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ABSTRACT cDNA clones encoding opsins from the lateral
eyes and median ocelli of the horseshoe crab, Limulus poly-
phemus, were isolated from cDNA libraries. The opsin cDNAs
obtained from the lateral eye and ocellar libraries code for
deduced proteins with 376 amino acids. The two cDNAs are
96% identical at the nucleic acid level, differing primarily at
the 3' untranslated region, and are apparently the products of
two separate genes. The deduced opsin proteins are 99%
identical to each other, differing at only 5 amino acids. The
opsins encoded by these cDNAs are most likely the protein
moiety of the visible-wavelength rhodopsins in this animal. In
the lateral eye, expression of the opsin gene is restricted to the
photoreceptor ceils ofthe ommatidia. Comparisons with opsins
of other species show that the Limulus opsin proteins are most
sImilr (53% identity) to the opsin from the R1-6 photorecep-
tors of flies.

The role that rhodopsin plays in initiating the phototransduc-
tion cascade has been a model system for the function of
guanine nucleotide-binding protein (G protein)-linked recep-
tors. Visual pigments are fundamentally the same in all visual
systems, being composed of a retinal chromophore cova-
lently linked to a protein moiety with seven transmembrane
segments (opsin; ref. 1). Consequently, the study of
rhodopsin, and its use as a model, has been enhanced by the
use of different organisms to study various aspects of visual
pigments, taking advantage of each animal's unique physi-
ology or morphology. For example, the large bovine eyes
have provided rhodopsin in quantities sufficient for biochem-
istry (see ref. 2 for review), and Drosophila has provided a
battery of mutants and transformants for genetic studies
(e.g., ref. 3). Similarly, the horseshoe crab (Limulus poly-
phemus), with its large photoreceptors, which are easily
accessible for electrophysiology, has provided insights into
the activation ofthe transduction cascade by rhodopsin (4-6)
and the inactivation of rhodopsin (7, 8).
Even though all visual pigments known in the animal

kingdom have the same basic composition of opsin and a
vitamin A-derived chromophore, there are differences in
some characteristics of the visual pigments between species,
such as spectral absorbance, kinetics, or interaction with
subsequent enzymes in the cascade. Since the chromophore
is almost universally the same, changes in the structure ofthe
opsin moiety must predominantly account for the differences
observed in the various rhodopsins. Analysis of the primary
structure of visual pigments from different species continues
to define and illuminate the amino acid domains that are
involved in these differences. In this study, we present the
amino acid sequences for opsin from the lateral eye and
median ocelli of the horseshoe crab.§ Limulus is only the
second class of arthropod from which the visual pigment has
been sequenced. Further, to our knowledge this research is
the first study of the primary sequence of any of the visual-
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system proteins in the horseshoe crab, despite the animal's
longstanding significance in vision studies.

MATERIALS AND METHODS
The basic strategy for identifying and sequencing the cDNA
for Limulus opsin was to generate cDNA libraries from
Limulus lateral eyes and ocelli, amplify a portion of the opsin
cDNA by polymerase chain reaction (PCR) using degenerate
oligonucleotide primers, and obtain the full-length cDNA by
screening the library for opsin clones by using the amplified
cDNA as a homologous probe.
RNA Isolation. Lateral eyes from 15 horseshoe crabs, or

median oceili from 22 animals, were dissected from the
animal and quick frozen in liquid nitrogen until needed. Total
RNA was isolated by guanidinium thiocyanate extraction
followed by centrifugation through a cushion ofCsCl (9). The
RNA pellet from this procedure was pelleted through a
second cushion of CsCl to remove contaminating screening
pigments. Poly(A)+ RNA was prepared from the total RNA
through selective binding to an oligo(dT)-cellulose column
[Poly(A) Quik kit, Stratagene], with a yield of =0.5 ug per
lateral eyes, and 0.05 pug per ocelius.

