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The red sensitive visual pigment of the American chameleon, Anolis carolinensis, is unique in having absorption maximum some 50 nm further

into the red than any other terrestrial vertebrate examined. We report here the isolation and sequence determination of the genomic DNA clone

for the Anolis red visual pigment gene. Phylogenetic analysis shows that this gene is most closely related to the gecko green and chicken red visual

pigment genes. We identified nine Anolis-specific amino acid replacements, seven of which reside in transmembrane domains and might contribute
to the red-shift of the Anolis visual pigments.
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1. INTRODUCTION

The lizard Anolis carolinensis, usually called green
anole or American chameleon for its ability to change
body color, is a diurnal and arboreal reptile and has
been shown to be highly visual and possess color vision
by behavioral experiments [1,2]. The Anolis retina is
unique among terrestrial vertebrates, containing only
cones [3-5], having deep central and shallow temporal
foveas [6-8], and containing only 11-cis-3,4-dehy-
droretinal (vitamin A2) as a chromophore [9].

The Anolis cones have been classified into three mor-
phologically distinct types: two types of single cones and
double cones [10]. Although the correspondence to the
morphological types has not been established, three
spectral classes of photoreceptors have been identified
by microspectrophotometry, having absorption max-
ima (A,,,,) at about 462, 503, and 625 nm [9]. In partic-
ular, the 4., of 625 nm is some 50 nm further into the
red than any terrestrial vertebrates examined to date [9].

These prominent characters of the Anolis visual sys-
tem prompted us to investigate their visual pigment
genes. We report here the cloning and sequencing of the
gene which most probably encodes the visual pigments
having A,,,, at about 625 nm. We have identified nine
amino acid replacements specific to the Anolis. The de-
hydroretinal certainly contributes in absorbing light for
higher wavelengths, but these amino acid changes might
also be important in the red shift of the visual pigments.

Correspondence address S. Yokoyama, Department of Biology,
Syracuse University, 130 College Place, Syracuse, NY 13244, USA.
Fax: (1) (315) 443 2012.

Published by Elsevier Science Publishers B.V.

2. MATERIALS AND METHODS

2.1. Southern blot analysis

High molecular weight genomic DNAs were prepared from com-
mercially supplied 4nolis carolinensis by following a slightly modified
procedure of Yokoyama and Yokoyama [11]. 10 ug per lane of
genomic DNA were digested with restriction enzyme, electrophoresed
on 0.5% agarose gel, and transferred to a Hybond-N nylon membrane
(Amersham) by using the VacuGene vacuum blotting system (Phar-
macia). The cDNA clone of human red visual pigment gene (hs7 i
[12]; kindly provided by Dr. J. Nathans) was labeled with [a-**P]JdATP
by the random-priming method and used as a hybridization probe.
Hybridization was carried out at 55°C using the commercial protocol
for Hybond-N membrane. Hybridized membrane was washed at 55°C
four times (30 min each) in 1 x SSC (0.15 M NaCl/0.015 M sodium
citrate)/0.1% SDS.

2.2. Genomic library screening and DN A sequencing

A genomic library of the Anolis was constructed with BamHI-di-
gested lambda EMBL3 vector and Sau3Al partially digested Anolis
genomic DNA (10-20 kb). The Anolis carolinensis has a diploid
genome [13] and its DNA nuclear content is approximately 60% of the
human genome [14]. We have screened about 1 x 10° recombinant
plaques using hs7 as the probe. 11 lambda clones were obtained after
three rounds of plaque hybndization, using the Southern hybridiza-
tion conditions. One of these clones, A24, was found to contain the
entire coding region {(designated R ,.) and the hs7-hybridizing restric-
tion fragments were subcloned into the Bluescript SK(—) vector.
Nested deletions were introduced into the subclones using exonuclease
IIT and mungbean nuclease. Then the nucleotide sequence of R, was
determined for both strands by the dideoxy-chain-termination method
using double stranded templates [15].

