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Summary

Deletion of sequences 5’ of the human red and green
pigment gene array results in blue cone monochromacy,
a disorder in which both red and green cone function
are absent. To test whether these sequences are required
for transcription of the adjacent visual pigment genes
in cone photoreceptors, we produced transgenic mice
carrying sequences upstream of the red and green pig-
ment genes fused to a p-galactosidase reporter. The pat-
terns of transgene expression indicate that the human
sequences direct expression to both long and short
wave-sensitive cones in the mouse retina and that a
region between 3.1 kb and 3.7 kb 5’ of the red pigment
gene transcription initiation site is essential for expres-
sion. Sequences within this region are highly conserved
among humans, mice, and cattle, even though the latter
two species have only a single visual pigment gene at this
locus. These experiments suggest a model in which an
interaction between the conserved 5’ region and either
the red or the green pigment gene promoter determines
which of the two genes a given cone expresses.

Introduction

The vertebrate retina contains two classes of photore-
ceptor cells, rods and cones. Rods mediate vision in
dim light and contain the visual pigment rhodopsin.
Cones mediate vision in bright light and comprise
two or more classes (the number depending upon the
species) that differ from one another with respect to
which cone visual pigment they contain. Compari-
son of the relative extents of excitation of the differ-
ent cone classes forms the basis of color vision. The
division of photoreceptors into distinct classes im-
plies a mechanism to produce selectively only one
type of visual pigment in each photoreceptor class,
presumably by selective transcription of one type of
visual pigment gene.

In the human retina the three classes of cones con-
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tain visual pigments that are maximally sensitive in
the blue, green, and red regions of the spectrum
(Boynton, 1979). An analysis of the genes encoding
these pigments reveals that the red and green pig-
ment genes are highly homologous and reside in a
head-to-tail tandem array on the X chromosome (Na-
thans et al., 1986a, 1986b; Vollrath et al., 1988; Feil et
al., 1990). The blue pigment gene and the rhodopsin
gene are located on different autosomes and show a
far lower degree of homology with each other and
with the red and green pigment genes (Nathans et al.,
1986a, 1986b). A comparison of visual pigment genes
from fish, birds, and mammals shows that the duplica-
tion events which generated the rhodopsin, blue, and
red/green pigment genes occurred before the verte-
brate radiation (Nathans and Hogness, 1983; Takao et
al., 1988; Kuwata et al., 1990; Tokunaga et al., 1990;
Yokoyama and Yokoyama, 1990). By contrast, a com-
parison of visual pigment genes from different pri-
mates shows that the red and green pigment genes
arose via a duplication event within the Old World
primate lineage (Jacobs and Neitz, 1987; Neitz et al.,
1991; Ibbotson et al., 1992). The sequence similarity of
red and green pigment genes is reflected in a corre-
sponding similarity of red and green cones, as judged
by their response properties and anatomic distribu-
tion (Boynton, 1979). The recent origin of distinct red
and green cone pigments suggests that the regulatory
mechanisms determining red versus green cone iden-
tity may be simpler than those determining the identi-
ties of other photoreceptor types.

The experiments reported here are aimed at defin-
ing cis-acting regulatory sequences that control the
cell type-specific expression of human red and green
cone pigment genes. The initial impetus for this work
came from an analysis of human mutations responsi-
ble for the combined loss of red and green cone func-
tion, a disorder referred to as blue cone monochro-
macy. Blue cone monochromacy is associated with
two general classes of DNA rearrangement at the red
and green pigment gene locus (Nathans et al., 1989).
Inoneclass, the array contains a single visual pigment
gene that is inactivated by a point mutation. In the
second class, observed in approximately half of blue
cone monochromats, a deletion removes sequences
5’ of the gene array. Thus far, six different deletions
have been analyzed, and these range in size from 0.6
kb to 55 kb. All of the deletions encompass the region

. that is missing from the chromosome with the small-

est deletion. The four largest deletions also remove
part of the adjacent red pigment gene transcription
unit, but leave intact at least one green pigment gene
transcription unit. The simplest interpretation of these
observations is that sequences within the small region
common to all deletions are required for expression
of both red and green pigment genes. This region is
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Figure 1. The Human Red and Green Pig-
ment Gene Array
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located 3 kb and 42 kb from the red and green pigment
gene transcription start sites, respectively (Figure 1).

Deletions analogous to those found in the second
class of blue cone monochromat genotypes have also
been observed in the human B-globin locus (Curtin et
al., 1985; Driscoll et al., 1989; Taramelli et al., 1986; Van
der Ploeg et al., 1980). Like the red and green pigment
genes, the human embryonic (g), fetal (y), and adult
(8 and B) globin genes are arranged in a head-to-tail
tandem array. Deletions 5’ of the globin gene array
result in a B-thalassemia in which the remaining glo-
bin genes on that chromosome are not expressed. A
segment of DNA from the deleted region, encom-
passing 20 kb 5" of the structural genes, has been
shown to confer high level, erythroid-specific expres-
sion on alinked reporter in transgenic mice (Grosveld
et al., 1987; Ryan et al., 1989). By contrast, constructs
containing only promoter-proximal sequences from
the globin genes are expressed variably and at low
levels in erythroid cells (Magram et al., 1985; Townes
etal., 1985; Kollias et al., 1986). The 5’ flanking segment,
referred to as the locus control region (LCR), coincides
with a region previously shown to be accessible to
DNAase | digestion in erythroid cells (Tuan et al.,
1985).

In this paper we show that sequences 5 of the hu-
man red and green pigment gene array are required
for the expression of a linked reporter in cone photo-
receptor cells in a manner reminiscent of the B-globin
LCR. A comparison of the corresponding bovine, hu-
man, and murine sequences reveals significant ho-
mology within the required region and suggests a
model for selective activation of red and green pig-
ment genes in their respective cone types.
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A (A) The locations of red and green pigment

gene exons, numbered 1-6, are indicated
for the wild-type array. (B) Brackets be-
neath the visual pigment array show the
locations of nonhomologous deletions
found among blue cone monochromats
(Nathans et al., 1989). (C) Transgene con-
structs are shown on an expanded scale.
Top: the full-length construct, pR6.5lacZ,
in which 6.5 kb of 5 flanking sequences
beginning at the initiator methionine co-
donare joined to a B-galactosidase reporter
cassette. The large open arrow represents
the B-galactosidase coding region (lacZ);
the line beyond the tip of the arrows repre-
sents the mouse protamine 1 intron and
polyadenyiation site; the small arrow indi-
cates the start site and direction of tran-
scription. Middle: pR5.9lacZ, the 0.6 kb de-
letion construct. Bottom: pR2.1lacZ, the
construct in which 1.6 kb of distal se-
quences are joined to the promoter-proxi-
mal 0.5 kb.

—2 kb -

Results

Transgene Expression in Cone Photoreceptors

A previous study of human blue cone monochromacy
suggested that a region between 3.1 and 3.7 kb up-
stream of the human red pigment gene is essential for
the expression of both red and green pigment genes
(Nathans et al., 1989). Guided by this work, we gener-
ated transgenic constructs containing various regions
5" of the human red pigment gene fused to the E. coli
gene encoding B-galactosidase (lacZ). The constructs
also include a mouse protamine 1 gene intron and
polyadenylation site in the 3’ untranslated region (Pes-
chon et al., 1987).