Library Construction. Separate cDNA libraries were con-
structed from poly(A)+ RNA isolated from the lateral eyes
and ocelli with the Superscript A cDNA kit (GIBCO/BRL).
The resultant lateral-eye library had 1.3 x 106 clones with an
average insert size of 2 kb, and the ocellar library had 4.9 x
10W clones with an average insert size of 1 kb.
PCR. A degenerate oligonucleotide primer was designed

against the amino acid sequence NPXXY (where X is a
nonpolar amino acid) that is conserved in the seventh mem-
brane-spanning segment of many G protein-linked receptors
[5'-AA(T/C)(A/T)(C/G)II(C/G)CITCAA(T/C)CC(C/G)
IT(C/G)IT(C/G)TA-3', where I is deoxyinosine]. This primer,
paired with a primer directed against the phage vector (5'-
ACTCCTGGAGCCCGTCAGTATC-3'), was used to amplify
the carboxyl terminus of the opsin cDNA by PCR. PCR
products were subcloned into pCR (Invitrogen, San Diego) or
pT7-Blue (Novagen, Madison, WI) plasmids and sequenced
by the dideoxy termination method (10).
Libray Screening. The cDNA libraries were screened for

opsin clones by using a fragment of opsin cDNA that spanned
helix 7 to the carboxyl terminus. The cDNA was labeled with
[a-32P]dCTP by random priming (11). Plaque lifts of the
libraries were hybridized to the labeled probe in aqueous
Denhardt's hybridization buffer (68°C) (12) and washed at
high stringency (15 mM NaCl/1.5 mM sodium citrate/0.5%
SDS, 68°C). Positive plaques were detected by autoradiog-
raphy, and purified to homogeneity by replating. The cDNA
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inserts were subcloned into pSPORT plasmid (GIBCO/BRL)
for sequencing.

Northern Blot Analysis. Poly(A)+ RNA (10 ,g) from the
lateral eyes was electrophoresed under denaturing conditions
in a 1.1% agarose gel with the glyoxal method (13), trans-
ferred to nylon membrane, and crosslinked to the nylon by
ultraviolet irradiation (120 mJ/cm2). A cDNA probe [nt
730-1170 (see Fig. 1), labeled as above] was hybridized under
the same conditions and stringency used to screen the library.
Because of the size of the ocelli and the difficulty in obtaining
tissue, a Northern blot of ocellar RNA was not performed for
the ocellar opsin.

In Situ Hybridization. Single-stranded cDNA was prepared
for in situ hybridization by asymmetric PCR. Double-stranded
cDNA between positions 1120 and 1241 (see Fig. 1) was first
amplified for 35 cycles. Aliquots of the resulting double-
stranded DNA were then cycled for an additional 25 cycles,
using only one primer in each aliquot to generate sense and
antisense single-stranded DNA (ssDNA). The ssDNA was gel
purified (Qiaex; Qiagen, Studio City, CA), and the comple-
mentary strand was synthesized by random primed labeling in
the presence of [a-[35S]thio]dCTP. Unincorporated label was
removed by column chromatography (Nuc-Trap, Stratagene).
The labeled strand complementary to the mRNA was used as
the probe, and the labeled strand with the same sense as the
mRNA was used as a negative control.

Tissue was prepared for hybridization by fixing the lateral
eyes for 30 min in 4% paraformaldehyde in phosphate-
buffered saline (PBS: 137 mM NaCl/2.7 mM KCl/8.1 mM
Na2HPO4/1.5 mM NaH2PO4) with 15% sucrose. Frozen
sections (15 ,um) were cut (Tissue-Tek OCT compound;
Miles), fixed for 2 min with 4% paraformaldehyde in PBS,
and dehydrated through an ethanol series. Hybridizations,
washes, and emulsion autoradiography were conducted by
the methods of Hafen and Levine (14). All photographs were
taken with brightfield illumination due to the light-scattering
effects of the pigment granules in the ommatidia.