2.3. Sequence analysis

The DNA sequence of R,, was compared to other red (long wave-
length-sensitive; LWS) visual pigment genes from human (Homo sapi-
ens) (Ry,; [12)), chicken (Gallus gallus (R g; [16]), cave fish (4Astyanax
fasciatus) (R0O07 ,; [17,18]) and gold fish (Carassius auratus) (Rc,: [19])
as well as green (medium wavelength-sensitive; MWS) visual pigment
genes from human (Gyg; [12]), gecko (Gekko gekko) (Ggge: P521 pig-
ment in [20]), and the cave fish (G101, and G103, {11,17]). To
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construct a rooted phylogenetic tree of the LWS and MWS (LWS/
MWS) visual pigment genes, the rhodopsin genes from lamprey (Rh, ;
[21]), sand goby (Rhp,; [22]), African water frog (Rhy;; Barry Knox,
unpublished), chicken (Rhg,; [23]), human (Rhy,; [24]). bovine (Rhg,;
[25]), and mouse (Rh,,,,; [26]) were used to represent the outgroup. All
of these sequences were initially aligned by using a multiple alignment
program in CLUSTAL V [27] and adjusted further visually to maxi-
mize similarity.

The phylogenetic tree was constructed by using the maximum hke-
lihood (ML) method (DNAML program version 3.41) in PHILIP 3.4
[28].

3. RESULTS

3.1. Presence of a single copy gene of the Anolis red
visual pigment

To estimate the copy number of the LWS/MWS vis-
ual pigment genes in the Anolis genome, the human red
cDNA (hs7) was hybridized to the Anolis genomic
DNA. The Southern hybridization revealed only one
band for each of three different restriction digests (Fig.
1). The sizes of these bands were consistent with those
expected from the restriction map of A24 (data not
shown). Furthermore, when other restriction enzymes,
which are known to digest 124 internally, were used, the
number and sizes of bands detected in the genomic
Southern again corresponded exactly to those expected
from the restriction map of 124 (data not shown). These
observations strongly suggest that the Anolis genome
contains only a single copy of the LWS/MWS visual
pigment gene and that A24 is an unrearranged copy of
it.

3.2. Structure of the Anolis red visual pigment gene

R 4. contains six exons and five introns spanning 3.7
kb from start to stop codons (Fig. 2). Introns interrupt
the coding sequence at exactly the same positions as
those of Ry, and Gy, in human and R007 ¢, G101, and
G103, in fish. A consensus TATA box sequence (TA-
TAAA) was found 194 bp upstream from the start
codon and two putative polyadenylation signals
(AATAAA) were located 403 bp and 940 bp down-
stream from the stop codon. Splice junction signals
(GT/AG) are conserved in all introns and there is no
nonsense mutation in the coding region.

From the deduced amino acid sequence (369 residues
long). potentially important amino acids can be identi-
fied: Lys-315, the site of Schiff base linkage to the retinal
chromophore [29,30]; Glu-132, the Schiff base coun-
terion [31-33]; Cys-129 and Cys-206, the sites for an
essential disulfide bond [34]: Glu-153, Arg-154 and Lys-
257, thought to interact with transducin [35,36]; Asn-37,
a possible N-glycosylation site common in LWS/MWS
visual pigments [11,12,16-20]; Thr-106, Ser-110 and
Thr-135, candidates to form a counterion complex with
Glu-132 in LWS/MWS pigments [37]; Trp-145, Trp-284
and Tyr-287. involved in conformational change during
retinal isomerization and formation of retinal binding
pocket [38]; Cys-159, involved in phosphorylation
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Fig. 1. Southern hybridization of HindIII (H), PstI (P), and SsI (S)

digested genomic Anolis carohnensis DNA with human red cDNA

clone (hs7, [12]) AHindllI size standards are indicated in kb at the left
margin.

through interacting with C-terminal tail [39]; and multi-
ple serines and threonines in the C-terminal region, po-
tential phosphorylation sites for opsin kinase [40].