A 6.5 kb Ncol-Sphi fragment corresponding to the
region immediately upstream of the human red pig-
ment gene was obtained from genomic DNA of amale
with normal color vision (J. N.) and used in the full-
length construct, pR6.5lacZ (Figure 1; see Experimen-
tal Procedures). This construct was microinjected into
the pronuclei of B6A F; x C57BL/6) embryos, and 8
independent transgenic animals were obtained, of
which 7 served as founders of transgenic lines. Six of
the 7 transgenic lines, as well as the infertile trans-
genic animal, express B-galactosidase in the retina.
One transgenic line did not express B-galactosidase
activity in any tissue. By morphological criteria
(Carter-Dawson and LaVail, 1979a), all of the cells ex-
pressing B-galactosidase appear to be cones. As seen
in Figure 2, the cell bodies and synaptic terminals are
located at the outer edges of the outer nuclear and
outer plexiform layers, respectively; the outer seg-
ments are shorter than those of the adjacent rods; and
the cells are typically separated from one another by
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Figure 2. Transgene Expression in Cones
(Left) A 10 um frozen section from the right eye of a 1-month-old pR6.5lacZ transgenic mouse stained for 2 hr with X-Gal. (Right) A section
similar to that on the left stained with hematoxylin and eosin to reveal the retinal layers. NFL, nerve fiber layer; GCL, ganglion cell layer;
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; OS, outer
segments; RPE, retinal pigment epithelium.

a distance of several cell diameters (compare with Fig-
ure 2 in Zack et al., 1991, for a similar section of retina
in which B-galactosidase is expressed in rods).

Following backcrossing of the founders to C57BL/
6) mice, retinas from 10 or more adult F, transgenic
animals from each line were examined for B-galactosi-
dase activity by staining whole eyes from which the
sclera and choroid had been removed. For each line,
the percentage of transgenic animals expressing B-ga-
lactosidase in the retina is shown in Figure 3. All of the
transgenic animals in 4 lines, as well as the 1 infertile
transgenic animal, show strong X-Gal staining in a
subpopulation of photoreceptors distributed uni-
formly across the retina. These 4 lines are designated
high expressing lines. In 2 lines, referred to as low
expressing lines, the number of B-galactosidase-
expressing cells in the retina varied markedly among
transgenic animals, ranging from no expression in ap-
proximately 50% of animals to as many as several thou-
sand B-galactosidase-expressing cells in some animals.
One of the lines showed no B-galactosidase expres-
sion in the retina.

To identify different cone classes among the X-Gal-
stained photoreceptors, rabbit polyclonal antibodies
generated against the carboxyl terminus of the human

red and green pigments and against the carboxyl ter-
minus of the human blue cone pigment were used to
stain sections and whole mounts of transgenic retinas.
The antisera appear to be specific for their respective
cone pigments, as determined by protein blots of re-
combinant pigments (Merbs and Nathans, 1992) and
by the pattern and density of cones that each stains
in sections of monkey retina (Y.-W. Peng, S. L. Merbs,
and J. Nathans, unpublished data). In the mouse ret-
ina, each antiserum stains a subset of cone outer seg-
ments. Interestingly, the cones stained by the anti-
red/green antiserum are located predominantly in the
superior half of the retina, whereas the cones stained
with the anti-blue antiserum are located predomi-
nantly in the inferior half of the retina (Figure 4). As
the two distributions are reciprocal, the total cone
density is approximately uniform across the retina
(Carter-Dawson and LaVail, 1979a).

Antibody staining and X-Gal staining were analyzed
in the same retinas from transgenic lines R7 and R28,
2 representatives of the high expressing lines. Surpris-
ingly, X-Gal staining colocalizes with staining by both
anti-red/green and anti-blue pigment antisera (Figure
5). The uniform distribution of cones expressing B-ga-
lactosidase in the other high expressing lines suggests
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Figure 3. Percentage of Animals in Each Transgenic Line Express-
ing B-Galactosidase in the Retina

Whole retinas from 10 or more transgenic animals per line were
tested by staining with X-Gal. Each square represents the per-
centage of retinas showing B-galactosidase staining. The trans-
genic lines on the left side of the histogram showed no stained
cells in any of the retinas. The transgenic lines on the right side
of the histogram showed a large number of stained cells in every
retina. The asterisk indicates the result for one retina from the
infertile transgenic animal. The full-length construct shows ex-
pression in 7 of 8 lines; the 0.6 kb deletion construct shows
expression in 0 of 5 lines (x? = 6.3; P = 0.07)

a similar colocalization. Apparently, the 6.5 kb frag-
ment upstream of the human red pigment gene di-
rects expression of the B-galactosidase reporter to
both classes of cones in the mouse retina.

To assess the tissue specificity of transgene expres-
sion, slices of brain, heart, lung, liver, kidney, spleen,
and ovary or testes from 2 mice from each of the 7
lines were stained with X-Gal. Following incubation at
room temperature for 6 hr, during which time the
retinas of the high expressing lines stained intensely
blue, no staining was found above the nontransgenic
control level in any of the samples (data not shown).

Spatial and Temporal Regulation

B-Galactosidase activity within the eyes of transgenic
animals increases with age, as determined by a solu-
tion B-galactosidase assay of individual eyes from F,
heterozygotes from line R7 (Figure 6). B-Galactosidase
activity is first detectable on postnatal days 3-4 (P3-
P4), and increases roughly linearly with time until 1
month of age. By contrast, when the rhodopsin pro-
moter directs JacZ expression in transgenic mice, B-ga-
lactosidase activity is first detectable at approximately
P10-P15 (Zack et al., 1991). In the mouse, cones mature
approximately 1 week before rods, a time differential
that is consistent with the timing of B-galactosi-
dase production seen here (Carter-Dawson and La-
Vail, 1979b; Young, 1985).

In addition to the gradient of cone classes reported
here, several recent studies have identified gradients
of various types across the retina. For example, gradi-
ents have been identified for several antigens in
mouse and chicken retina (Trisler etal., 1981; Rabacchi
et al., 1990; McLoon, 1991). Experiments in which the

bovine and murine rhodopsin gene promoters were
used to direct B-galactosidase expression revealed for
some constructs a superior-temporal to inferior-nasal
gradient across the retina (Lem et al., 1991; Zack etal.,
1991). Over the first several months of life, the zone
of transgene expression increased until it eventually
encompassed most of the retina. With these prece-
dents in mind, we examined the pattern of X-Gal stain-
ing in whole retinas from transgenic line R7 mice at
various ages. As shown in Figure 7, B-galactosidase
expression was observed predominantly in the infe-
rior retina of P6 mice. The gradient of expression
spreads to the superior retina by P8 and disappears
by P10. One possible explanation for this pattern is
that in the mouse, the class of cones enriched in the
inferior retina develops earlier than that enriched in
the superior retina.

Deletion Constructs

The experiments described above show that the 6.5
kb Ncol-Sphl fragment is capable of directing expres-
sion of the B-galactosidase reporter to cone photore-
ceptors. To define more precisely the important re-
gions within this 6.5 kb fragment, we generated two
deletion constructs. The design of the first deletion
construct, pR5.9lacZ, was based on the pattern of de-
letions observed in human blue cone monochromats.
As described in Introduction, in one class of blue cone
monochromats, DNA deletions of various sizes are
found to encompass a region between 3.1and 3.7 kb
5 of the red pigment gene. To test the hypothesis that
this region is required for the proper expression of
the adjacent cone pigment genes, we removed this
region from the 6.5 kb full-length construct by replac-
ing a 5.8 kb Hindl11 fragment from construct pR6.5lacZ
with the corresponding 5.2 kb fragment from a blue
cone monochromat (individuat HS102 in Nathans et
al., 1989). Five transgenic lines were derived from this
0.6 kb deletion construct, and transgenic F, animals
were analyzed by X-Gal staining of retina whole
mounts, a format that allows single stained cones to
be reliably scored. Retinas from 10 transgenic animals
from each line were tested by staining overnight in
X-Gal, and none was found to express the lacZ trans-
gene (Figure 3).

