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The single copy mouse opsin gene produces five ma-
jor transcripts, varying in size from 1.7 to 5.1 Kilo-
bases. The mMRNAs are present at levels that vary over
2 orders of magnitude and can be detected as early as
postnatal day 1. Each of the transcripts is polyadeuyl-
ated and can be identified in polysome-bound RNA,
suggesting that each is translated tn vivo. To elucidate
the molecular basis of this complex transcription pat-
tern, we have characterized genomic fragments cov-
ering the entire mouse opsin gene, including several
kilobasesof5'- and 3'-flanking regions. Transcription
initiates at a single site 97 base pairs upstream of the
translation start codon. Northern hybridization with
exon- and intron-specific probes demonstrated that the
various transcripts are not generated by partial or
alternative splicing. Sequence analysis of the 3' end of
the gene showed the presence of multiple polyadenyl-
ation signals. Analysis by polymerase chain reaction
of the 3' end of opsin cDNA demonstrated that the
complex transcription pattern originated from the se-
lective use of these polyadenylation sites, generating
transcripts that differ only in the length of the 3'-
untranslated region. Transcript heterogeneity similar
to that observed in mouse was also found in rat and, to
a lesser degree, in human and frog opsin mRNAs.

Phototransduction in mammalian rod photoreceptors op-
erates via a complex enzyme cascade initiated by the absorp-
tion of light by rhodopsin (1,2). Rod rhodopsina are comprised
of a chromophore, 11-cis-retinal, and a 40-kDa apoprotein,
opsin (3, 4). The amino acid sequences of bovine (5, 6) and
ovine opsins (7) consisting of 348 residues have been deter-
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mined by peptide sequencing. The mammalian opsin genes
that have been identified thus far are present in single copy
in their respective genomes (s). The human gene was mapped
to the Long arm of chromosome 3 (9,10), and the mouse gene,
to chromosome 6 (11). Genes and cDNAs encoding opsins
have been described for various vertebrate and invertebrate
species, including bovine (12), human (13), Drosophila (14,
15), mouse (16), octopus (17), and chicken (18). The charac-
teristic organization of the mammalian opsin gene is a 5-
exon, 4-intron arrangement with highly homologous exon
sequences and with precise conservation of intron positions.
Mutations in the opsin gene may disrupt phototransduction
and therefore lead to blindness. Recently, a point mutation
in exon 1 (a C to A conversion in codon 23 resulting in a Pro
to His substitution) of the human opsin gene has been impli-
cated as causative of one form of autosomal dominant retinitis
pigmentosa (19). In an earlier, unrelated study, an autosomal
dominant retinitis pigmentosa gene in a large Irish pedigree
was mapped to the long arm of chromosome 3 (20). In order
to facilitate studies aimed at the establishment of a mouse
model for this blinding disorder we have extended our prelim-
inary characterization of the mouse opsin gene (16). It was
shown previously that transcription of the gene produces at
least five major transcripts (16,21, 22). The sizes of the RNAs
range from 1.7 to 5.1 kb,1 and the various species are present
in the rod cytoplasm at levels that vary over 2 orders of
magnitude (16). The major transcript of the bovine opsin
gene, in contrast, is a 3-kb species which was shown to contain
a large 3'-untranslated region (12). The molecular basis lead-
ing to the heterogeneity observed in mouse is not understood.

In this paper, we present the complete sequence of the
mouse opsin gene, including introns and flanking sequences
(9.5 kb). We show that the transcript heterogeneity is not
generated by alternative splicing or by the use of multiple
initiation sites. The gene sequence contains several putative
polyadenylation sites resembling the AATAAA consensus site
(23) in the 3'-flanking region. We provide evidence, by PCR
amplification of 3'-flanking sequences of opsin cDNA, that
the transcripts observed are generated by the selective use of
these polyadenylation sites. Moreover, we show that the pat-
tern of multiple transcripts is not unique to the mouse, but is
also present in the rat (four transcripts), human (three tran-
scripts), and frog retina (two transcripts).