Importantly, the deduced amino acid sequence also
possesses three critical amino acids (Ser-183, Tyr-280
and Thr-288) which distinguish red visual pigments
from green visual pigments in primates and fish [17,41-
45].

3.3. Phylogenetic analysis

Using the neighbor-joining (NJ) method [46], we have
shown that the LWS/MWS visual pigment genes can be
distinguished into two groups: (1) Ry, and Gy, (Group
I) and (2) Ggg. Rgg RO07,r, G101, and G103,
(Group H) [18]. Within Group II, R007 s, G101 ,; and
G103, are most closely related, their common ancestor
diverged from the ancestor of Gg,. and their common
ancestor diverged from the ancestor of G, [18]. How-
ever, the better tree topology can be found by using the
ML method, where Group II genes are further subdi-
vided into two separate groups: (1) R007,. G101, and
G103, and (2) Gg,, and Rg, [18].

Using the rhodopsins as the outgroup and applying
the NJ method on the amino acid sequences of the
visual pigments encoded by the seven LWS/MWS visual
pigment genes as well as R, and Re,, it can be shown
that the latter two genes also belong to Group II. The
phylogenetic analysis based on the NJ method shows
that, within Group II. R¢,, R007 ., G101, and G103,
form one subgroup (Group Ila), their common ancestor
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ctgggctaaa aggtccctta gectatttag aaaaatggge cattaggaaa ttgcaaggaa gaaccattcg tgagagggat
tagctgagct cttttgactc tctaatcacc ccteecgtgct catccctcac ctgaagtgtc cagcaaatac accaagggtg acgcaggaca agcatgagcc attcatactg
ctgcaaccag agagagggag caggaaaatg agacagggag ggggccaaat cacagcccaa ttaagagata aaacgtttaa gggctttgag gatcttgttc tccaagtcag
gggcttaatc cgectggggg ggtgggtata aaaatgggca gtgctctggg ccctgtcact gacgtttgga tgggagagac tgagcggtag agagggaaag aagagaagaa
gagagagagg agagaaaagg ggggagagag cgaaactagg aagagaagga aagtgagggg ataggasagg ggcaaaaaac aacaagcgct ggtagtaggc gggaaagaag

10 20 30
Met Ala Gly Thr val Thr Glu Ata Trp Asp Val Ala Val Phe Ata Ala Arg Arg Arg Asn Asp Glu Asp Asp Thr Thr Arg Asp Ser Leu
ATG GCA GGG ACC GTG ACG GAA GCC TGG GAT GTG GCA GTA TTT GCT GCC CGA CGG CGC AAT GAT GAA GAC GAC ACC ACA AGG GAT AGC TTG

40 50
Phe Thr Tyr Thr Asn Ser Asn Asn Thr Arg G ly Pro Phe Glu Gly Pro Asn Tyr His Ile Ala
TTC ACT TAT ACC AAC AGC AAC AAT ACC CGG G gtgagcccag...Intron 1...tctctggcag GC CCC TTT GAA GGT CCA AAC TAT CAC ATT GCG
60 70 80