To localize further the sequences that are required
for cone-specific expression, the 0.5 kb region imme-
diately 5 of the red pigment gene, which we presume
contains essential promoter sequences, was fused to
a 1.6 kb fragment between 3.0 and 4.6 kb upstream of
the red pigment gene that encompasses the essential
0.6 kb region (Figure 1). This 1.6 kb fragment includes
a region of interspersed homology between murine
and human sequences (see below). The resulting 2.1
kb fusion fragment was joined to the p-galactosidase
reporter to generate the construct pR2.1lacZ. In 3 of
3 transgenic lines carrying pR2.1lacZ, the retinas of F,
transgenic animals showed an X-Gal staining pattern
similar to that found in the high expressing lines car-



HBuBman Red and Green Pigment Gene LCR
4

«** q\g
.:\f

9’1:”3&*‘%» ﬁ‘& Aohs
&%, 3 N =
Telgye

rying the full-length construct pRé.5lacZ (data not
shown).

Conservation of 5’ Flanking Sequences Across Species
Because functionally important sequences tend to be
conserved during evolution, such sequences can of-

Figure 4. Reciprocal Gradients of Cone
Classes within the Mouse Retina

Three regions from a single frozen section
of mouse retina stained with anti-red/
green pigment antiserum (A, C, and ) or
with anti-blue pigment antiserum (B, D,
and F). (A) and (B) are adjacent areas from
one edge of the retina; (E) and (F), adjacent
areas from the opposite edge of the retina;
(C) and (D), adjacent areas near the poste-
ricr pole of the retina.

Figure 5. Localization of B-Galactosidase Ac-
tivity in Identified Cone Classes in Trans-
genic Retinas

Frozen sections (A and B) or whole mounts
(C and D) of retinas from pR6.5lacZ trans-
genic line R7 were double stained with
X-Gal and with either anti-red/green pig-
ment antiserum (A and (), or anti-blue
pigment antiserum (B and D).

ten be revealed by comparisons across species. There-
fore, we determined the DNA sequence upstream of
the human red pigment gene and the corresponding
region of the murine and bovine homologs ttigure
8). Murine and bovine genomic DNA libraries were
constructed in bacteriophage i and screened with a
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Figure 6. Developmental Time Course of B-Galactosidase Activ-
ity in Transgenic Retinas

Whole eyes from heterozygous transgenic mice (pR6.5lacZ, line
R7) were homogenized and assayed for B-galactosidase activity.
The enzyme activity is expressed in standard units per eye (1 unit
hydrolyzes 1.0 pmo! of O-nitrophenyl-B-p-galactopyranoside to
O-nitrophenyl and galactose per min). Mouse eyes increase in
surface area by approximately a factor of 4 between P3 and P30.
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human red pigment cDNA clone. In each case, the
recombinant phage isolated with this probe were de-
rived from a single visual pigment gene. The first exon
sequences from the cloned bovine and murine genes
were determined and found to share 70% and 62%
amino acid identity, respectively, with the first exons
of the human red and green pigment genes. Nucleo-
tide sequences were determined for 6.0 kb 5 of the
gene encoding the human red pigment, 5.5 kb 5" of
the murine red/green pigment gene homolog, and
intervals 0 to 0.4 kb and 0.9 kb to 2.5 kb 5 of the
gene encoding the bovine red/green pigment gene
homolog.

Sequences from each species were compared with
those of the other two using a dot matrix format (Fig-
ure 9). Of the various pairwise comparisons, the hu-
man/murine and bovine/murine are the mostinforma-
tive, as these pairs show the lowest overall homology.
The degree of homology among the three sequences
is similar to that observed in a similar comparison of
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Figure 7. A Gradient of Transgene Expression in Early Postnatal Retinas

X-Gal-stained whole retinas from pR6.5lacZ transgenic line R7 are shown at the following postnatal ages: 6 days (A), 8 days (B), and
1 month (C). (D) A piece of the retina from (B) shown at higher magnification. The gradient of decreasing transgene expression is
apparent proceeding from lower right to upper left. Each small stained object is a single photoreceptor cell.
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sequences 5 of the rhodopsin gene (Zack et al., 1991).
In each pairwise comparison, the same two regions of
homology were observed. A proximal region of ho-
mology begins near the start site of transcription and
extends approximately 150-200 bp 5 of that point; a
distal region of homology begins in the human se-
quence at approximately 3.2 kb 5 of the transcription
start site and extends, with several interruptions, to
4.5kb. Interestingly, the essential 0.6 kb encompasses
the most conserved part of the distal homology re-
gion, including a core of 37 bp that is identical in all
three species. The 37 bp sequence has no significant
homology with any sequence in the GenBank DNA
data base.

Discussion

Identification of the LCR

The experiments reported here demonstrate that se-
quences between 3.1 and 3.7 kb 5 of the human red
and green pigment gene locus are required to obtain
cone photoreceptor-specific expression of a p-galac-
tosidase reporter gene. 6.5 kb of wild-type DNA imme-
diately 5’ of the human red pigment gene conferred
cone-specific expression in 7 of 8 transgenic lines. A
second construct, which differed from the wild type
by deletion of sequences between ~3.1 and —3.7 kb,
showed no expression in the retina or other tissues in
5 of 5 transgenic lines. A third construct, in which
the promoter-proximal 0.5 kb from the human red
pigment gene was fused to sequences between —3.0
and —4.6 kb, produced cone-specific expression in 3
of 3 of three transgenic lines in a manner similar to
the wild-type construct.

The 0.6 kb deletion in the second transgene con-
struct corresponds precisely to a deletion found in
one blue cone monochromat family. All of the blue
cone monochromats who have nonhomologous DNA
rearrangements have deletions that encompass this
region. The lack of expression seen with the 0.6 kb
deletion construct argues for a model in which the
primary lesion in this class of blue cone monochro-
mats is a lack of transcription of the red and green
pigment gene array. Because the 0.6 kb deletion con-
struct was generated by substituting a 5.2 kb fragment
from the DNA of a blue cone monochromat for the
corresponding wild-type fragment, we cannot ex-
clude the possibility that there may be small sequence
differences outside of the deleted region that contrib-
ute to the lack of activity of this fragment.

Consistent with an essential role for the 0.6 kb re-
gion, we observe within this segment a high degree of
sequence conservation in bovine, human, and murine
DNA. The conserved region includes a core of 37 bp
of perfect identity, embedded within a 200 bp region
of 70% identity. The only other region within the 5
flanking DNA with a comparable degree of sequence
identity is the 150-200 bp adjacent to the start site of
transcription. In all three species, the distal homology
region is located between 2 and 4 kb from the nearest

visual pigment gene transcription start site. In the
mouse, it is inverted relative to the human and bovine
sequences. '

These experiments show that the tandem array of
human red and green pigment genes, like the tandem
array of embryonic, fetal, and adult B-globin genes,
requires 5’ flanking regulatory sequences —an LCR—for
their appropriate expression. The B-globin LCR has
been shown to confer erythroid-specific expression
on a heterologous promoter and to function in trans:
genic mice regardless of integration site (Grosveld et
al., 1987; Ryan et al., 1989). It is not yet known whether
the red and green pigment gene LCR can confer cone-
specific expression on a heterologous promoter. The
extent to which LCR activity is affected by the integra-
tion site also remains to be determined.

Transgene Expression in Different Classes of Cone
Photoreceptors

Two immunologically distinguishable classes of cones
are present in the mouse retina. One class is recog-
nized by antibodies directed against the carboxyl ter-
minus of the human blue pigment, and a second class
is recognized by antibodies directed against the car-
boxyl terminus of the human red and green pigments.
The 6.5 kb transgene construct is expressed in both
classes of cones, an unexpected finding given the
great evolutionary distance between blue cones and
red/green cones and the lack of obvious sequence
homology between bovine, human, and murine blue
and red/green pigment gene 5 flanking regions (I.
Chiu and J. Nathans, unpublished data). This pattern
of transgene expression suggests both similarities
among cones and differences between cones and
rods with respect to a subset of transcription factors.
We surmise that regulatory sequences responsible for
repression of human red/green pigment gene expres-
sion in blue cones may be missing from the 6.5 kb
construct or may have diverged to such an extent that
the human sequences are no longer recognized in
mice.

