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Identification of novel bovine RPE and retinal genes by subtrac-
tive hybridization

Shiwani Sharma,' Jinghua T. Chang,? Neil G. Della,! Peter A. Campochiaro,>* Donald J. Zack?*

(The first three authors contributed equally to this publication)

!Department of Ophthalmology, Flinders University, Bedford Park, South Australia, Australia; Departments of *Ophthalmology,
*Neuroscience, and ‘Molecular Biology and Genetics, The John Hopkins University School of Medicine, Baltimore, MD

Purpose: Understanding of the specialized function of the retinal pigment epithelium (RPE) can be aided by the identifi-
cation and characterization of genes that are preferentially expressed in the RPE. With this aim, we undertook a systematic
effort to identify and begin characterization of such genes,

Methods: A subtracted bovine RPE cDNA library was generated through subtractive hybridization using a single-stranded
circular bovine RPE ¢DNA library as target and biotinylated mRNA from bovine heart and Liver as alternate drivers.
Approximately one thousand of the resulting subtracted cDNA clones were partially sequenced and analyzed, and a non-
redundant set of one hundred of these cDNAs were examined for tissue expression pattern using a mini-Northern blot
procedure and for identity by sequence analysis. ’
Results: The subtraction method successfully allowed the enrichment of cDNAs that are preferentially expressed in the
RPE Out of the analyzed clones, expression of forty-five clones was veriftable by Northern blotting. Of these, a signifi-
cant proportion of cDNAs were preferentiaily expressed in the RPE. We observed that the expression of some subtracted
¢DNAs was restricted to the retina and no expression was detected in the RPE. These retinal clones were obtained in
addition to RPE clones presumably because the initial RPE RNA population was contaminated with a small proportion of
retinal RNA. Two thirds of the identified RPE and retinal cDNAs are likely to represent novel genes because they do not
have hemology to knewn genes in the databases. ’

Conclusions: Genes that are specifically or predominamtly expressed in the RPE/retina are likely to be important for
retinal function. We have identified novel cDNAs from bovine RPE and retina by subtractive hybridization. These cDNAs
can be used as starting material for the identification of corresponding human genes expressed in the RPE and retina. The

human genes thus identified are likely 1o contain good candidate genes for retinal disease.

The retina and RPE, well-defined structures in the eye,
perform highly specialized functions. These functions require
the involvement of a number of highly specialized genes that
are likely to be preferentially expressed in the retina and RPE.
The identification of such genes is pivotal in understanding
the molecular basis of structure and function in the retina and
RPE, and is likely to provide good candidate genes for the
study of retinal disease genetics. Screening methods such as
subtractive-, differential-, or suppression subtractive-hybrid-
ization have been employed for the identification of retina-
specific genes [[-5]. A number of retinal genes such as NRL,
AOC2, HRG4, mrdgB and CRBI have been identified using
these methods [5-9).

Earlier studies reporting the identification of RPE-spe-
cific genes involved the generation of subtracted cDNA li-
braries from human RPE-cell line [10] or human RPE and
choroid [3]. As only a limited amount of RPE is recovered
from a human eye, this restricts the use of subtractive hybrid-
ization approach for the identification of RPE-specific human
genes. To overcome this problem, we constructed a subtracted

Correspondence t0: Dr. Shiwani Sharma, Department of Ophthal-
mology, Flinders Medical Centre, Flinders Drive, Bedford Park, SA
5042, Australia; Phone: 61 08 8204 5892; FAX: 61 08 8277 0899;
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cDNA library from bovine RPE. Bovine eyes were used be-
cause of their ready availability for mRNA extraction. In this
paper, we repert the use of a modified subtractive hybridiza-
tion method for efficient generation of a subtracted bovine
RPE cDNA library. We also present the expression and se-
quence analyses data for a set of hundred subtracted bovine
¢DNA clones obtained from this library. This subtractive hy-
bridization strategy allowed us to identify a number of novel
bovine genes that are predominantly expressed in the RPE
and are potentially important in the function and dysfunction
of the retina,

METHODS
Generation of single-stranded (5s) circular bovine RPE cDNA
library: Aunidirectional bovine RPE cDNA library with 5x105
independent phages was constructed in Uni-ZAP XR vector
(Stratagene, La Jolla, CA). The library was amplified once to
attain the titre of 5x 10" pfu/ml. To generate ss circular cDNA,
the library was excised in vivo with ExAssist helper phage
(Stratagene) following the manufacturer’s instructions with
some modifications. The phage particles were precipitated with
30% PEG/1.6 M NaCl at 4 °C overnight. The residual bacte-
rial cells were removed by repeated centrifugation. The re-
sulting phage preparation was treated with 200 ug DNase I at
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37 °C for 30 min to digest any double-stranded (ds) DNA.
The ss phagemid DNA was isolated by phenol/ ¢hloroform
extraction of phage particles followed by chloroform extrac-
tion and subsequent ethanol precipitation. The ss DNA pellet
was resuspended in TE buffer, pH 7.6.