Pro Arg Trp Val Tyr Asn Ile Thr Ser Val Trp Met Ile Phe val Val Ile Ala Ser Ile Phe Thr Asn Gly Leu Val Leu Val Ala Thr
CCA CGC TGG GTC TAC AAT ATC ACT TCT GTC TGG ATG ATT TTT GTG GTC ATC GCT TCA ATC TTC ACC AAT GGT TTG GTA TTG GTG GCC ACT
90 100 110
Ala Lys Phe Lys Lys Leu Arg His Pro Leu Asn Trp Ile Leu Val Asn Leu Ala Ile Ala Asp Leu Gly Glu Thr val Ile Ala Ser Thr
GCC AAA TTC AAG AAG CTA CGG CAT CCT CTG AAC TGG ATT CTG GTA AAC TTG GCG ATA GCT GAT CTG GGT GAG ACG GTT ATT GCC AGT ACC
120 130 140
Ile Ser val Ile Asn Gin lle Ser Gly Tyr Phe lle Leu Gly His Pro Met Cys Val Leu Glu Gly Tyr Thr Val Ser Thr Cys G
ATC AGT GTC ATC AAC CAG ATC TCT GGC TAC TTC ATC CTT GGC CAC CCT ATG TGT GTG CTG GAG GGA TAC ACT GTT TCA ACT TGT G gtaaga
150 160
ly Ile Ser Ala Leu Trp Ser Leu Ala Val Ile Ser Trp Glu Arg Trp Val Val val Cys Lys Pro Phe
gaca...Intron 2...ttctccatag GT ATC TCA GCT CTC TGG TCC TTG GCC GTT ATA TCT TGG GAA CGC TGG GTC GTT GTC TGC AAG CCC TTT
170 180 190
Gly Asn Val Lys Phe Asp Ala Lys Leu Ala Val Ala Gly Ile Val Phe Ser Trp Val Trp Ser Ala Val Trp Thr Ala Pro Pro Val Phe
GGA AAT GTC AAG TTC GAT GCC AAA CTG GCC GTG GCT GGC ATT GTC TTC TCC TGG GTG TGG TCT GCT GTA TGG ACA GCA CCA CCC GTC TTT

200 210
Gly Trp Ser Ar g Tyr Trp Pro Kis Gly Leu Lys Thr Ser Cys Gly Pro Asp Val Phe Ser Gly
GGC TGG AGT AG gtgagtgtga...Intron 3...ttttctctag G TAC TGG CCC CAT GGC TTG AAG ACC TCA TGC GGT CCA GAT GTA TTC AGT GGC
220 230 240

Ser Asp Asp Pro Gly Val Leu Ser Tyr Met Ile Val Leu Met Ile Thr Cys Cys Phe Ile Pro Leu Ala Val Ile Leu Leu Cys Tyr Leu
AGT GAT GAC CCC GGT GTT CTG TCT TAC ATG ATT GTC CTC ATG ATC ACC TGT TGC TTC ATT CCC CTG GCT GTC ATC CTT CTC TGC TAC CTG

250 260
Gln Val Trp Leu Ala Ile Arg Ala val Ala Ala Gln Gln Lys Glu Ser Glu Ser Thr Gln Lys
CAA GTG TGG TTG GCT ATC CGT GCG gtaggtactc...Intron 4...ctcatacacag GTT GCT GCC CAG CAG AAA GAG TCT GAA TCT ACA CAG AAG
270 280 290

Ala Glu Lys Glu Val Ser Arg Met Val Val Val Met Ile Ile Ala Tyr Cys Phe Cys Trp Gly Pro Tyr Thr Val Phe Ala Cys Phe Ala

GCT GAG AAG GAA GTG TCG AGG ATG GTG GTA GTC ATG ATA ATT GCC TAT TGC TTC TGC TGG GGG CCA TAT ACG GTC TTT GCC TGT TTT GCT
300 310 320

Ala Ala Asn Pro Gly Tyr Ala Phe His Pro Leu Ala Ala Ala Leu Pro Ala Tyr Phe Ala Lys Ser Ala Thr Ile Tyr Asn Pro Ile Ile

GCT GCC AAC CCA GGC TAT GCC TTC CAC CCC CTT GCA GCT GCT CTG CCT GCT TAC TYT GCA AAG AGC GCA ACT ATC TAC AAC CCA ATT ATC

330 340
Tyr val Phe Met Asn Arg Gln Phe Arg Asn Cys Ile Met Gln Leu Phe Gty Lys Lys val Asp
TAC GTC TTC ATG AAC AGA CAG gtaattttct...Intron 5...tcttctggcag TTC CGT AAC TGC ATA ATG CAG CTC TTT GGC AAG AAG GTG GAT
350 360