In the course of this work we made the incidental
observation that the two immunologically distin-
guishable classes of cone photoreceptors are not uni-
formly distributed across the mouse retina. Antibod-
ies directed against the human red and green pig-
ments bind to a class of cones that is enriched in
the superior half of the retina, whereas antibodies
directed against the human blue pigment bind to a
class of cones that is enriched in the inferior half of
the retina. The density of each cone class changes by
approximately 10-fold across of the retina. The recip-
rocal nature of the two distributions produces a total
cone density that is approximately uniform.

Models for Selective Expression of Red and Green
Pigment Genes

By analogy with models in which embryonic and adult
chicken globin genes compete for an enhancer (Choi
and Engel, 1988), the presence of an LCR adjacent to
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CGAATTCGGACCAGCCTA
GCCATCATGGTGAAACCTGTCTCTACTAAAAATACAAAGAAAAAATTAGC
CGGGCATGGTGGTGCATGCCTGTAGTCCCAGCTACTCAGGACACTGAGGC
TGAGGAGAATTGCTTGAACCCGGGAGGCAGAGGTTGTAGTGAGCAAAGAT
CGCGCCACTGCACTCCAGCCTGGGCAACAGAGTGAGACTCCACGTCAAAA
AAAAAAAAAAAAAAGACATGTCAGAAACAAAGAAAGAAAGACATGACAGG
CTCAGAATCAATGTCAACCTGGGCAAAGGTCAGAAACGGAACAGGGACCE
TTTCTTTGTGGGCAGGTTTGACATGAAAGGTTCAGCGACTTCAACTCTTC
TGATTCTTTCTTCTTGAGCCCATTTTGGTAAGTTGTGTTTTCCTAAAAGT
TTGTCCATTCCATCCAAATGTTCACATTAGTCAGGATCTGTGAAGGATGT
CAATGGCTGTGAGGCGAGGGCCCCTTGCCAGTCCCCATGTTCGTTATTTA
TGGATGCCTGATGCCCACAACCTCGACTTCTCAGCTGAGGGCAACTCCTC
CTGTCCTCTCGCTGCTTCCACCTAAGCCACCAGGAAATCCTGTTGACTCC
ACTTACAAAAGCTCTCCAGAGTCTGCTACCTCTTACCACCCTACTGTCGC
CTCCCAGACCTGGTCTCCCCGCTTCTGCCCTGGCCCCTACAGCTCGCAGA
CAGCTGCCAGAGGAGTCCATCCGAATCAACTTCAGATTGIGTCACTTTTT
CTTTCAAAATCCGACAAAGCTCCTCATTCCATTCAGAGTGAGAAGGGCCC
CAGCATGCAGCCTTTCCTCCTCCTATTCACCAACCCCCACTCTCGCTCCA
GCCATCTTGATATCCTTGCTGGTCCTGGAGCAGGCCAGCCACGCTCTTIGE
CCAGGGCCTTTGCACTTGATGCCCCTICTICTGTGATGCCCTCOTGGATCY
CTGCATGGCTCCCTCCTGCCCTCCCTCCCTCGAGTCTTITGITCACATGTC
CCCTTCTCAGAGGGGCTCACCCTGGTGCCCTTCGAAAGT GGG ATCCACT
CCCTYCCCACCCTGGCACCCGCACCCTCCTIGICTIICCTITITICTIGTICTC
CATCCTACTCATCTCCCCCAACTAGAAAGGCAGCTGCAGCTGCGGAGCAC
GGGATCTCCATCTGCAGCTGCATCCCGGGACCTAGAACAGGT ACAAAAGT
ACCTAATAAGTACCCACTGAATGATAATTGGCTGAGTTTTICTGTACCAAA
GACTGAGCTAAGACTCTTTAAAAGGATGATCITATTIAAGCCTTACAGCA
AGTAAATGTTATCCCCATCTTCCTGATGAGGACACAGTGAZCACCACGCT
CAAGGACACAGAGGGTGGACGTGCCACATICACACTCTGTGACTTAGAGC
GGCTGGACGGGCAGGGACT TAGGAGGTCTACAGCAGCCAGGGTGAGATT A
TGAGGCTGAGCTGAGAATATCAAGACTGTACCGAGTAGGGGGCCTTGGCA
AGTGTGGAGAGCCCGGCAGCTGGGGCAGAGGGCGGAGTACGGTGTGCGTT
TACGGACCTCTTCAAACGAGGTAGGAAGGTCAGAAGTCAAAAAGGGAACA
AATGATGTTTAACCACACAAAAATGAAAATCCAATGGTTGGATATCCATT
CCAAATACACAAAGGCAACGGATAAGTGATCCGGGCCAGGCACAGAAGGC
CATGCACCCGTAGGATTGCACTCAGAGCTCCCAAATGCATAGGAATAGAA
GGGTGGGTGCAGGAGGCTGAGGGGTGGGGAAAGGGCATGGGTGTTTICATG
AGGACAGAGCTTCCGTTTCATGCAATGAAAAGAGT TTGGAGACGGATGGT
GGTGACTGGACTATACACTTACACACGGTAGCGATGGTACACTTITGTATT
ATGTATATTTTACCACGATCTTTTITAAAGTGTCAAAGGCAAATGGCCAAA
TGGTTCCTTGTCCTATAGCTGTAGCAGCCATCGGCTGTTAGTGACAAAGC
CCCTGAGTCAAGATGACAGCAGCCCCCATAACTCCTAATCGGCTCTCCCG
CGTGGAGTCATTTAGGAGTAGTCGCATTAGAGACAAGTCCAACATCTAAT
CTTCCACCCTGCCAGGGCCCCAGCTGGCAGCGAGGGTGGGAGACTCCGGG
CAGAGCAGAGGGCGCTGACATTGGGGCCCGGCCTIGGCTIGGGICCCICTG
GCCTTTCCCCAGGGGCCCTCITTICCTTGGGGCTTTCTIGGGTCGCCACTG
CTCCCGCTCCTCYCCCCCCATCCCACCCCCTCACCCCCICSTICTTCATA
TCCTTCTCTAGTGCTCCCTCCACTTICATCCACCCTTCTGCAAGAGTGTG
GGACCACAAATGAGTTITTCACCTGGCCTIGGGGACACACSTGICCCCACAG
GTGCTGAGTGACTTTCTAGGACAGTAATCTGCTTTAGGIT AAAATGGGAC
TTGATCTTCTGTTAGCCCTAATCATCAATTAGCAGAGCCGGTGAAGGTGC
AGAACCTACCGCCTTTCCAGGCCTCCTCCCACCTCTIGCCACTICCACTCT
CCTTCCTGGGATGTGGGGGCTGGCACACGTGTGGCCCAGSGLATTGGTGS
GATTGCACTGAGCTGGGTCATTAGCGTAATCCTGGACAA
GCGAGCGGAGGGCCAGCTCCGGGGITTAGGCAAGGLT
AGACACCCCACTCCTCCTICTGCTGSACICCCACTTICAL

SLCACTTICGT

GITCTCAAAGGGCTTICCAAATAGCATGGTGGCCTIGGAT S AGGGAAG
N AGAGTTIGCTTATCICCCTCTAGACAGAAGGGGAAT T CGGICAAGA
SGAGAGGTCGCCCTGT TCAAGGCCACCCAGCCAGCT LA GGTAATG

