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Fig. 3. Comparison of recovery of ERP amplitude and decay of absorbance at 463
nm. The normalized ERP amplitude (dots) is the ratio of the negative component of
the ERP elicited by the second flash to that elicited by the first flash (5). Amplitudes
were measured from the base line. The absorbance decay at 463 nm (crosses) was
normalized because different cells gave a different initial absorbance change. The
points represent composite data of six cells for ERP measurements and six cells for
absorbance measurements. A 100-msec exponential (that is, a 70-msec half-time) is

included for comparison: t = time.

absorbance change in the time interval
between 100 psec and 1 second.

In addition to these photometric ob-
servations,- we have investigated tran-
sient photoproducts in the ventral
photoreceptors by observing the early
receptor potential (ERP) (4). The
ERP was measured intracellularly in
photoreceptors which were bathed in
isotonic KCl to eliminate the late re-
ceptor potential (5). A white flash (ap-
proximately 0.2 msec) always elicited a
biphasic, predominantly negative ERP.
Changes in the color of the flash
changed only the amplitude and not
the time course of the ERP. Observa-
tions by Brown et al. (6) have shown
that the ERP of the ventral photore-
ceptor is produced by the visual pig-
ment, which in this receptor absorbs
maximally at about 530 nm. When an
ERP was elicited by a second flash
presented to the preparation shortly
after the first, the results shown in Fig.
2, a and b, were obtained. As shown
in Fig. 2a, the wave form of the ERP
elicited by the second flash depended
strongly on whether this flash was
white or had been made orange
with a cutoff filter. Evidently the
blue light (less than 520 nm) con-
tained in the white flash elicited a
monophasic negative response. This
blue-sensitive response diminished when
the time interval between the two
flashes was increased (Fig. 2b), and
was not observed when the interval
exceeded about 20 msec. Since this re-
sponse is blue sensitive and can be
elicited only during the first few mil-
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liseconds after a flash, it may possibly
arise when photoproduct A absorbs
light from the second flash. With a
further increase of the time interval
between the flashes, the predominantly
negative component of the ERP grew
until the second white flash elicited an
ERP identical to that elicited by the
first flash (5, 7). In Fig. 3 we compare
this recovery of ERP amplitude to the
decay of photoproduct B (8). Within
experimental error both processes have
the same time course.

After the first 20 msec and through-
out the decay of photoproduct B shown
in Fig. 3, the ERP had the same wave

form for both white and orange flashes.

If photoproduct B contributes to the
ERP we would expect to observe a
component of the ERP which decays
with the same time course as photo-
product B. However we have not ob-
served such a component. Instead, the
ERP grew in amplitude as photoprod-
uct B decayed (see Fig. 3). Thus it ap-
pears that photoproduct B contributes
little if at all to the ERP. In this case,
Fig. 3 shows the correlation between
the decay of a precursor (photoproduct
B) and the formation of its ERP-pro-
ducing product.

We have found that the late receptor
potential (LRP) observed in receptors
bathed in artificial seawater had a la-
tency of 9 to 12 msec following a sat-
urating stimulus flash and about 100
msec following a dim flash. The dura-
tion of the LRP was about 200 to 500
msec with these flashes. Thus, most of
photoproduct A decays before the LRP

arises, whereas photoproduct B per-
sists throughout most of the interval
during which the pigment molecule
may actively excite the receptor. Dur-
ing this time the molecule does not ap-
pear to produce an ERP response, a
situation which may also obtain in ver-
tebrates (9).

‘In vertebrate (/0) and molluscan
(11) photoreceptors a direct corre-
spondence has been observed between
the ERP response and the state of the
pigment molecule. Our results extend
this correspondence to an arthropod
photoreceptor.

In vertebrate photoreceptors, long
after the excitatory event represented
by the LRP, rhodopsin continues to
undergo a series of spectral transitions
(12). In contrast, in Limulus both the
photometric and the ERP observations
indicate that the pigment attains a ther-
mally stable state (at least in the chro-
mophore region of the molecule) within
a time comparable to the duration of
the late receptor poteniial. Since the
visual pigment of the ventral photo-
receptor attains a thermally stable state
within this short interval, the adaptation
effects which far outlast the LRP (5)
probably arise from other sites in the
receptor.
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Fatty Acyl-Coenzyme A Elongation in Brain of Normal and

Quaking Mice

Abstract. Microsomal enzyme systems from mouse brain that catalyze,
respectively, the elongation of palmitoyl-coenzyme A (palmitoyl-CoAd), stearoyl-
CoA, or arachidyl-CoA appear and reach maximal activity at different times after
birth of the animal. A specific C,)-CoA elongating system exists in mouse brain
in addition to the previously recognized C,;-CoA and C,;-CoA elongating
enzymes. The C,,-CoA elongation system is severely reduced in the mutant

quaking mouse.