Asp Gly Ser Glu Leu Ser Ser Thr Ser Arg Thr Glu Val Ser Ser val Ser Asn Ser Ser Val Ser Pro Ala
GAT GGC TCT GAA TTA TCC TCC ACC TCC CGC ACT GAG GTC TCT TCT GTC TCT AAT TCC TCT GTA TCG CCG GCA TAA gagccccctg cctgaatage

cacaaagact ggagattctg cctcccagga gagccccagt gagaacttce tctttectee tggactgatt getgctgaac agattccctt tgagaatatg aaatactgge
ctgccatcte tacagatcct cttctttgaa cttatactgc accctcagect gggagtgctg ctgtttctcec cctggtgatt tgggggaggg aaatgttttt tctctcaaaa
ttgctttggg atgggggtga aggggtgagg aattctctge tcaaatatcc catctttctg caacattccc aagaggtgtt gtttgaacac tcttttccca aggtcccgtce
ctgactcact agtctcecctg tgcaccccte ccccaactec ccagaggage agaataaagg gggttccctg gggaaagcat atcgcttttg taaagcaagt ctattggagg
ccgtecttage agtgaacctg ccecctccate cgcattteec cccatgatece acatcctttg actggatgga ctgatatccc aagagggaag attacccaca gttiggcaac
acaggccata ttcccttttt ctctgecccet cctatgaagt tttcactggt geccagggagt gcattgaagg gggccaagag gaggaaaagt ttgtceccccg aggtgtctgt
gcctcageca agtcgaatge attgaatctt aattctgttg aaagtgggca tgattctgac acgggtagaa ccaacgagac tcagcatgat ccacctcggt cattgcaggg
gctttgtget tcttcccage atggctcaac tggaaccatt ctgtacatag tgtttgatac taaagcctgt tgtgtccctg ggacatctag ctagaaatgc aaaagggaaa
atgaccaaaa aaatctgcag cagtgagagt gagatagaga ataaagattt ttaacttctg tatataagtt ctgttcttat cctaccaaaa aaaaaaaatc aaaccctgat
acacccaaag aatgcccttt gcccagaagt gtttgctcta tatctatgca tgcgggtgag atggcggtga ctgcagtgga ggaagaggtt gggggtctge ttggtgatta
cagactatgt ggagagaaga ctcag

Fig. 2. Nucleotide sequence and deduced amino acid sequence of the Anolis red visual pigment gene. The deduced amino acid sequence is written
above each nucleotide triplet. A possible TATA box and two putative polyadenylation signals AATAAA are underlined. Introns 1, 2, 3, 4 and
5 consist of 424 bp, 497 bp, 608 bp, 755 bp and 333 bp. respectively.
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diverged from that of R, and Rg,, and the common
ancestor of these 6 genes diverged from the ancestor of
G, before that. The bootstrap resampling shows that
Group Ila, and R,,, R, and Gg, (Group IIb) cluster
with probability 0.95. However, Group Ila genes, Ry,
and Rg, cluster with probability 0.48. Our previous
phylogenetic analysis [18] strongly suggests that this low
probability occurred because Group Ila and Group 1Ib
are not treated as separate groups. Hence, we identified
four tree topologies, one of which is the topology ob-
tained by the NJ method and the other three assume
that the Groups Ila and IIb form two separate clusters
within the Group II, having different phylogenetic rela-
tionships among the three genes in the Group IIb. Then,
the DNAML program [28] was applied to sequences
with the bases at the third position of codons removed
to reduce the noise caused by multiple substitutions.