3ATAAGGCTGGCCAGCCATCCCACTCTCAGAAGGGAL GGGGCAG
GATCTCAGAGGAGGCTCACTTZIGGGTICICACATTICTIGSATCCICIG
CTGGIGGGGACAGGCAGACCAAGCTCTCTTGGACCIGGGAAGAGGGA
“C1IGGAAGTICACTTGGGATTGAGTTCTAGAGTICTTGACACTGITTICAG
AGATCTATACTTTGAACCCACCTICAGGCATCTCATCCATAGAACAGGGA
AGTGACCATICCATCTTGCCAAGGAGTGCGGGGCACACAT TGCIGCT
GGCAGCCAGGGTGGAAAGTCAAGGGGTCCCAGCTGAAGT GCCACAGA
GGCAGGAITGCAGTCCGAGAGGGGAL TT”AGAGCAGGGG””"AAFGCAAGG
CCATCAGGGAGGTCYTTCTGCAG GACCTCTTTAGS 1TAGGCCCT
AAAAACAAATAAGAGGAAGAAAG ACTTGGTGG1T1TI ”IAIICAC
SGIGCTIGTGCAGCCATCACCACCATCCAGCCGCAGAACT -
CCAAACTGAAGCTCTGGCCCCGTIZAACCCCAACTCCCT
CCIGGCACCCACCCTTICCACIGICTIGICTCTATGGATTTGAC
GCCCITCATATAAGTGGAATTTTACAGTATTTACCCTCITGTIGACTGGET
CATTTCACTGAGCAATGTCCTCAASGGTCATCCATGTTGGAGTATGIGTC
AAACTTCATTTCTITTTTAAGGGTGAATCATATTCCATCGTICTSTIATAGAC
CACAATTTGTGTAGCTAATCATCCGTTIGATGTITTIGITGATTITGTITTIGTTY
GTTITGAGACAGTCTTGCCATCAGAGCTCACTGCAGGCTCAACCTCCCAG
GCICAAGAAATCCTCCCGCCTCICTACCTCCCAAGTAGCTGTIGACTACAG
GCACCTIGCGACTGTGCCCTIGCTAATITTITGTIATTITITGT AGAGACAGGG
TCTCACTATGTTGCCCAGGCTAGTCTCGAACTCCTGGGCTCAAGTGATCC
TCTCACCTICGGCCTICCCAAAGAACTGGGATTACAGGCATGAGCTACCATG
TCCAGCCCAATTGCCCATTGATGGGCACGGGTTGCTTCCATSITTCAGCT
GTIGTGAATCACGCTIGCTGTGAACATGCSGTIGTGCAAACAGCCCTITCCAGA
CCCIGCCTICCATTCCTCIGGGCCIL1ACCCAGCAGTGCSGTTGCTCGGY
CCTATGGGAATTCTACGTTTAACTITTTIGGAGGAGCTGCTEAACTIGTTITC
AT AGIGG(TGCGCAT”A”AAT”’Af‘TTTAGGACATTITTATFACCCAT
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TAGGGTTGAATCATCCTAGACTTCCCTACCCTTATTCACGTTAGCTTGTT
TTATTGTTGTIGTCCATGTCTAGCTCATGCTTGGGCAGTCACATCAGTGA
GACTTTATTGGTGTAGTTTCTGACATTTCTAGGAGACATACTCTCACAGC
AAACTCCCTAGTCCTCTGGCTTTTAAAAATCTTTCTGAGCCTTATGTACA
AGCGTGCTTTTTAGATTTATCTACAATTCTGCATTTTGATTGGTTGTGGT
TTTCTGTAATGGTCACATGCCTTTAGTCCCAGCACTCAGAAGGCAAAGGT
AGTCAGATCTGTGTGAGTTTGAGGCCTGCATGGTCTACACAGTGAGTTCC
AGTTCTGCCAGGGTTACATAGTGAGACACTGTCTAAAAGAAAGAAAGAAA
GAAAGAAAAAATACAAGTCTGGCAACCAGAGTGCATACCTTGAAACCCAC
ATAAAAGTGTAAAAAGAAAACCAACTCCATTAATTTGTCATGAAGTCCAA
GGGTGTAGCTTTGTAGTAGAATGCTTGCCCAGTATGTATAAGTTCCACCC
AAGCCTCAATATCCATTTCAACTTCAGCCTGAGTAAGAAAGGTTGTTACC
TTYTTTTIGTGTGGGGAAGGAGCAAGTTGGAATTATGGGCTAGATATTTC
TGGTAGATATAGAGATCTTCTGATTTTGGTAAGCTGTGTTTTCTAAGAGT
TTIGTCTATTTTACCATCCAAATTGGCTGGAATAAAGTTGTTTATAACAGT
CTCCTTGAAAAATGTGTACAGTGGGGCTGGAGAGATGACTCAGTGGTTAA
GAACACTCGCTGCTCTTTCAGGGAACCCTGGTTCATTGACCAGCACTCAC
AAGATAGCTTACAACACCTCTAACTTCAGTTTCAGGGGGTCTGATGCTCT
CTTCTGGCCTCCATAGGCACTGGGCATACATTTGATCCACATACATGCAT
ACATGTAGGCAAACATACACAGAAAATGAAAGT AAATGATTTTTTTAAAA
CATGCGCAAATTTGAGCCATTGACCTCTYCTTGTCCCTCTATTTTCCTCC
CAAGATTTTTTTATGIGTYTTATCACTATTTITGAAGATGTCAAAGGCAAA
AGAGCAAATGATTCCTTGTCTTGTAGTTGGTCTTATTGATGGACTTGAGA
GTTGAATGAGGGGACAGACATTCACCAAAAGTCCTAATAAAAGACTTATA
TAATAAAAGTCCTAATAGAATGAGTCTAAAAGCGGAATGAAAGAAAGTGT
CTGGAAGCCCTCAAAATTCCTAATAAGTTCTCCTTGAGAAGGTGAAGCAC
TATCTACATGCAGAGGAGCTGGTGTCTGGGAGAACTTCTACCTCTCCTGA
GCTCCAGAGCTATCTCTCAGTTTTGCCCTGCCTGCCCTTGTCCAATATTA
TACTTATGGCATCTCACTGTAGTGCTTCAAAACCCTAGGGAAGGAGTTTA
GAAGTGGGAGGGGAAAGAGGAGGTGGAATAAGGTATTGAGTTCTAAGTCT
TGGAGTTCCTGTACTGTTGAGTGCTAATTGATGATTAGGGCTAACAGAAG
ATCAAGTCTTGATTTAGCTTAAAGCGGATTACTACCTTAGAAAATACCCA
AACATGTGTGAGGACATGTGAGCTCCCCAGATCTAATGACAGCTCCCTGG
AGCTCCAGAAAGAGGGTGGGTAGAAGGAGAGGGGCCTTGGAAATGGAAGT
AAAGGGTGAAGGAGGAGAGAAAATGGGAGTGTAGCAGAACAAGGGCAATG
GTGAGGGTGGAGAGAGAAAGGACTCCGATGTCAGCATCCTTITTTITCTGCC
TCATCCCAGCATCATTTGCCATCATTGTACCAGCTGGCATCCTGGAAGCC
TGGAAGTTAGATGTCACACTTATCTCTAATCTATTTCT AAATGACTTTAT
AAAGGATTGCTTATTAGGAGTTCTGGAAGCTGCCTGTCACCTTCATTCAG
CTCCTCTCAACTTCATCTGGCAGGTCAAGGACTTTATCAGCAACAGCCAG
TAGCTGATTTTGCTAGAGAACAAGGAACCATTTGATAATTTCCTTTGACA
TTTTAAAAGTCTACCACCCTAGCCATTTTCAAATGGACAGTCCAGTGGGA
CTAAGCATGATCTTTATTCTGGGAAGCTGTCAGTACTTCCAACTCTAAAA
TTTGTTCATTTTGGACAAGTTGTACCCATGAAACACCAACTGCCCTGTCC
TCTAGCTCCTGCTAATCACCAGCCTACCTGCTACAAATCTGGCTACTCTA
AGGACCTCCTAGAACTCAAGTATTTGTCTTTTAATGCCTGATTCATTTCA
TGGGGCTTCATATCCTCATGGCTATTCATGTTGCTGCATGTATCAGAATT
TIGTTCCCTTTTAAAGCTGAGTAATGGGTATGCCATGTTTTGTTTAGTCA
TTCATCTGTTGCTGCACAATAGACTGATACCCACCTCATCTCAGTAAGGA
ATATGGCTGCTGTCAAGATAGTGGYACAAGTTTTTCTTTGAAACCCCTAT
TTTCAAGTCTTTTAGATCACACGATAATTCCATGTTTAAAATTTTTCAGA
AAGAAGCTGGATCAGTTAATAGGGTCCTTGCTTGGCATGCATGAAGCCCT
GGGTTCAATCTCTGGAGCCACATAAACTAGGTACTGTGATTATAATCTCT
GTATTTGATGGGTAGAGAGAGGGGAATCCAGAGTTCAAAGTCATCTTTAG
CTATATAACAAGTTTGAAACCATTTCACAACCTTCCCCCATTTICTTIGCTG
CTAAACTGTTTTACACAGTAGTTCCACATCTCTATCTAGTTCTAGAACAC
TTACTTCACCCTCAAGGATTCCCAGTACCCATTAGAGAATCATGTTCCAG
CTGGCAAAACGTCTCAGCAGATAAAGACACCAACATCCTTGAGACCCACA
TGGTAGAAAGAAAGAATTGACTACCACAAGTTGTTCTCTTGTCCTCCACA
CACATGCCATGGCATGTACCGTCCCCCCCCCCCACACATGTAATTTAACA
TTITTTTTAAATATTTAYTTTTATTTTATGTGTATGAGTGTTTTGCTCTCA
AGTATTTGTGAACCACATGCATGCAGAGCCCAAAAGGGCCAGAAGAGGGC
ATTAGATCCCCTGGAACTAGAGTGACAGACAAGTGACATCCACATTGTAA
GIGCTTGGAATGGAACCTGGGCCCATAGTCCTGGGATCTTGTGATCCATT
TGGCTGCCAGAAAACATGTGGCACTCTGTGATCCATGCTGCTGCAGACTG
CTAGAGAGAAAGAAGCTTCTTTCGCCGTGGTTTCAATGACTGTAGACTCA
TAACTTAGAATCAGAGACTTTGAAGGTTTCTGTAACAATGCCTCTTGAGC
CCCCCCAAAAGAAGTAATCCAGACAGGAAGCTATCAGAGAGTCITTAAAA
ACTGTGATAATGATGCTAACATGTAATTCTTCACAGTTTGATGACTTCTT
GTGATGCTGATAAGTGGGGAGGACAGTTTTCTTTAATAAGCTGGCCACTG
GGAGTCTGACCATGCTCCAATGAGTATATGGGCAGCACAAATTGGACTTG
GTAGGGTTTTGGGGGAGGCGCAAGGGTGGAAGGGCAGACCTGAGAGGAAT
GGGAATCAAATGATCAGGGTTCATTGTATGAAATTCCCAAATAATTAATA
AAAATAGTACATTGAGAAAAAATAAAAATAATAAGTCTTTAAAAATATTC
TAGATATTGGGAAAGGAGATGGGTAGACAAAAGAGGTTGGATTTGAGAAG
TGCCCATGCTGACATATTATAACCAATCCCTCTAATATATAAATCAATAC
ACACTACTAAAATATTTTTTAAAGTGTTAATCAAAAGATTTATCATGAGT
AACAAAAATTAAATCATGCAGAGCAATGTTTAGGGAAACTTTCCATACAT
CTCTTAAATGATTAGAACTCTGGTGCATATGTTCTGGGCTTCCTAATAAA
TTTTTCAATAATATAAATGAATACTTTCGAAATCCTGTATCACAAATGCT
ATTTAATTGAAAAGATATCATCAATTTGCCCCACTCTAGGAACTTAGAAA
TAAAGATTAAATGACCTAAAAAAGTTACTCTCATCTCCCTTCCTCTAATG
TACTAGTAATAACTTATCTACTITCTGTCTCAATGGATTTGCCTTCTCTT
TATACTTGACATCATAGAATCATATCTAAGTGGCTTTTGGTGTGAGTTCT
GTCTAGAAACATGCTTTCTGGGCTGCTGCTGGGCAAGACTGTGACCAGGA
TTAAGTTACACACAGAGCCTCTAAGCTTGGTTTTTACATGGTTACATCAA
TTAATTCCAAGAGCAATTCTTGGGATGGGTAGCTACAAAGGTTCTAGGTA
GCTCCCAGGTTAAGGGTAGGGTCAAGAGT AGAATGGTACTGTAGAATGAT
AGCACAGAGGGTGAACACATTAATTCCATCAGCCCATGAGTCTTTACTGA
GCCCAAGAAGCTAACTCAAAGGAGATATTCCTCAAGGCAGCTGGATTCCA
GGACCAAGTAGAGAGGAGCTAGTGGGAAACTTAAGAGAGGATTGCTTCCT
GAGGATGCCACAGTAAGAAAGCAGGAGTCTTTGCTTIGGAAGTGGTCATGT
TCAAGTAATTAGTGTCTCCTACTAATTGTGAAGCCAGCAGCAGCTACGCT
GT1ATGAGCAGAGGAGGACAGTGTGGCACCCTGTCTAGACAATGTCAAGA
AGCAGGCAGCAGCCAGCTAAAGTCCAAGGACATATTGTGCACTTGAACAG
GCAAAAGGGAAGCACATGTGAGCACCTTCAAGTACTGTGCCATGCTTCTG
GGAAGACCTACATGGGCTCCTAGTGACAATAAGAGT TGCAGCTGGLAGAG
ATGGAGGATAAAGAAGGCTGAAGCTGAGAGAGGCAGTCAGCTCCTACCCG
CTTTTCCATGGGAGCAATCCTGCTAACACACAATGTACTCTTGGGGCCCA
CCAAT AAACTGCTACACAGTTGTGITCCAGATGTCTGCTTGAAAGGTTITC
AGGAGCTGCTTTCAGCAGAGTCAGAGAAAGGAAGTAGACTGGAATTCTGA