Isolation and biotinylation of driver mRNA: Total RNA
was extracted from bovine heart and liver by the guanidinium/
acid phenol extraction method [11}. The paly-A* RNA was
isolated by passing toral RNA through a poly-dT cellulose
column (Gibco BRL, Life Technologies) and purifying accord-
ing to the manufacturer’s protocol. The recovery of poly-A*
RNA after two rounds of purification was about 1.9% of the
starting total RNA.

For biotinylation, 50 ug of driver mRNA was mixed with
50 pl of photobiotin (long arm, SP-1020, Vector Laborato-
ries}. The solution was irradiated for 20 min in an ice bath
with the tube cap open and at a distance of 10 cm from a sun-
lamp (150 W, Flocd). The reaction was stopped with a final
concentration of 100 mM Tris-HCl pH 9.0. The unbound bi-
otin was removed by extraction with water-saturated isobutanol
four to seven times or until the organic phase was colourless.
The bictinylated mRNA was then extracted with chloroform
to remove isobutanol, and precipitated with ethanol. The
biotinylation and ethanol precipitation were repeated and
bictinylated driver mRNA was finally resuspended in 50 i
H,0.

Subtractive hybridization and transformation: The ss RPE
cDNA library was subjected to four rounds of hybridization
with biotinylated heart or liver mRNA as alternate drivers.
Typically, 2 ng of ss circular library ¢cDNA containing >1x107
phagemids was mixed with 5 ug of biotinylated driver mRNA
and ethanol precipitated. The cDNA/RNA pellet was dissolved
in 5 ul H,0 and following addition of an equal velume of 2X
hybridization buffer (100 mM HEPES pH 7.6, 500 mM NaCl,
4 mM EDTA, 80% formamide}, the solution was covered with
mineral oil and heated at 95 °C for 5 min. Hybridization was
carried out at 52 °C for 24 h. After hybridization, mineral oil
was removed and 40 ul of 1X hybridization buffer was added
to the reaction mix. To separate the hybridized and
unhybridized biotinylated mRNAs, 10 pl of streptavidin
{SA5000, Vector Laboratories) was added to the hybridiza-
tion teaction and incubated at room temperature for 10 min
with frequent mixing. After phenol/ chloroform extraction, the
organic phase was again extracted with 50 ul of 1X hybrid-
ization buffer and the two aqueous phases were pooled. The
streptavidin extraction was repeated twice again by adding 10
! of streptavidin each time. After two rounds of chloroform
extraction, 5 pg of another lot of biotinylated driver mRNA
was added to the solution and ethanol precipitated. The hy-
bridization procedure was repeated four times using heart and
liver biotinylated mRNAs as alternate drivers.

After the last round of phenol/chloroform extraction, sub-
tracted ss eircular cDNA was ethanol precipitated and resus-
pended in 20u H,0. The 55 circular cDNA was electroporated
into electrocompetent MC 1061 strain of £. coli and plated onto
LB agar plates suplemented with ampicillin, X-gal and IPTG,
About 1000 transformants/ml of ss circular cDNA were re-
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covered. The blue/white selection of B-galactosidase expres-
sion was used to differentiate between recombinant and non-
Tecombinant ¢olonies.

Sequencing and sequence analysis: The sequencing re-
actions were performed with the fluorescence-labelled
dideoxynucleotide (Prism, Applied Biosystems) using M13 (-
20) and M13 reverse primers, and analysed on an ABI model
3700 Version 3.6 automated sequencer {Applied Biosystems).
Sequences were analysed at the NCBI (National Center for
Biotechnology Information) against the non-redundant nucle-
otide (nr), protein (Swissprot), human Expressed Sequence
Tag (hEST) and human genome sequence (htgs) databases
using the Basic Local Alignment Search Tool (BLAST).

Northern blot analysis: Northern blot analyses were per-
formed on mini-Northern blots with RNA from bovine retina,
RPE, kidney/muscle, heart/liver and brain. The total RNA from
each tissue was extracted using the RNAzol B reagent (Tel-
Test, Inc. TX, USA). The RNA from kidney and muscle and
from heart and liver were pooled prior to Nerthern blotting.
Each RNA sample (7 pg) was size fractionated on a 1% form-
aldchyde-agarose gel, and transferred and immoilised onto
Hybond XL membrane (Amersham Pharmacia Biotech). Mul-
tiple mini-Northern blots were simultaneously prepared in this
manner. Each blot was hybridized in 3 ml hybridization solu-
tion (6X SSC, 5X Denhardt’s solution, 1% SDS, 50% deionised
formamide) at 42 °C for 18-20 h. Up to ten blots were hybrid-
ized with ten different probes at a time. Radiolabelled probes
were prepared in a 20 pl reaction volume using the Megaprime
DNA labelling kit (Amersharn Pharmacia Biotech). Blots were
washed in 2X S8C, 0.19SDS and 0.2X SSC, 0.1%SDS at 42
°C. An additional wash in 0.2X SSC, 0.1%SDS at 65 °C was
performed ifrequired. The hybridized blots were exposed over-
night on a Phosphorlmager screen and scanned using the
ImageQuant software (Molecular Dynamics).