In evaluating the log likelihoods for each tree topol-
ogy, we assumed that Rhy, and Rhy,, are most closely
related, and Rhg,, Rhg,, Rhy;, Rbg, and Rh;, are more
distantly related, in that order. One representative tree
is given in Fig. 3, where R, and Gg,, are most closely
related. As we can see in Fig. 3, the 95% confidence
interval of the branch for the common ancestor of R
and Gg,, after its divergence from the ancestor of Rg,
is 0.0-0.019, showing that the phylogenetic relationship
among Gg,.. R, and R, cannot be clearly established.
The differences in the log likelihoods for the three tree
topologies are not statistically significant, but the NJ
tree is always significantly inferior to these tree topolo-
gies. Although the ML method does not provide a supe-
rior topology, the topology in Fig. 3 seems to be most
likely because the insertion and deletion structures of N-
and C-termini in Gg,. and R, are most similar among
the three Group IIb genes.

4. DISCUSSION

We have shown that there exists only one gene in the
Anolis genome which is homologous to the LWS/MWS
visual pigment genes in other vertebrates. Furthermore,
R4, has Ser-138, Tyr-280 and Thr-258, which is the
unique feature for all the red visual pigments studied so
far [16,17,41,42]. All of these characteristics of R,,

Table I
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strongly suggest that it is the gene which encodes the
visual pigment with maximum absorption at 625 nm.

This 4,,,, of the Anolis red visual pigment is uniquely
long among terrestrial vertebrates and influences sex-
ual, fighting, and feeding behaviors of this species. Ac-
quisition of such a red vision is thought to be effective
for this arboreal species to detect insect prey and to
display its red dewlap of the throat during courtship and
assertion against a background of green leaves and
branches or the usually green surface of the rest of the
body. Furthermore, display of the red dewlap has been
shown to correlate with reproductive success [47.48). As
already noted, the Anolis employs the dehydroretinal as
a chromophore which contributes to the big red shift of
the 4, value [9]. It is also possible that the opsin itself
might have contributed to the red shift of the visual
pigment.

Thus, we compared amino acid sequences of the rho-
dopsin and LWS/MWS visual pigments and, using the
tree topology in Fig. 3, found nine amino acid changes
which occurred in the R, branch. Two of them, Asp-
215 and Leu-220, are located in the second extracellular
loop. Since the two residues are not critical for the
rhodopsin function [49], these changes may not be im-
portant in the red shift of the Arolis vision. The other
seven sites are all in transmembrane domains (Table I).
Five of them, Ile-58, Ser-142, Val-191, Leu-239 and Val-
289, are Anolis-specific. Among these, Val-289, an ali-
phatic amino acid, is derived from Phe, an aromatic
amino acid. The other six substitutions are between
amino acids with similar electrostatic properties: Ser-
142 between hydroxyl-bearing amino acids, the remain-
ing five between aliphatic ones.

Thus, most of these amino acid replacements do not
change clectrostatic properties. It should be noted, how-
ever, that the three amino acids Ser-183, Tyr-280 and
Thr-288 of the LWS visual pigments replaced Ala, Phe,
and Ala of the MWS visual pigments, respectively.
These corresponding amino acids belong to the same
physicochemical groups [50]. but they are responsible
for absorbing long and short wavelenghts. It will there-
fore be worthwhile to determine whether these seven
Anolis-specific amino acid changes are important in ab-
sorbing the longer wavelength by using site-directed

Amino acid replacements in the Anolis red visual pigment

Residue Transmembrane Gior Gos Rygr Re., Gge Rac R, Gy, Ry,
58 1 A\ L L L L I L L L
142 111 T T A A T S T T T
149 I I I \4 v 1 A\ I 1 I
191 v 1 ) 1 1 I v I 1 |
237 v I A\ I I 1 A\ I 1 I
239 \% 1 1 I I 1 L I v M
289 VI S S F F S v F F F

Amino acid substitutions are in bold print.
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Fig. 3. A rooted phylogenetic tree for the LWS/MWS visual pigment

genes based upon the first and second positions of codons, where

rhodopsin genes were used as the outgroup. The numbers next to the

different branches are branch lengths in 100 times the numbers of

nucleotide substitution, as estimated by means of the ML method with

the transition/transversion ratio set as 2 {28]. The stippled bars indicate
the 95% confidence limits.

mutagenesis as has been done with other systems [31-
36,38,39,45,49,51]. Furthermore, it will be of considera-
ble interest to test such hypotheses in the presence of the
dehydroretinal and 11-cis-retinal separately.