MATERIALS AND METHODS

RNA—Retinas of various vertebrate species (adult normal C57BL/
61 mice, rats (Long Evans), Irish setter dogs, humans (a generous

1The abbreviations used are: kb, kilobase(s); PCR, polymerase
chain reaction; PN, postnatal day; hp, base pair(s); mcs, multiple
cloning site.
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gift of the [.ions’ Eye Hank, Houston, TX), and frog itiana pipiem) |
were excised from enucleated eyes and immediately dropped into
liquid nitrogen. Total RNA was isolated according to Chirgwin et al
(24), and poly(A) raRNA was isolated by two sequential passages
through oligo(dT) columns (25). In some cases, poly(A) mMRNA was
also isolated according to the Fastrack procedure (Invitrogen (26)).
No apparent differences in mRNAs from these procedures were
observed. For Northern blotting, RNA was electrophoretically frac-
tionated on 1% agarose gels containing 2.2 M formaldehyde and
transferred by capillary action (27) to Zetaprobe or Nytran mem-
branes. Labeled opsin-specific oligonucleotides, opsin cDNA, or
MOPSI fragments were hybridized to the filters in 50% formamide
containing either 6 X SSC (0.90 m NaCl, 0.09 m sodium citrate) or
15 x SSPR (0.36 M NacCl, 0.02 M sodium phosphate (pH 7.7), 0.002
M EDTA) at 42 'C. The filters were washed three times in 2 X, 0.5
x, and 0,1 x SSC, 0.5% sodium dodecyl sulfate at 55 *C for 20 min
each and exposed to Kodak XARS5 film with an intensifier screen at
-70 'C for the times indicated in the figure legends. The transcription
start point of opsin mMRNA was determined by extension of synthetic
antisense oligonucleotides according to Ingolia et al. (28),

Complementary DNA—The three ¢cDNA clones M2-M4 (Fig. 1)
were isolated as described previously (16,29). Exon-specific fragments
were isolated by digesting the 1.1-kb M2 insert with various restric-
tion endonucleases according to the following strategy. M2 insert
digested with Xhol yielded a 27()-bp 5' fragment which is exon 1-
specific (Fig. IB, x/). The 848-bp S' fragment was digested with Pvull
to give a 339- and a 509-bp fragment. The 339-bp Xhol/Pvull frag-
ment was digested with Real. The resulting 142-bp fragment is exon
3-specific (x3); the larger 197-bp fragment was then digested with
HaeUI to yield a 102-bp exon 2 probe (x2). The 509-bp Pvull/Xhol
fragment was digested with Sari, yielding two fragments that were
digested with Mnfl. The resulting 194-bp fragment is exon 4-specific
(x4), and the 140-bp fragment is exon 5-specific (Fig. it, *5). All
exon-specific fragments were shown not to cross-hybridize to each
other by a standard dot blot procedure and to hybridize to the original
M2 cDNA (results not shown).

Genomic DNA—A 5-kb genomic AcoRI fragment (Fig. 1, MOI'SI)
was isolated as described previously (16). Genomic clones with ap-
proximately 15-kb inserts (XMOI and XMO02) were isolated from a
bacteriophage library which was prepared by cloning partial Mbvl
digests into the HamHI site of EMBL3 (Clontech). Pst] and Ahol
subclones of MOPS) and EcoRI/Sall, Xhol, and BamHI subclones
representing flanking sequences of the opsin gene were generated
using standard procedures (30) with pUC or Rluescript vectors.
Subclones were sequenced using the double-stranded plasmid se-
quencing technique 131), M13 universal and sequence-specific
primers, and Sequenase (U. S. Biochemical Corp.), Sequencing reac-
tions followed the Sequenase protocol except that 100 ng of primer
were used for each set, and incubations for annealing were omitted.
The coding region and introns of opsin were sequenced on both
strands (the untranslated regions in only one direction), using dITP,
where necessary, to resolve compression problems. Radiolabeling of
DNA fragments was by nick translation (30) or random priming (32).