CTGCTTCCCTACTCACACTCTGGTCCACAAACCCCATTTTCCTIGATCCA
TAGTAGTAGAAAGAAATGGAACACAAATCTTTGTAAATAAGCCCTTGTAA
ACAAGCAAGAGCTACAGTGGCTTCCACAAGCCCTACT GCAAGTTAGGAAT
GGGAACAGTGGTGTGTGTGCAGGCAAATGGCCCTGAGCACCECTGTGGAT
TGGACTCAGAAACATGGAAGTGAGGGT AGGAGGGGATGATCTAASTCCTG
GGCCCAATTAAGAGATCAGATGGTGAAGGGTTTIGGGGGCCTTTAAGGTAA
SGAGGCCIGGGCTGATCCTGCAGGCTGATATAAAGTCCTGTAACTICCATA
SGCAATGTGCCAAGTCTGAZAGGTTCCAGAGACAGT T TTCTATAGCCATG
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S . GGTGACAGCTCCCGAGGCTGCTAATCAG
CACCCTGCATCGAGTCACTTCTCCATAGTCGGATTAGAGACAAGTCTGGC -24
ATCTCCTCTTCTAGCCTGGCCAGAGGGGCCCAAGTGGGGCAAGGGCGGGA
GGCCAGGGCCCGTGGAGGCCTCGCCTTGGCCCAGGAGCCCCAATTTCCCC
AAGCACTCAAGCCTCCTGCCTTGGCCCCTTCTCCTTCCTCCCAGGCCTCC
TTCTCCAGCTGCTGCTCATTCACATTTTGGCCCCACCCTCCTGGTCTCCA -2.2
GCTCTCTCCCAAGAACCCCGCCCCTTCTTTCCACCTTGGGTCTCATGCAG
GACCCCAGTGAGCTTTCCCCAGGCCTCGGGGGAGCACACGTGTGCACCCA
AGTGCTAGAGGACTTTCCAGGGCAGTAATCTGCTTTTGGCTAAAACGGGA
CTTGATCTTCTGTTAGCCCTAATCATCAATTAGCACCCCCACTCTGCAGA -2.0
CGGTCGGTGAGGGGTTGTACAGGACYCACTGCTATCACCTCTGCTCCCTC
TCCCCCTTCCCCAGGGTCTGGGGGCAGCAGGTGGGATGGATCAGCTCTGA
GGCTCTGGCTGGAGGCTCCCCAGGCATGTCTGGATGTCCGGCTGAGATGG
CACTTCACATTCACAAAGGGCTTCCCAATGGCATAGCAGCCCTGGGAGCA -1.8
CCCYCTCCCCCATCCAACTGGCAGCCCCCTGAGAGGGTGGGATGGGTGGG
GGCAGGCAGGATGGGTCTTCTTCCTTTAGACAGAAGGTGAACCTGGCCTG
AGATGGTGGGATCATCCCACCCAAGACCACCCAGCCTGTCCATGGCCTTG
CTAGCAACAGGCAGTACTGCAGCCAGCACTCAGAGGGAGCACAGCACTCA -1.6
CATTCTCTGATGTGCTGATTCTTTGACACGGGTGGGGACAGGCAGATTGA
GCCCCCTGCAATCTAGGCCCGAGAGAAAAGCATGGCCTTGGAAGTTGGAA
GAACCTGGGGTGGCGTTCTTGGGATCTGAGCTCGTTACATCAAGTGCCGT
CGAACACACTCTGTTCATGCCATGAACAAAAGCCCTGTCAGTYCTTTTGG -1.4
GCATGTACTCAGGACAATTGCTGAGTCACATGGTAATTCTATTTTTCAAT
CTTTGGAATTGCCCAACTGTTTTCCACAGTCACTGTACCATCACCATCTA
ATTTTAGAATTATTTCATCACTGCCCAAGGCATCTCTTTCTCTAAGGAAT
CCCTCTCCATGCCCCTCCTCCCAGCCCCTGGCACCCACCAATCTGCTGTT -1.2
TCYGTGGGCTTGTCTATTCTGGGCCTTCCACCATCTGAGATCGTTTGTGT
CTGCTGGTTTCAGTTCACATCATCTTTTCGAGGTTCCTTCATGTTGTAAC
ATGTGTCACGATTTCATCCCTTGTTATGACTTTATAATATTCCAGTACGT
GGATATACCACATTTGGTTGGGTGTCTATTCACCTGTTGATTTGACTTTG -1.0
GTCAGTTTGACCTCTTGTGAATGATGCTGCCCTGAGCGTGTGTATATGCC
TTCTTGTGTGGAGACAGGCAAGGCTGGAGAATTGAGCGATTTCTAGGTAA
CTGGTGCCCCTGCCAA. . .. .. 0.5KB....... AAAGTTGCTTGGAGA -0.4
GGAGCCGCTGTGAAAAGCAGGGCTGGGCTCTGGACTGAAAAGCCTGCTGC
TTGGGCCTGCCTGGCCTAGAGCAGGTGCTGGACGGTAGAAAGGAAGAGAG
GACAGGGAAACAGAAGCGAGGGCCTGCAGCAGCCCCCGCAGCACCCTGGC
YTGGAGTTTGGCTCCCAGCAAATCCCTCTGAGCCACCCCCGTGGGCTCAC -0.2
CCAGGAGCCAGCAGGCCCAGCACTGGGGGAGGAGGAAGTCTAAGTCCCAG
GCCCAATTAAGAGATCAGATGGTGAAGGGTTTGGGGGCTTTTAAGGTGAG
GAGGCCTGGGCTGATCCCACAGGCTGGTATAAAGTGCTGTGGCCCCCCGG
GCGAGTGCCAGGGCTGGCGGGCATCAGGGACAGGGCTTTGCAGAGCCATG ]