Acknowledgements Comments by Ruth Yokoyama were greatly ap-
preciated. This study was supported by USPHS Grant GM-42379 and
the NSF Grant DMV890002N.

REFERENCES

[1] Sexton, O.J. (1964) Anim. Behav. 12, 101-110.

[2] Hodgkinson, P.E. and Still, A.W. (1980) Perception 9, 61-68.

[3] Crescitelh, F. (1972) in: Handbook of Sensory Physiology
(Dartnall, HJ.A. Ed.) vol. VII/1, pp. 245-363, Springer, New
York.

[4] Yu, L.-W. and Fager, R.S. (1982) Invest. Ophthalmol. Vis. Sci.
22 (Suppl.), 43.

[5] Fowlkes, D.H., Karwoski, C.J. and Proenza, ..M. (1984) Invest.
Ophthalmol. Vis. Sci. 25, 121-124.

f6] Underwood, G. (1951) Nature 167, 183-185.

[7]1 Makaretz, M. and Levine, R.L. (1980) Vision Res. 20, 679-686.

[8] Fite, K.V. and Lister, B.C. (1981) Brain, Behav. Evol. 19, 144
154.

[9] Provencio, 1., Loew, E.R. and Foster, R.G. (1992) Vision Res.
32, 2201-2208.

[10}] Underwood, G. (1970} in: Biology of the Reptilia (Gans, C. and
Parsons, T.S. Eds.) vol. 2, pp. 1-97, Academic Press, New York.

[11} Yokoyama, R. and Yokoyama, S. (1990) Vision Res 30, 807-
816.

{12} Nathans, J., Thomas, D. and Hogness, D.S. (1986) Science 232,
193-202.

[13] Gorman, G.C. (1973) in: Cytotaxonomy and Vertebrate Evolu-
tion (Chiarelli, A.B. and Capanna, E. Eds.) pp. 349-424, Aca-
demic Press, London.

[14] Manfredi Romanini, M.G. (1973) in: Cytotaxonomy and Verte-
brate Evolution (Chiarelli, A.B. and Capanna, E. Eds.) pp. 39-81,
Academic Press, London.

[15] Sambrook, J., Fritsch, E.F. and Mamatis, T. (1989) Molecular

FEBS LETTERS

June 1993

Cloning: A Laboratory Manual, 2nd edn., Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

[16] Kuwata, O., Imamoto, Y., Okano, T., Kokame, K., Kojima, D.,
Matsumoto, H., Morodome, A., Fukuda, Y., Shichida, Y.,
Yasuda, K., Shimura, Y. and Yoshizawa, T. (1990) FEBS Lett.
272, 128-132.

[17} Yokoyama, R. and Yokoyama, S. (1990) Proc. Natl. Acad. Sci.
USA 87, 9315-9318.

[18] Yokoyama. S., Starmer, W.T. and Yokoyama, R. (1993) Mol.
Biol. Evol., in press.

[19] Johnson, R.L., Grant, K.B., Zankel, T.C., Boehm, M.F., Merbs,
S.L., Nathans, J. and Nakanishi, K. (1993) Biochemistry 32,
208-214.

[20] Kojima, D., Okano, T., Fukuda, Y., Shichida, Y., Yoshizawa, T.
and Ebrey, T.G. (1992) Proc. Natl. Acad. Sci. USA 89, 6841-
6845,

[21] Hisatomi, O., Iwasa, T., Tokunaga, F. and Yasui, A. (1991)
Biochem. Biophys. Res Commun. 174, 1125-1132.