Oligonucleotide Synthesis—Oligonucleotides W9 and W11-W13
were from Genetic Designs (Houston, TX), purified by preparative
polyacrylamide gel electrophoresis (19% acrylamide, 1% bisacrylam-
ide, 7.5 m urea), and allowed to diffuse at 4 *C into 500 >d of H"O
overnight. An aliquot containing 100 ng of DNA was directly used
for DNA sequencing. For PCR amplification, the eluate was concen-
trated by precipitation in 50% isopropyl alcohol. Oligonucleotides
W34-W60 were synthesized on a PCR-MATE DNA synthesizer
(model 391A, Applied Biosystems, Inc.) and deprotected in 14 M
NHIiOH at 55-65 *C for 12-18 h. After lyophilization, the oligomers
were dissolved in 300 pi of water, quantitated by spectrophotometry
(I Am, - 33*(), and diluted to 100 ng//»l. End labeling of oligo-
nucleotides was performed with T4 polynucleotide kinase and (-y-!'PJ
ATP.

Polymerase Chain Reaction—To map the polyadenylation sites in
the 3" end of the opsin gene, the polymerase chain reaction (33) was
modified to allow amplification of specific 3'-untranslated regions
(34) of opsin cDNA. In the first step of this procedure, retinal cDNA
was synthesized with reverse transcriptase using an oligonucleotide
primer, 3 TIAGCTATAGATCTAGACGCCGGC(JTACGCC 13-
Ti*-Cfo]/EcoRV/Bs/11/.iVo£l/i>p/il or 3'-T!(s-mcs), consisting of an
Olig0(dTi«) domain and a 29-nucleotide multiple cloning site (mcs).
The conditions for cDNA synthesis were according to the manufac-
turer’s protocol (Fromega Biotech). In a second step, the cDNAs
produced were used directly after a 10-fold dilution as a template for
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PCR amplification. The cDNA regions to be amplified were delimited
by aprimer (5-CCGCATGCGGCCGCAGATCTAGA, mcs23) which
contained the first 23 nucleotides of T~-mcs, and by opsin-specific
primers (W9-W69, Figs. 2 and 4), Thirty cycles of amplification were
performed in a thermal cycler (Ericomp) at 92/72/55 'C (denatura-
tion, 1 min; extension, 2 min; annealing, 2 min; final extension, 10
min) with 2.5-4 units of Taq polymerase iPerkin-Elmer Cetus In-
struments) and 1 X Taq buffer (50 mM KCI, 10 mM Tris-HCI, pH
8.3, 0.17t: gelatin) modified to contain 0.9-1.5 mM MgCl,. The optimal
enzyme and Mg” (1-2 mM) concentrations were determined individ-
ually for each set of primers. The length of the amplified DNA
fragments was determined after electrophoresis on 1% agarose gels,
Southern blotting, and hybridization with opsin-specific prolies. In
some cases, fragments of interest wf?re purified by agarose gel electro-
phoresis and sequenced directly,

RESUITS

Characterization of Mouse Opsin Clones—We previously
described the isolation of a 5-kb genomic clone MOPSI (16),
which was shown to contain the complete opsin-coding se-
quence, including the four introns but only short flanking
regions. In order to characterize larger genomic fragments
containing several kilobases of S'- and 3'-flanking sequences,
we used MOPSI to isolate two overlapping genomic EMBL3
clones (AMOI and XMO02). AMOI is the parent clone for all
genomic subclones (except MOPSI) described in Fig. L4. It
contains approximately s kb of sequence upstream from the
translation start codon (ATG) and 3.5 kb of the 3'-untrans-
lated region. The 1.3-kb Xho\ fragment X X1, whose 3' Xhol
site is located just 10 bp upstream from ATG, contains puta-
tive CCAAT and TATAA boxes (Fig. 2) and, presumably,
other upstream transcription regulatory sequences. The 3'-
flanking fragment ES4 contains several polyadenylation sites
(see below). The cDNA clones M2-M4 (Fig, IB) were de-
scribed previously (16).