RESULTS AND DISCUSSION
Isolation ofcDNA Clones. A portion of the opsin cDNA was

isolated from both the lateral-eye and ocellar libraries by PCR.
The products from the lateral-eye cDNA library (278 bp) and
from the ocellar cDNA library (304 bp) were sequenced to
confirm their identity as opsin cDNA by comparison with
known opsin sequences in the GenBank data base (15). This
opsin cDNA was then used to screen the cDNA library to
obtain full-length opsin clones (Fig. 1). At least two separate
A clones plus several PCR clones were sequenced on the
forward and reverse strands to confirm the cDNA sequence.
In total, 11 independent clones were sequenced for the lateral-
eye opsin, and 12 clones for the ocellar opsin.
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TAAAATATCCAGCATTATAAAAAAAAAAAAA 1431
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FIG. 1. cDNA sequences for the opsin from the lateral eyes (lower line) and median ocelli (upper line). Dots indicate sequence identity, and
only where the two sequences differ is the nucleotide indicated. The deduced amino acid sequence for the lateral-eye opsin is listed below the
cDNA sequences and the differences of the ocellar opsin are indicated below the sequence for the lateral eye opsin. Seven putative
transmembrane segments are also indicated; the boundaries are based on alignments with bovine sequence, where the boundaries are more
clearly established by additional studies.
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FIG. 2. Northern blot analysis of poly(A)+ RNA (10 ug per lane)
from the lateral eyes of Limulus. Lane 1, blot probed with opsin
cDNA from the lateral eye, spanning helices V-VII; lane 2, blot
probed with 3' noncoding region of lateral-eye opsin cDNA; lane 3,
blot probed with 3' noncoding region of ocellar opsin cDNA.
Molecular sizes of RNA markers are given in kilobases.

In the lateral-eye library, -2% of the plaque-forming units
hybridized to the probe, consistent with the level of opsin
message found in other visual systems (16). A lower level of
hybridization was found in the ocellar library (-0.1%). This
lower level probably reflects two principal factors-a higher
percentage of nonrecombinant phage in the ocellar library

v

A

nt: 4::.1o

and a less pure tissue used for isolation of the ocellar RNA,
since the ocelli are surrounded by a large number of pigment
cells and connective tissue.
Northern blot analysis ofpoly(A)+ RNA obtained from the

lateral eyes of eight horseshoe crabs showed a single band
corresponding to 1.5 kb (Fig. 2, lane 1).
Comparison of cDNA Clones. Two different nucleotide

sequences were obtained for the opsin cDNA from the lateral
eyes and median ocelli. The opsin cDNA from the lateral eye
was 1413 bp long, encoding a deduced protein with 376
residues. This cDNA length corresponds well with the pre-
dicted size of 1.5 kb obtained from the Northern blot. The
opsin cDNA from the median ocelli was 1431 bp long, also
coding for a deduced protein with 376 amino acids. The two
cDNA sequences are very similar (96% identity), differing
primarily in the 3' noncoding sequence.
The two opsin amino acid sequences deduced from the

cDNA sequences are 99%o identical, differing at only five
amino acids. Polymorphisms at these sites were ruled out by
sequencing a minimum of five clones for each site, using
clones obtained from library screens and PCR. In all cases,
the nucleotide differences at these positions were consistent.
This consistency between clones also rules out the possibility
of cloning artifacts. Of the five amino acid differences, three
are conservative changes (Ala105 for Thr105 in helix II; Ile213
for Val213 in helix V; Ala2; for Ser294 in helix VI). The other
two differences are at the carboxyl terminus (Met3 for
Thr-'65 and Ser373 for Ile373). In both cases, the proteins have
a calculated molecular mass of 42 kDa.

Despite the high similarity of the cDNAs, the two opsin
cDNAs are apparently encoded by different genes. Alterna-
tive splicing is ruled out by the few, but consistent, nucleotide
differences found throughout the length of the two cDNA
molecules. These differences are found in the 5' noncoding
region, as well as the coding region of the cDNAs. Conse-
quently, while alternative splicing could account for the
differences at the 3' end, alternative splicing cannot account
for the differences found throughout the rest of the cDNA
molecule.