[22] Archer, S.N., Lythgoe, J.N. and Hall, L. (1992) Proc. R. Soc.
London B 248, 19-25.

[23] Takao, M., Yasui, A. and Tokunaga, F. (1988) Vision Res. 28,
471-480.

[24] Nathans, J. and Hogness. D.S. (1984) Proc. Natl. Acad. Sci. USA
81, 4851-4855.

[25] Nathans, J. and Hogness, D.S. (1983) Cell 34, 807-814.

[26] Baehr, W., Falk, J.D., Bugra, K., Triantafyllos, J.T. and McGin-
nis, J.F. (1988) FEBS Lett. 238, 253-256.

[27] Higgins, D.G., Bleasby, A.J. and Fuchs, R. (1992) Comput. Ap-
plic. Biosci. 8, 189-191.

[28] Felsenstein, J. (1981) J. Mol. Evol. 17, 368-376.

[29] Bownds, D. (1967) Nature 216, 1178-1181.

[30] Wang, J.K., McDowell, H. and Hargrave, P.A. (1980) Biochem-
istry 19, 5111-5117.

[31] Zhokovsky, E.A. and Oprian, D.D. (1989) Science 246, 928-930.

[32] Sakmar, T.P., Franke, R.R. and Khorana, H.G. (1989) Proc.
Natl. Acad. Sci. USA 86, 8309-8313.

[33} Nathans, J. (1990) Biochemustry 29, 9746-9752.

[34] Karnik, S.S. and Khorana, H.G. (1990) J. Biol. Chem. 265,
17520-17524.

[35] Franke, R.R., Sakmar, T.P., Oprian, D.D. and Khorana, H.G.
(1988) J. Biol. Chem. 263, 2119-2122.

[36] Franke, R.R., Konig, B., Sakmar, T.P., Khorana, H.G. and
Hofmann, K.P. (1990) Science 250, 123-125.

[37] Kleinschmidt, J. and Harosi, F.I. (1992) Proc. Natl. Acad. Sci.
USA 89, 9181-9185.

[38] Nakayama, T.A. and Khorana, H.G. (1991) J. Biol. Chem. 266,
4269-4275.

[39] Karnik, S.S., Ridge, K.D., Bhattacharya, S. and Khorana, H.G.
(1993) Proc. Natl. Acad. Sci. USA 90, 40-44.

[40] Palczewski, K., Mcdowell, J.H. and Hargrave, P.A. (1988) J.
Biol. Chem. 263, 14067-14073.

[41] Neitz, M, Neitz, J. and Jacobs, G.H. (1991) Science 252, 971~
974.

[42] Winderickx, J., Lindsey, D.T., Sanocki, E., Teller, D.Y., Mot-
ulsky, A.G. and Deeb, S.S. (1992) Nature 356, 431—433.

[43] Merbs, S.L. and Nathans, J. (1992) Nature 356, 433-435.

[44] Merbs, S.L. and Nathans, J. (1992) Science 258, 464-466.

[45] Chan, T., Lee, M. and Sakmar, T.P. (1992) J. Biol. Chem. 267,
9478-9480.

[46] Saitou, N. and Nei, M. (1987) Mol. Biol. Evol. 4, 406-425.

[47} Greenberg, B. and Noble, G.K. (1944) Physiol. Zool. 17, 392—
429,

[48] Sigmund, W.R. (1983) J. Herpetol. 17, 137-143.

[49] Doi, T., Molday, R.S. and Khorana, H.G. (1990) Proc. Natl.
Acad. Sci. USA 87, 4991-4995.

[50] Dayhoff, M.O., Schwarz, R.M. and Orcutt, B.C. (1978) in: Atlas
of Protein Sequence and Structure (Dayhoff, M.O. Ed.) vol. 5,
pp. 345-352, Natl. Biomed. Res. Found., Silver Springs, MD.

[51] Nathans, J. (1990) Biochemistry 29, 973-942.

251