Structure and Sequence of{ Ifu; Mouse Opsin Gene—A com-
plete composite sequence (9.5 kb) of the mouse opsin gene,
starting with the 5' Xhol site of XX | and ending at the 3'
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Fig. L Map of the mouse opsin gene and its mRNA. A,
restriction map and extent of the mouse opsin genomic fragment X
MOI (15 kb). The vector is indicated by hatched boxes. Single letters
symbolize restriction sites that were used for sequencing and subclon-
ing (S, Sad (X); K, A'coRl; X, Xhol; A, Xbal\ P, Pstl). Lines underneath
the restriction map represent the extent of genomic clones between
two sites. Except for MOPSI, genomic clones are named using the
single letter symbols of their flanking restriction sites, followed by
the approximate length of the cloned insert in kilobases. Below
MOPSI is a schematic representation of the opsin pene. /faxes indi-
cate the extent of exons and lines connecting the exons denote the
length of introns. B, schematic representation of opsin cDNA. The
filled box represents the coding sequence, and open boxes are the 5'-
and 3'-untranslated regions. The actual 3' end of the structural gene
is undetermined. The extent of cDNA clones M3, M4, and M2 is
indicated below. A restriction map of M2 with sites used for excision
of exon-specific fragments is shown at the bottom (M, A/riil; X, Xhol;
P, PIHill; H. Harl II; K, /?,val; C, Sacl). The positions of introns in M2
are marked with arrowheads, x1-x0, exon-sjiecific probes.
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Fig. 2. Complete sequence of the mouse opsin gene. The
composite sequence of 9466 nucleotides is numbered in 300-bp inter-
vals on the right; position 1 is the transcription start point (tup).
Sequences upstream of this point and introns are in lowercase letters,
and exon sequences are in capital letters- TATAA and OOAATT
boxes preceding the transcription start point and polyadenylation
signals downstream of the translation stop codon are boldface fooR1.
Abol, and Xhol sites used for subcloning are italic and boldface.
Abbreviations for oligonucleotides (W9-W60) used for the polymer”
ase chain reaction, in Northern blots, and for DNA sequencing are
shown in the left margin, and their sequences are underlined. Arrows
to the left or right indicate antisense or sense direction. Also shown
in the left margin are positions of polyadenylation sites (A1-A9),
exon designations framed by rectangles, and the CA repeat in intron
1, The predicted amino acid sequence for mouse opsin is shown in
single letter symbols underneath the exon sequences.
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CAIAG71-7C1 7JTuA?ua THACP.TCA* 7 T7?AG\W« 7CCAAT7 TGAJ 33A
07A7A3AG»EA?3ITGAC7 TC7A7AA3ZCTG 7G7 A7 C7CCAAACACT-AIC77A3>(773C

GAAGACA7753CaCA17773G7AT7C7A JACC7TTG3C7Ca3fcCCTEN 777A7 TAGMAT/.
G7G7 CACT7AG7 AAAAGAATgNVAT5*JAG"5T 7A5ATGIGGA3TI»ACACA 7 7 77CCAN3
aag JAAAGGGT jC7AGG<*7 "mvor;A7 jaaan “ Ttr7GG7 ject tgttggs taagggtga
Z733CAGCAASG3377A77 7GCT773-7227C7AT7AG7 GA73AGGT7CCAT 77CG7CA7
AJMAAAT7CACCCCAAT -G --CAAA3BATA33CTCATTA™ TZ-2277ATAAGCA7 CAAA7CC
®ACTC.C7TTCCA™."TTTAM C 3CO  A.iKTTAAA/ID377AGACGTG7 LAGG7 T7 TC7G7CT

G TGA3ACAGZ TTTCGAGF-JAS0CiC,7 77G-"7 71, TITI AT AA7 CAT G27GAG N 3GT GAGA
T7C77A""."C-UCAGAICTAA377ACCTGr T7 =7 TJT "AAM TAAT _A.T.A7TW-TveAA .ANA
Tz A7 TLAT 17CiA7 TC*FICA"IWSC7 “AG77 A7 7G777Ar;v7 TTAA373AAT 3»

