
Photoelectric Potential from 

Photoreceptor Cells 
in Ventral Eye of Limulus 

Abstract. Intense colored light from 
a gas laser evokes a photoelectric po- 
tential in the photoreceptor cells of 
the ventral eye of Limulus. This po- 
tential has two components, both of 
which have the action spectrum of a 
rhodopsin with an absorbancy maxi- 
mum at 530 nm. The evidence is con- 
sistent with the hypothesis that the 
photoelectric potential arises directly 
from the orderly array of rhodopsin 
molecules which are an integral part of 
the photoreceptor cell membrane. 

When the lateral eye of Limulus 
polyphemus is stimulated with very in- 
tense lights, a short-latency response can 
be recorded, with intracellular elec- 
trodes, from the eye's photoreceptor 
cells (the retinular cells) (1). This elec- 
trical response, which we called a pho- 
toelectric potential (PEP), has a num- 
ber of characteristics similar to the so- 
called early receptor potential (ERP) 
studied in vertebrate eyes with extra- 
cellular electrodes (2, 3). In addition, 
the observations that the polarity of 
the PEP reversed across the photo- 
receptor cell membrane and that the 
amplitude and the polarity of the PEP 
could be altered by changing mem- 
brane potential indicated that the gen- 
erator of the PEP was intimately as- 
sociated with the photoreceptor cell 
membrane (1). We present evidence in- 
dicating that the Limulus PEP, like 
the ERP, has two components, and 
the spectral sensitivity of these com- 
ponents closely resembles the absorp- 
tion spectrum of Limulus rhodopsin. 
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Fig. 1. Intracellular responses of Limulus 
ventral-eye cells to light. In both A and 
B, V1 is a direct current-coupled record- 
ing. Arrow indicates onset of light stimu- 
lus for the V1 trace. Calibration bar of 60 
mv and 100 msec applies to Vi. (V2) A 
high-gain, capacitance-coupled recording 
of a portion of V1 shown on an expanded 
time scale. Calibration bar of 3 my and 
20 msec applies to V2. (L) Light monitor 
synchronized only with V2 (at the same 
sweep speed); L indicates onset of the 
light stimulus for the V2 trace. The light 
intensity in B is several hundredfold 
greater than that in A. 

The photoreceptor cells of the ven- 
tral eye of Limulus have many an- 
atomical properties, membrane charac- 
teristics, and responses to light which 
are essentially the same as those found 
in the retinular cell of the lateral eye 
(4, 5). The methods used in these ex- 
periments were those used previously 
(1), with two additions. The action 
spectra of the PEP were determined 
with a continuous wave (CW) gas laser 
(argon or krypton) (6). With this laser, 
five lines of sufficiently intense mono- 
chromatic light within the spectral re- 
gion of interest were available. The 
action spectrum of the generator po- 
tential was determined with a CW 
xenon arc source, narrow-band inter- 
ference filters, and neutral-density fil- 
ters. 

When a pulse of white light of mod- 
erate intensity (in the range of micro- 
watts) is focused onto a ventral-eye 
photoreceptor cell, the membrane po- 
tential undergoes a transient depolariza- 
tion with the characteristic waveform 
of the generator potential (Fig. 1A, 
V1) and with a latency of several mil- 
liseconds (Fig. 1A, V. and L). As was 
observed in the lateral-eye retinular 
cells (1) when the light intensity is in- 
creased several hundred-fold, another 
response appears whose onset is coin- 
cident with the light pulse (Fig. lB, 
V2 and L). This response is the PEP. 
It has two components, a depolarizing 
potential change which is coincident 
with the light pulse and a hyperpo- 
larizing potential change which outlasts 
the light pulse (Fig. 1B, V2). 

Monochromatic light from the laser 
produced the same PEP's as those 
evoked by white light. The action spec- 
tra of both components of the PEP 
fit reasonably well with the absorption 
spectrum of rhodopsin (predicted by 
Dartnall's nomogram) with the absorp- 
tion maximum taken at 530 nm (7; 
Fig. 2). Previous studies have shown 
by microspectrophotometry (8) and 
with, electrophysiological techniques 
(4) that the absorption spectrum and 
generator potential action spectrum, re- 
spectively, peak near 530 nm. We con- 
firm that the action spectrum of the 
potential of the ventral-eye cells peaks 
near 530 nm (Fig. 2). 

In conclusion, we have found that 
a PEP can be recorded with intracel- 
lular electrodes in the photoreceptor 
cells of the Limulus ventral eye. This 
PEP is similar, in two more respects, 
to the ERP recorded extracellularly 
from vertebrate eyes, namely, there 
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Fig. 2. Action spectra of the PEP and 
generator potential. Solid line taken from 
Dartnall nomogram for pigment with 
maximum absorbancy at 530 nm. Open 
circles show the action spectrum of gen- 
erator potential. Squares and triangles in- 
dicate the action spectra of the depolariz- 
ing and hyperpolarizing components, 
respectively, of the PEP. 

are two components to the response 
and both components have action spec- 
tra which are the same as both the 
absorption spectrum of rhodopsin and 
the action spectrum of the generator 
potential. 

We and others (2, 3) interpret the 
available evidence to indicate that the 
PEP and ERP represent an early, and 
perhaps direct, electronic change in 
rhodopsin molecules. Recent evidence 
suggests that the generation of the 
ERP is dependent on preservation of 
an ordered array of rhodopsin mole- 
cules (3). Moreover (5) the properties 
of the ventral-eye PEP, like those of 
the lateral-eye PEP (1), indicate that 
the PEP generator is an integral con- 
stituent of the photoreceptor mem- 
brane. Hence, the generators of the 
ERP and PEP may well be an ordered 
array of rhodopsin molecules lying in 
the cell membranes of photoreceptors. 