The quaking mouse is a recessive
autosomal mutant characterized by de-
fective myelination of the central ner-
vous system (/). Baumann and col-
laborators (2—4) have noted that the
cerebroside (galactolipid) and sphin-
gomyelin content in the myelin lipids of
quaking mice is much less than normal
and that the nonhydroxylated long-chain
fatty acids typical of these myelin lipids
are also drastically reduced in the mu-
tant. Brain lipids of adult quaking mice
were found to contain at most one-
tenth as much nonhydroxylated C,,
acids as did normal controls (3). In
efforts to localize the block in myelin
galactolipid and sphingomyelin bio-
synthesis in the quaking mouse,
Baumann and colleagues made two im-
portant observations: (i) the activities
of the cytoplasmic de novo fatty acid
synthetase [which produces palmitate
(Cy6)] and of the microsomal enzyme
system that catalyzes elongation of
palmitoyl-coenzyme A (palmitoyl-CoA)
to stearoyl-CoA were only slightly
below normal in quaking mice (5-7)
and (ii) the rate of stearoyl-CoA elon-
gation in mutant brain extracts was
also near normal (6), but the products
of this enzymatic process were not
(6, 7). Brain microsomes from normal
mice incubated with stearoyl-CoA af-
forded 78.5 percent arachidate (C,,),
10.5 percent behenate (C,,), and 11
percent lignocerate (C,,), while the
corresponding enzyme preparation from
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the quaking mutant produced 99 per-
cent C,,, 0.8 percent C,,, and 0.2 per-
cent Cy; (6, 7). Baumann and collab-
orators have also furnished evidence
for the existence of two separate mi-
crosomal elongating systems in normal
mouse brain, one converting palmitoyl-
CoA to stearate (C,g) and the other
converting stearoyl-CoA to longer (C,,
to C,,;) acids (8).

From the analytical results just men-
tioned and the fact that the fatty acids
having long chains (C,, and C,,) are
greatly diminished in the brain lipids
of quaking mice, these investigators
concluded that the stearoyl-CoA elon-
gating system is defective in the mutant
(6). We offer an alternative interpre-
tation of their data. Since stearoyl-CoA
elongation, as judged by incorporation
of [14C]lmalonyl-CoA, is not diminished
in the mutant (6) but stops at the C,,
stage (6, 7), it seemed to us improb-
able that, in normal mouse brain, one
and the same enzyme system elongates
C,5-CoA not only to but also beyond
C,,. If it did, the mutation would have
resulted in an altered chain-length
specificity. It was more likely, in our
view, that the conversion of C,g to
C,, is the function of one enzyme sys-
tem and the extension of C,, to C,,
and C.,, is the function of another, sep-
arate from either of the two elongating
activities described by Baumann and
co-workers. Diminished levels of the
postulated third acyl-CoA elongating

system rather than impaired stearoyl-
CoA elongation would satisfactorily ex-
plain the reduced content of C,, acids
in mutant mouse brain. The results
reported here support our proposal.

Brains from normal mice (Charles
River Breeding Laboratory, Wilming-
ton, Massachusetts) and from the
quaking mutant (strain CS57BL/6J-gk,
Jackson Laboratory, Bar Harbor,
Maine) were washed in cold 0.1M
potassium phosphate buffer, pH 7.0,
containing 1 mM dithiothreitol, 0.3M
sucrose, and 0.9 percent NaCl. Three
pooled brains were homogenized for 2
minutes with a Potter-Elvehjem homog-
enizer fitted with a Teflon pestle. Mi-
crosomes prepared as described (8)
were washed, suspended in buffer, and
stored at — 70°C, The conditions for
enzyme assays are described in the
figure legends.

In Fig. 1A are plotted activities for
de novo fatty acid synthesis and for
elongation of Cy4-CoA, C,4-CoA,
C,,-CoA, and C,,-CoA in extracts of
brains taken from normal mice at vari-
ous ages. The soluble fatty acid syn-
thetase (9) fluctuates somewhat, rising
slightly between 3 and 9 days after
birth and declining slowly thereafter,
Palmitoyl-CoA elongation activity is
first detectable at 3 days and reaches
a maximum 12 days after birth. The
stearoyl-CoA elongating system ap-
pears later; it is not measurable until
5 days after birth and its activity
rises to a maximum at 17 days. These
differences in time course are additional
and confirmatory evidence for the non-
identity of the elongating systems for
palmitoyl-CoA and stearoyl-CoA (8).
Elongation activity for C,,-CoA and
C,,-CoA as a function of age is de-
tectable 3 days after birth and rises
steadily but relatively slowly thereafter.
This pattern, which is distinct from
that for either C;;-CoA or C,4-CoA
elongation, strongly indicates the exis-
tence of a separate elongation system
for the final steps in the synthesis of
C,, acids. As shown in Fig. 1B [data
taken from Baumann et al. (2)], Co,
acids begin to appear in normal mouse
brain only after all three elongating
activities have become measurable by
enzymatic assay.

The steep rise in the content of C.,
fatty acids in normal mouse brain 15
to 20 days after birth, which coincides
with the active phase of myelination
(2), fails to occur in the quaking
mouse, as shown by analysis of mutant
total brain lipids (2) (Fig. 1B). Pro-
ceeding from the assumption that this
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