AACTAITA7 J*C73A7 A7A3F3T7CCCTCAT77G 7FEATT” % 77 7ZCACA 77 A; AA~ATAA
A37 r3A77TZAZATA37T7 ji?,'M&T7*7r.7A3.;A7&T377 £1":£ AAAA~7AAATACS 31 A

L—»IAA7AAT JU  7n'*0) njAATo. .v2Tc7vn"jwaL-C .C JAIAJTWATT -- eril*
GTA3ATAGAABAG I 7CC7 Vv *#7 *17337 GG3ATC7C7AV7\\33A-A3"B7TA3V7*3TA
@277 .M ac: : Tl Jca:AMa>VA:AC:2a;:; AT Az\sr tzasan
AIGRIT7 >7*A C7 2SAATAA, GA7A777 PSTTAUCA 27 53. “C7 AV 7 v =77 A%;a s
AAATA:A"J73S7AS7 ."T'A~::~7AA3TTCC:>.Ta:TAGA7AG"J7CA73377 73AJZTGA

aa-st:\u j«7 2ta77sa?aa: £atmuleaaac :taa?S?gaac7aa“ “t.’ttgatnTA
7ATAT ; ;. PATTTIAGAA77 3A rTAAAN, 7 .- -AAMATAAMA7 77 JTATT7 TAATGAS/.7 ;0A7

Fk;. 2—continued
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Mouse Opsin Gene

at the poly(A) tail are amplified using the polymerase chain
reaction. The results show that, of nine putative polyadenyl-
ation sites in the 3'-untranslated region of the mouse opsin
gene, five are utilized to produce the major species seen on
the Northern blot. Use of the most proximal site thus produces
the shortest transcript, whereas the most distal yields the
longest. Many genes contain internal AATAAA sequences
that apparently do not function in S' processing, suggesting
the requirement for additional signal sequences (23). A tran-
script heterogeneity similar to that in mouse is also observed
in rat and, to a lesser extent, in human and fiog (Fig. 4). No
sequence information is available for the rat and frog opsin
genes, and the 3' end of the bovine gene has been only
partially sequenced (12). The human sequence (13) has at
least two polyadenylation sites that may lead to differential
polyadenylation. Apart from multiple poly(A) sites, the orga-
nization of the mouse opsin gene is relatively uncomplicated.
With a single transcription starting point, no alternative
splicing, and multiple polyadenylation sites, the mouse opsin
gene is similar to a group of genes (46) encoding very diverse
protein products, among them murine dihydrofolate reductase
(48), chicken vimentin (49), and human N-ras (50). The
human N-ras gene has two and the dihydrofolate reductase
gene 11 functional polyadenylation sites. While 3'-untrans-
lated sequences may play a role in regulation of gene expres-
sion or may affect RNA transport and stability (46), a func-
tional significance of the multiple mouse opsin mMRNA species
remains elusive.

The recent discovery that a Pro to His mutation at position
23 near the N terminus of human opsin may be causative for
one form of autosomal dominant retinitis pigmentosa (19), an
inherited photoreceptor degeneration in the human retina,
has renewed interest in the mouse opsin gene as a candidate
gene to study retinal degeneration. Compared with the pre-
dicted human sequence (13), only 19 residues differ in mouse
opsin (16). Prozsis present in the mouse sequence (Fig. 2} and
is conserved in all sequenced vertebrate and invertebrate
opsins and in related G protein receptors (51). Apart from
asparagine-linked glycosylation, a precise function for the N-
terminal end of opsin or for Pro™ has not been determined.
The detailed characterisation of the mouse opsin gene and
availability of cloned gene fragments as described in this study
will allow the introduction of specific point mutations, the
following of the consequences of expression of the mutated
opsin gene in a transgenic mouse, and, possibly, the facilita-
tion of the establishment of an animal model which mimics
one autosomal dominant form of human retinitis pigmentosa.
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