FIG. 3. Tissue localization of opsin mRNA in the lateral eyes of the horseshoe crab. Hybridization signals by the opsin-specific probe
(35S-labeled opsin cDNA) were detected by autoradiography. (A) Cross section through several ommatidia (arrowhead points to an eccentric
cell body). (B) Higher magnification of cross section through a single ommatidium at the level where the eccentric cell body (arrowhead) is
interposed between photoreceptor cells. (C) Cross section through two adjacent ommatidia, showing the hybridization signal only in the
photoreceptor cell bodies of each ommatidium. (D) Control slide using 35S-labeled probe with the same sense as the mRNA. P, photoreceptor
cell body; S, screening pigments; R, rhabdom. (Bars = 50 pm.)
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To demonstrate specific expression of each cDNA in its
respective tissue, the 3' noncoding region for each opsin
cDNA was used to probe a Northern blot of poly(A)+ RNA
obtained from the lateral eye (Fig. 2, lanes 2 and 3). Only the
cDNA for the lateral-eye opsin hybridized to the blot at the
expected 1.5-kb size (lane 2). As additional evidence, these
same probes were used to screen plaque lifts of both the
lateral-eye and ocellar cDNA libraries. In this experiment,
the lateral-eye cDNA probe hybridized only to plaques on the
lift from the lateral-eye library, and the ocellar opsin cDNA
probe hybridized only to the lift from the ocellar library.
These data indicate that the lateral-eye opsin cDNA obtained
from the cDNA library is specific to the lateral eye and that
the ocellar opsin cDNA is specific to the median ocelli.
Both of the opsins described here are probably the protein

moieties of visible-wavelength rhodopsins for the following
reasons. First, only one visual pigment (Am of 520 nm) has
been identified in the lateral eyes of Limulus (17). During the
course of this set of experiments, only one opsin cDNA

MAN----QLSYSSLGWPYQP- NASVVD-TMPKEMLYMIHEHWYAFPPMNPL
MAN------QLSYSSLGWPYQP--- NASVVD-TMPKEMLYMIHEHWYAFPPMNPL
MESFAVAAA- QLGPHFAPLS----- NG--SVVD-KVTPDMAHLISPYWNQFPAMDPI
MDSFAAVAT-----QLGPQFAAPS-----NG--SVVD-KVTPDMAHLISPYWDQFPAMDPI
MERYST--P-----LIGPSFAALT-----NG--SVTD-KVTPDMAHLVHPYWNQFPAMEPX
MERSHLPETPFDLAHSGPRFQAQS-----SGNGSVLD-NVLPDMAHLVNPYWSRFAPMDPM
MERSLLPEPPLAMALLGPRFEAQT-----GGNRSVLD-NVLPDMAPLVNPHWSRFAPMDPT
ME-SGNVSSSLF-GNVSTALRPEARLS---AETRLLGWNVPPEELRHIPEHWLTYPEPPES
ME-YHNVSSVL--GNVSSVLRPDARLS---GESRLLGWNVPPDELRHIPEHWLIYPEPPES
ME-------PLCNASEPP-LRPEAR-SSGNGDLQFLGWNVPPDQIQYIPEHWLTQLEPPAS
MD-------ALCNASEPP-LRPEARMSSGSDELQFLGWNVPPDQIQYIPEHWLTQLEPPAS
MD----IAGSLCNASEGPVLRPEARVS-GNGDLQFLGWMVPPDQIQHIPEHWLTQLEPPAS
MGR- DIP-DNETWWYNPYMD---------------- IHPHWKQFDQVPAA
MVE------STTLVNQTWWYNPTVD - -------------IHPHWAKFDPIPDA