Whether the PEP and ERP are in 
the direct chain of events leading to 
the permeability changes associated 
with the generator potential and ERG, 
respectively, and if so, how they are 
coupled to these permeability changes, 
remain open questions. 
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reaction with the carbodiimide. 

Although the primary sequences of 
several transfer RNA molecules have 
been determined (1, 2), the secondary 
and tertiary structures of these mole- 
cules and the relationship which these 
structures have to biological activity 
need further investigation. For this rea- 
son, a tRNA (3) of known sequence 
-yeast alanine-tRNA-was treated 
with 1-cyclohexyl-3-[2-morpholinyl-(4) - 

ethyl]carbodiimide methoiodide (CM 
CMI), a reagent which reacts with the 
bases Up, ~3p, Gp, and Ip, but not with 
Ap and Cp (4). The reactivity of the 
CMCMI with these bases in the intact 
tRNA molecule depends upon the 
conformation in the presence of Mg++ 
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(5). The reacted tRNA was digested 
with pancreatic ribonuclease, which 
normally cleaves polyribonucleotides at 
the 3'-phosphoryl bond of the pyrimi- 
dine bases, and ribonuclease T,, which 
cleaves at the 3' phosphoryl bond of 
the bases G and I; two-dimensional 
oligonucleotide patterns (fingerprints) 
were made of the digests. Since the 
CMCMI derivatives of bases are not 
susceptible to the action of pancreatic 
ribonuclease (6), the oligonucleotides 
containing CMCMI could be located 
by their new positions in the finger- 
print as well as by their radioactivity. 
We also measured the effect which the 
chemical modification of these bases 

(5). The reacted tRNA was digested 
with pancreatic ribonuclease, which 
normally cleaves polyribonucleotides at 
the 3'-phosphoryl bond of the pyrimi- 
dine bases, and ribonuclease T,, which 
cleaves at the 3' phosphoryl bond of 
the bases G and I; two-dimensional 
oligonucleotide patterns (fingerprints) 
were made of the digests. Since the 
CMCMI derivatives of bases are not 
susceptible to the action of pancreatic 
ribonuclease (6), the oligonucleotides 
containing CMCMI could be located 
by their new positions in the finger- 
print as well as by their radioactivity. 
We also measured the effect which the 
chemical modification of these bases 

had on the ability of the tRNA to ac- 
cept alanine. 

The CMCMI was synthesized by 
treating excess 1-cyclohexyl-3-[2-morph- 
olinyl- (4) -ethyl]carbodiimide (re dis - 

tilled, Aldrich Chemical Co.) with 14C- 

methyl iodide (New England Nuclear 
Corp.). The CMCMI was then crystal- 
lized from a mixture of acetone and 
ether. The purified alanine-tRNA was 
obtained by the method of Apgar et al. 
(7). The purity of the alanine-tRNA is 
thought to be greater than 80 percent 
(8). 

In one series of experiments, mixed 
yeast tRNA (General Biochemicals 
Corp.) was treated with the radioactive 
CMCMI under the following condi- 
tions: 25 mg of CMCMI, and 2.5 mg 
of tRNA per milliliter in 0.01M borate, 
pH 8.0, and 0.02M MgC12. The reac- 
tion was stopped by precipitating the 
tRNA with two volumes of cold 95 
percent ethanol. 

To determine the quantity of 14C- 
CMCMI attached to the tRNA, 20-1l 
portions of an aqueous solution of the 
precipitate were spotted onto washed 
Whatman DE 81 paper and eluted with 
pH 1.9 buffer (9) for 3 hours to re- 
move excess reagent. The paper was 
dried; the spots were cut out, placed in 
scintillation vials, moistened with seven 
drops of NE219 liquid scintillator (Nu- 
clear Enterprises), and counted on an 
Ansitron scintillation counter. 

At 38?C (Fig. 1) nearly 2 moles of 
CMCMI attach per molecule of tRNA 
in the first 60 seconds. The reaction 
then slows down so that after 8 to 10 
hours 6 to 7 moles of reagent have 
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Fig. 1. (a) Attachment of 14C-CMCMI to unfractionated yeast tRNA; 25 mg of 14C-CMCMI, and 2.5 mg of tRNA per milliliter in 
0.01M borate, pH 8.0, 0.02M MgC12. Solid circles, 2?C; open squares, 16?C; open triangles, 30?C; open circles 38?C. Attach- 
ment of 14C-CMCMI to alanine-tRNA (conditions as above); crosses, 38?C. (The 24-hour point of alanine-tRNA is average of four 
experiments at 38?C, the range being indicated by the extent of the vertical lines.) (b) Expansion of the 0 to 1-hour segment of 
Fig. la. 
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Chemical Modification of Yeast Alanine-tRNA 

with a Radioactive Carbodiimide 

Abstract. Yeast alanine-tRNA was reacted with 1-cyclohexyl-3-[2-morpholinyl- 
(4)-ethyl] carbodiimide 14C-methoiodide in the presence of magnesium ion. The 
carbodiimide formed addition products with bases in the sequences tpGp, UpCp 
and UpUpIpGpCp. The expected bases in the sequence TptpCpGpApUp did not 
react, although this region is postulated to be in a loop that is not hydrogen- 
bonded. The capacity of the alanine-tRNA to accept amino acids decreased after 
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