Figure 8. DNA Sequences 5’ of the Human Red Pigment Gene,
and the Bovine and Murine Red/Green Pigment Gene Homologs

Nucleotide sequences are numbered with negative numbers
starting from the G in the initiator methionine ATG (number 0)
and proceeding away from the gene. In the human sequence (A),
the start site of transcription corresponds to nucleotide —43. The
conserved 37 bp region is highlighted (note that in the mouse
[B] it is inverted). The bovine sequence (C) is interrupted by a
region of approximately 0.5 kb, for which the sequence was not
determined. A partial sequence of this region from human DNA
reported earlier (Nathans et al., 1989) was missing one of the 4
G’s between bases —3618 and —3621.

the red and green pigment gene array suggests a
mechanism by which each red or green cone activates
only one type of visual pigment gene (Figure 10). The
high degree of homology among bovine, human, and
murine sequences in this region suggests that the LCR
predated the divergence of these species. Since the
murine and bovine genomes contain a single red/
green ancestor gene, the LCR apparently predated the
duplication event that generated the red and green
pigment genes. This line of reasoning implies that
the LCR evolved to activate a single promoter, and
it seems reasonable to suppose that this activation
occurs via direct contact between the two DNA seg-
ments and their associated proteins. If we further sup-
pose that the LCR can accommodate only one such
interaction and that the interaction is stable over an
extended period of time, then, as observed, each cell
in which the LCR-promoter complex is active would
stably express only a single gene from the array.
The model described above accounts for the mutu-
ally exclusive expression of red and green pigment
genes, but does not address the mechanism by which
asingle cone chooses between the two genes. We can
envision two types of mechanisms for this choice. In

one general and now familiar model, a set of regula-
tory molecules, including transcription factors, differs
between red and green cones and orchestrates the
choice of red versus green pigment gene interaction
with the LCR, as well as the production of any addi-
tional proteins that differ between the two cell types.
A second and less general model is suggested by the
X linkage of the red and green pigment genes and by
the extreme similarity of the red and green cones. In
this model, the interaction of a visual pigment pro-
moter with the LCR determines red versus green cone
identity. Male hemizygosity and female X inactivation
allow this decision to be made at only one red and
green pigment gene locus per cell, obviating any re-
quirement for coordinating or suppressing pro-
moter-LCR interactions at a second locus. If the
choice were made randomly, the result would be a
fine-grained mosaic of red and green cones across
the retina. This model of stochastic promoter choice
suggests the possibility that red and green cones are
distinguished only by the pigment contained within
them. If this were the case, it would imply that red
versus green cone specificity in cell-cell contact and
information transfer is not predetermined du ring de-
velopment.

Experimental Procedures

Cloning and Sequencing of Genomic DNA

The isolation of the human red pigment gene and its 5' flanking
DNA has been previously described (Nathans et al., 1986a, 1989).
Genomic clone gJHN60was used as a template for DNA sequenc-
ing. To isolate the murine and bovine homologs of the human
red and green pigment genes, Sau3A partial digest genomic DNA
libraries were constructed in bacteriophage A EMBL3 as de-
scribed (Frischauf et al., 1983; Sambrook etal., 1989). The libraries
were screened with a human red pigment cDNA clone, hs? (Na-
thans et al., 1986a). A set of overlapping recombinants were char-
acterized from each species and identified as containing red
and green pigment gene homologs by sequencing the regions
homologous to the first exon, which is specific for this class of
visual pigments. For each 5’ flanking region reported here, both
strands were sequenced using a combination of overlapping
deletions and appropriately spaced synthetic oligonucleotide
primers.