.. ,*
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sequence was observed even though portions of 11 different
cDNA clones were sequenced. Further, as discussed in the
following section, the lateral-eye opsin has a potential Schiff
base counterion, which would shift the absorption spectrum of
the visual pigment from the ultraviolet to the visible range. By
the same logic, the ocellar opsin cDNA also probably encodes
a visible-wavelength rhodopsin, since the deduced amino acid
sequence differs from the lateral-eye opsin only in residues
that are noncharged in the transmembrane domains, and
consequently should not significantly affect the wavelength of
maximum absorption. Although at least two classes of visual
pigments exist in the ocelli (A4. of530 nm and 360 nm; ref. 18),
only the one opsin was isolated from the ocellar library.

Tissue Distribution. Opsin message for the lateral eye was
localized by in situ autoradiography using cDNA coding for
the protein spanning a portion of helix VII and the carboxyl
tail. The message localized exclusively to the photoreceptor
cells of each ommatidium (Fig. 3). The eccentric cell, which
has its cell body intercalated between two photoreceptor cells

HELIX III
iETWI--LGPFI{C ~M.GGS..GC.$..... ...T.DRYNVIVRGMAA-APLTHKK
.ETWI--LGPFI4CEVYGHAGSLFGCASIWStIVIT..LDRYNVIVRGMAA-APLTHKK
rETWV--LGPIMC.DIYAGLSAFGC6SIWSHC?41$DRYQVIVKGMAG-RPMTIPIETWV--LGPKKCDIYAGLSAFGCSSSt DRYQVIVKG AG-RPMTIPL'ETWV--LGPLMCDI-YGSAAW CSSIFCSS I DRYNVIVKGKAG-QPMTIKP
'ETWV--LGPLWCD.I.Y..AGCGSLFGCVSIW.SK4MIADRYNVIVKGING-TPMTIKT

IQGYA--LGHLGCQ£IFXIQGIAGAI4AIIAYDRFtIVITTRPMEG-K-MTHGK
..$

IRGFAIYLGNTWC.QIF.A.SIGSYSGIGAGIGWW YDRYNVITKPMNR-N-MTFTK
RGFAW--LGNTWCIFA..AIGSYSGIGA )GYDRYNVITKPMNR-N-MTIFT
IRGFA--LGHLTGCQI FFNIGVYISGAGWADRLNVITKPMNR-N-MTFTK
RYW--FGNTWCKVYGIGGGI9!IT DRYNVIGRPMSASKNNMSHT
RGKWI--FGKVAC ..............LGIGSYSING DRYNVIGRPMNNSKMTSHFT.. ...*.....*.*

84 Limulus lateral eye
84 Limulus ocellar
8 7 D. melanogaster Rh!
8 7 D. pseudoobscura Rhl
85 Calliphora Rh1
94 D. mebanogaster Rh2
94 D. pseudoobscura Rh2
95 D. melanogaster Rh3
94 D. pseudoobscura Rh3
91 D. melanogaster Rh4
92 D. pseudoobscura Rh4
95 D. viruis Rb4
71 Squid
7 2 Octopus

180 Limulus lateral eye
180 Limulus ocellar
182 D. melanogaster Rh I
183 D. pseudoobscura Rh!
180 Colliphora Rhi
190 D. melanogaster Rh2
190 D. pseudoobscura Rh2
189 D. melanogaster Rh3
188 D. pseudoobscura Rh3
185 D. melanogasterRh4
186 D. pseudoobscura Rh4
189 D. vinlis Rh4
168 Squid
169 Octopus

279 Liaiztulus lateral eye
279 Limulus ocellar
281 D. melanogaster Rhi
282 D. pseudoobscura Rh I
279 Colliphora Rh!
288 D. melanogaster Rh2
288 D. pseudoobscura Rh2
289 D. melanogaster Rh3
288 D. pseudoobscura Rh3
285 D. melanogaster Rh4
286 D. pseudoobscura Rh4
289 D. virilis Rh4
266 Squid
267 Octopus