Generation of Transgenic Mice

For the construct pR6.5lacZ, a 6.8 kb Ncol fragment from clone
§/HN60 was inserted into placF (Peschon et al., 1987) at the Ncol
site, and subclones with the correct orientation were partially
sequenced to verify a perfect fusion at the translation start site.
A9.8kb Spht partial digest fragment containing the 6.5 kb human
red pigment gene 5 region and the facZ reporter cassette was
gel purified for embryo injection as described (Zack et al., 1991).
To construct the deletion plasmid pR5.9lacZ, a 5.8 kb Hindlil
fragment from the 5' flanking DNA in pRé.5lacZ was replaced by
the corresponding 5.2 kb Hindlll fragment derived from blue
cone monochromat HS102 (Nathans et al., 1989), in which DNA
between bases —3124 and —3715 5' of the human red pigment
gene are deleted (Figure 8). A 9.2 kb Sphl partial digest fragment,
corresponding to the 9.8 kb Sphi partial digest fragment de-
scribed above, was used for embryo injection. To construct the
deletion plasmid pR2.1lacZ, a 1.6 kb BamHI-5tul fragment, span-
ning bases —3009 to —4564 5" of the human red pigment gene,
was ligated at the BamHI site to a BamHI-Ncol fragment span-
ning bases 0 to 496 5’ of the human red pigment gene. The
resulting 2.1 kb Stul-Nco! fragment was inserted into a plack
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Figure 9. Dot Matrix Comparison of DNA Sequences 5 of the Human Red Pigment Gene and the Bovine and Murine Red/Green Pigment
Gene Homologs

Each sequence shown in Figure 8 is compared with the other two sequences on both strands. Homology along the same strand relative
to the direction of transcription appears as a diagonal oriented from upper left to lower right, whereas homology between this strand
and the opposite strand appears as a diagonal from upper right to lower left. The comparison was performed with MacVector software
(IB) with a window size of 30 bases and a criterion of 65% identity. Sequences are numbered as in Figure 8. Upper right, the region
surrounding the essential 0.6 kb (between bases —3124 and —3715; indicated by dashed vertical lines) in the human/murine comparison
is shown enlarged. Note that in the human/murine and bovine/murine comparisons, the homologous sequences are on opposite
strands. The pair of horizontal dashed lines that intersect the bovine axes demarcate the region that has not been sequenced.

A RED/GREEN > RED/GREEN
ANCESTOR ANCESTOR
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RED ~

B CONES

> M RED
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Figure 10. Model for Selective Activation of Cone Pigment Genes
by Pairing with the LCR

(A) In mammals carrying a single visual pigment gene that is the
ancestor of the human red and green pigment genes, the LCR
is hypothesized to interact stably with the promoter of that gene
in the appropriate class of cones. (B} in humans and other Old
World primates, the LCR is hypothesized to interact stably with
the promoter of the red pigment gene in red cones and with the
promoter of the green pigment gene in green cones.

plasmid that had been digested with Smal and Ncol. A 5.6 kb
Kpnl-Hindlll fragment containing the fused human red pigment
gene 5 flanking sequences and the /acZ reporter cassette was
used for embryo injection. Prior to injection, each fragment was
diluted to 300 copies per 5 pl in 2.5 mM Tris-HCI (pH 7.5), 0.25
mM EDTA. Transgenic mice were generated by pronuclear injec-
tion of B6AF, (female) x C57BL/6) (male) embryos, using estab-
lished techniques (Hogan et al., 1986).

Mice were screened either by Southern blotting or polymer-
ase chain reaction. The latter was performed as described (Zack
et al., 1991) with the following changes: 1% SDS was used in the
tail digestion buffer instead of 2% NP-40, the digested tail pieces
were extracted with phenol-chloroform, and the DNA was pre-
cipitated with ethanol and dissolved in 200 pl of Tris-EDTA. One
microliter was used per reaction.

Histochemistry and Immunocytochemistry

Following cervical dislocation and prior to enucleation, each eye
was lightly cauterized at the superior pole of the cornea. For
X-Gal histochemistry, enucleated eyes were fixed in 0.5% gluter-
aldehyde in phosphate-buffered saline (PBS) with 2 mM MgCl,
for 30-60 min at room temperature, followed by an 18 hr incuba-
tion at 4°C in 30% sucrose in PBS. Eyes were then frozen in
2-methylbutane prechilled in liquid nitrogen and embedded in
OCT compound. Sections (5-10 um thick) were cutinacryostat at
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—22°C and mounted on gelatin-coated slides. Mounted sections
were rinsed in PBS with 2 mM MgCl, containing 0.5% gluteralde-
hyde for 3-5 min at room temperature as described (Zack et
al., 1991). Following X-Gal staining, sections were postfixed with
0.5% gluteraldehyde for 20 min at room temperature and
mounted in 50% glycerol in PBS.

For double staining with X-Gal and anti-cone pigment anti-
bodies, the sclera and choroid were peeled away from the retina
starting at the optic nerve, after which the cornea and lens were
removed. The free retina was fixed in 4% paraformaldehyde in
PBS with 2 mM MgCl, for 30-60 min at room temperature, stained
in X-Gal for 1-24 hr as described (Zack et al., 1997), postfixed with
4% paraformaldehyde in PBS with 2 mmM MgCl; for 2 hr at room
temperature, and cryoprotected in 30% sucrose in PBS for 18
hr at 4°C. The retina was frozen, mounted, and sectioned as
described above. Immunocytochemistry was performed as pre-
viously described (Zack et al., 1991) using affinity-purified anti-
human red/green or anti-blue pigment antibodies at a dilution
of 1:1000 (see below).

For flat mounts of doubly stained retinas, the choroid and
sclera were removed as described above. The exposed retina
was stained first with X-Gal and then with affinity-purified anti-
bodies as described above. The doubly stained retina was peeled
away from the lens and cornea and mounted in 50% glycerol
under a glass coverslip with the photoreceptor side facing up.

Production and Purification of Antibodies against the Human
Cone Pigments

DNA segments encoding the first 57 or last 38 aa of the human
red pigment (all of which are shared by the human green pig-
ment) and the first 33 or last 42 aa of the human blue pigment
were separately inserted into the polylinker of the T7 gene 10
expression vector pGEMEX (Promega). Each cone pigment-
derived peptide was produced as a carboxy-terminal extension
of the T7 gene 10 protein (Studier et al., 1990). The four fusion
proteins were purified by preparative SDS-polycrylamide gel
electrophoresis and were used to immunize rabbits. Antisera
were initially tested by immunoflourescent staining of tran-
siently transfected tissue culture cells expressing recombinant
human cone pigments (Merbs and Nathans, 1992). Each was ob-
served to stain cells transfected with the corresponding cDNA
clone but not untransfected cells. Protein blots of each of the
three recombinant human cone pigments and human rhodopsin
showed binding of the anti-blue carboxyl terminus antisera spe-
cifically to the blue pigment, but no significant binding of the
anti-red/green carboxyl terminus antisera to any of the pig-
ments. The antisera were also analyzed by staining frozen sec-
tions of cynomolgus monkey (Macaca fascicularis; Y.-W. Peng,
S. L. Merbs, and J. Nathans, unpublished data). The distribution
and number of cones stained with the four types of antisera were
consistent with the identities of the cone types corresponding to
each immmunogen. Antisera directed against the cone pigment
carboxyl termini were affinity purified and used forimmunocyto-
chemistry. For affinity purification, 250 ug of the T7 gene 10 fu-
sion protein used to prepare the antiserum was electrophoreti-
cally blotted onto nitrocellulose following SDS-polyacrylamide
gel electrophoresis and lightly stained with 0.2% Ponceau S in
3% trichloroacetic acid. A strip of nitrocellulose containing the
immobilized fusion protein was excised, incubated in 10% bo-
vine serum albumin in 50 mM Tris (pH 8.0), 150 mM NaCl (TBS)
for 1 hr at room temperature, washed 3 times in water, and
incubated in 1 ml of serum diluted 1:100 in TBS with 0.5%
Tween-20 for 18 hr at room temperature with gentle rocking.
Following several washes in TBS with 0.5% Tween-20, the bound
antibody was eluted from the nitrocellulose filter with 0.3 ml of
50 mM glycine-HCI (pH 2.3), 500 mM NaCl, 0.5% Tween-20, 100
ug/mi bovine serum albumin followed by neutralization with 30
ul of 1 M Tris (pH 8.5). The elution procedure was repeated 3
times, and the eluates were combined and adjusted to a final
concentration of 10 mM Tris (pH 8.0}, 150 mM NaCl, 100 ng/mi
bovine serum albumin, 0.05% Tween-20.

Solution B-Galactosidase Assay
This procedure was performed as previously described (Zack et
al., 1991).
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