HELIX VI HELIX VII
VG... .A.. PYLU.SAGVFSSGTRLTPIATZWGSVFA BIYGISHPRYKAALYQRFPSLA--CGSGESGSDVKSEASATTTMEEKPKIP-EA 376 Lmuhslateraleye
VGIM7 "PYLIAWAGVFSSGTRLTPLATIWGSV AANC PT GISHPRYKAALYQRFPSLA--CGSGESGSDVKSEASATMTMEEKPKSP-EA 376 Limidus ocellar

....... P.L....N.........w.KFGLP ................... .AMMXPyS.HPYLKEC--CVG DKSQQATEE-37D......$xr
6LWflM PYTI...LIGFG.KY..LT.PLN ....ACFS.C AVI.IsNVY I.SHPKYRLALKEKCPC----CVFGKVD-DGKSSAQSTQA-TTEAEST-KA 371 D.Casepor bRh!
ItFMAWTPYLVICYFGLFIDG-LTPLTTIWGATFA?AYPYIMKRVKKP-CFNDEKDPSTTSASK 8 2mlngse hZS1MFWTPYLIICY;1FGIFKID TLTLTIGTPAITSA.V8.N.I'VYGISHPKYRIVLKEKCPM----CVFGNTD-EPKPDAPASDTETTSEADS-KA 381 D. melanogbstera Rh2

CFLVSWWTPYGVISLIGAGDKSLLTPATMIPACTCLAC EPFVYAISHPRYRMELQKRCPWL ---- V-C-NTEKSGEASSAQSTTTQEQTQQTSE -AA 3810 D. psedoobscura Rh4
CFLFFVSWTPYGVMSLIGArGDKSLLTPGATMIPACT KVACIDPFVYAISHPRYRMELQKRCPWLA--I---SEKAPESSSAASTTTTQEQQQTT-AA 383 D. vindlis Rh4
VTQF...;LSWSPYAVVALLAQFGPIEWVTPYAAQLPvMFAhK^S.AIHP.MIYSYSHPKFRERIASNFPWILTCCQYDEKEIEDDKDAEAEIPAGEQSGGETAD 366 Squid
I:TFMLSWSPYAX.IASLA.QFPAEWVTPYAAELPVLF..AKASAI:HN.PIVYSVSHPKFREAIQTTFPWLLTCCQFDEKECEDANDAEEEW ASER-GGESRD 366 Octcpus

..*.**. .* ..*... *..*.*..* **. * . .

AAQMKEMMAMMQKMQAQQQQ-QPAYPPQGYPPQGYPP----PPPQGYPPQGYPPQGYPPQGYPPPPQGPPPQGPPPQAAPPQGVDNQAYQA 452 Squiid
AAQMKEMMAMMQKMQAQQAAYQPPPPPQGYPPQGYPPQGAYPPPQGYPPQGYPPQGYPPQGYP--PQGAPPQVEAPQGAPPQGVDNQAYQA 455 Octopus

FIG. 4. Alignment of all known sequences for invertebrate opsin proteins. Positions of the transmembrane helices (shaded regions) are
estimated from alignment with bovine opsin. Amino acids that are identical in all species are indicated by stars, and those that are conservatively
substituted, by dots. Aligned are the two opsins from Limulus, Rhl-4 opsins from Drosophila melanogaster, Rhl-4 opsins from Drosophila
pseudoobscura, Rh4 opsin from Drosophila virilis, Rhl opsin from Calliphora, squid opsin, and octopus opsin.
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in each ommatidium, did not stain for the opsin message (Fig.
3 A and B). The eccentric cell is a nonphotosensitive cell that
is electrically coupled to the photoreceptors and generates
action potentials in response to light (19). The dark central
ring in all the ommatidia (Fig. 3) consists of the screening
pigment granules of the light-adapted eye condensed around
the central rhabdom (not preserved by this fixation method).

Species Comparisons. When aligned with all other opsin
protein sequences in the GenBank data base (September
1992) (method of refs. 20 and 21), the Limulus opsin se-
quences are most similar to the Rhl and Rh2 opsins of flies.
Both the lateral eye and ocellar opsins share a 53% identity
with Rhl and 49%o identity with Rh2 from Drosophila mela-
nogaster. Because the horseshoe crab represents only the
second class of arthropod from which opsin has been se-
quenced, it is appropriate to consider a comparison of
invertebrate opsins in more detail. Alignment ofthe 14 known
invertebrate sequences [10 from flies (3, 22-28), 2 from
cephalopods (29, 30), and 2 from Limulus] shows conserva-
tion of several domains (Fig. 4). The highest degree of
conservation is in the cytoplasmic loops, especially the loops
between helices I and II and between helices V and VI. Loops
3-4 and 5-6 are known to interact with the G protein in
vertebrate rhodopsins (31, 32). Interestingly, there is also a
strong conservation ofextracellular loop 4-5, for which there
is no known function.

This alignment of the invertebrate opsins also reveals in
Limulus opsins conservation of some of the amino acids that
have significant functional roles in other species: Asn-Ala-
Ser'9, a potential glycosylation site (33); Cys'20/Cys'97,
which form a disulfide bond (34); Lys318, the retinal binding
site (35); and nine serine and threonine residues in the
carboxyl terminus, potential sites for phosphorylation by
rhodopsin kinase (36).

In vertebrate opsins a glutamic acid in helix III (Glu'13 of
bovine rhodopsin) is the Schiffbase counterion (37, 38). Both
Limulus proteins also have a glutamic acid (Glul2l) near the
location of this glutamic acid. However, in Limulus this
glutamic acid is adjacent to one of the conserved cysteines
(Cys'20) that probably participates in a disulfide bond with
another cysteine residue (Cys'97). Cys197 is clearly in an
extracellular loop. This places Glu121 outside or near the
boundary of helix III; it is thus unlikely that Glu121 is the
Schiff base counterion in Limulus. A possible alternative
counterion in helix III is Tyr123. According to the model
proposed by Hall et al. (29), an induced dipole is created in
the polar tyrosine, thus delocalizing the Schiff base charge.
This tyrosine is conserved in all invertebrate opsins, except
the opsins in the ultraviolet visual pigments from flies, where
a Schiff base counterion is not expected.
The close similarity of the ocellar and lateral-eye opsins in

Limulus is quite different from the situation in flies. In the
fruit fly, Rhl (the opsin for photoreceptor cells R1-6 in the
compound eye) is only 69%o identical to Rh2 (the opsin for the
ocelli). Further, although both fly rhodopsins are visible-
wavelength visual pigments, the rhodopsin in R1-6 has an
absorption maximum at 480 nm and that in the ocelli at 425
nm (39). Thus, the difference in amino acid sequence is
reflected by a difference in absorption spectra. In contrast, in
Limulus the absorption maximum of the lateral-eye
rhodopsin (520 nm; ref. 17) differs from the absorption
maximum of the visible-wavelength ocellar opsin (530 nm;
ref. 18) by only 10 nm, in agreement with the observed
similarity of the ocellar and lateral-eye opsins.
An analysis of phylogenetic relationships based on the

percentage of amino acid identity between the currently
known opsin sequences (average linkage cluster analysis; ref.
40) shows that the Limulus visual pigments cluster, expect-
edly, with the other arthropod opsins among the inverte-

brates. The high identity of the Limulus lateral-eye and
ocellar opsins suggests a possible gene duplication event. If
this is the case, then the duplication must have occurred
recently compared with other known opsin duplication
events. A logical comparison is to the duplication leading to
the red and green pigments of human cones, which have 98%
identity (41). In this case, the duplication is estimated to have
occurred 40 million years ago, suggesting a similar age for the
possible Limulus duplication.
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