RESULTS & DISCUSSION

Generation of subtracted bovine RPE cDNA library: We gen-
erated a subtracted bovine RPE ¢cDNA library to identify genes
specifically or predominantly expressed in mammalian RPE.
Subtraction was performed between a ss circular bovine RPE
cDNA library and biotinylated mRNA from bovine heart and
liver. The heart and liver were chosen as driver tissues for
subtraction as they are developmentally different from the
posterior of the eye where RPE resides. This subtraction was
expected to allow the enrichment of genes expressed in RPE,
atissue of neural origin. The subtraction method required only
2 ng of ss circular RPE cDNA library as a starting material,
allowing the use of more than 1000-fold molar excess of driver
mRNA to target cDNA, which helped in obtaining efficient
subtraction. The subtracted ss circular library ¢cDNA was
¢lectroporated into MC1061 £. coli cells without converting
into ds DNA. Rubenstein et al. [12] reported about 100 to
1000 fold higher transformation efficiency of ds DNA as com-
pared to ss DNA, depending upon the amount of DNA used
for transformation, however, we found only 2-3 fold differ-
ence in the transformation efficiency between ds and ss DNA
(data not shown).
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Following the initial partial sequencing of approximately
1,000 subtracted bovine ¢DNA clones, aset of one hundred
non-redundant clones was chosen for further analysis. Upon
sequence analysis (which was initially done in 1999), two
clones were found in duplicate and seven clones matched to
known mammalian gene sequences. Out of these seven, one
bovine clone was homologous to mammalian Straé, expressed
at the blood-organ barriers including the RPE [13]. Another
cDNA clone was a variant of bovine rhodopsin [14]. Three
cDNAs were homologous to genes of neuronal origin, mclud-
ing the human photoreceptor-specific nuclear receptor PNR
[15]}, DRESY expressed in the neural retinal and central ner-
vous system [16], and Dnal expressed in human brain [17].
Two bovine clones corresponded io housekeeping genes. Ho-
mology of the subtracted bovine cDNAs to Sitra6 and neu-
ronal genes indicates that the subtractive hybridization method
allowed the enrichment of genes expressed in tissues of neu-
ral origin. After excluding the duplicate clones and those ho-
mologous to known genes, subsequent investigation was car-
ried out on ninety-one subtracted clones.

Expression analysis: The expression of ninety-one sub-
tracted bovine cDNAs was analyzed by mini-Northern blot-
ting on total RNA from bovine retina, RPE, kidney/muscle,
heart/liver and brain. The heart/liver RNA was included on
the Northern blots to determine the efficiency of the subtrac-
tion protocol. Expression in kidney/muscle RNA would rep-
resent any non-ocular expression of the subtracted cDNAs.

© 2002 Molecular Vision

Northemn blot analysis revealed the tissue distribution of fifty
percent of the cDNA clones. Expression of half of the sub-
tracted cDNAs was undetectable under the Northern hybrid-
ization conditions used in this study suggesting possibly a very
low level of expression of their respective transcripts. North-

TaBLE 1. SUMMARY OF THE EXPRESSION PATTERNS OF SUBTRACTED
BOVINE CDNAsS

Number
Expression pattern of clones
RPE 11
RPE and retina 11
RPE, retina and brain 2
RPE and kidney/muscle 1
RPE, retina and 1
kidney/muscle
All tissues tested but high 1
in REE
All tissues tested but high 2
in RPE and retina
Retina 13
Retina and brain 3
Total 45

Expression of the subtracted bovine cDNAs was analysed in bovine
retinal, RPE, kidney/muscle, heart/liver and brain tissues by North-
ern blot analysis. The table shows the various expression patterns
observed and the number of clones exhibiting each expression pat-
tern.

TapLE 2. SUBTRACTED BOVINE CDNAS HOMOLOGOUS TG KNOWN MAMMALIAN GENES

Expression
Clonte name in this study Homology to known gene Species Reference
Homology to bovine genes:
5779 Retina Guanine nucleotide binding protein, Bovine [18]
gamma subunit in cones
5810, S1932 RPE SFRPS Bovine [20]
5774 RPE RGR Bovine {21)
S1934, 52066 Retina, RPE RGR Bovine {21)
82084 Retina, RPE Retinal cyclic GMP phosphodiesterase Bovine [19]
gamma-subunit
Homology to retinal disease genes:
5709 Retina, RPE PHR1 Human, mouse [24]
51926 Retina, RPE NRL Human [6]
52077 Retina, RPE HRG4, RRG4 Human, rat [7]
Homology to other genes
57127 RPE Straé Mouse [12]
5743 Retina, RPE WDR6E Human [41]
8751 Retina, brain TTYH1 Human [30])
5766 Retina, brain 405 ribosomal protein 513 Human
5905 All tissues tested Glyoxalase 1 Human [26]
51631 All tissues tested SH3IPX1 Human
S192% Retina, RFE ACP33 Human [28)
51944 Retina, RPE, Cytochrome b5 reductase 1 Human, bovine [42,43)
kidney/muscle
51947 RPE Melastatin Mouse, human {44]

BLAST analysis was performed for each cDNA query sequence against the non-redundant nucleotide,

protein, human EST and human ge-

nomnic sequence databases. The Northern blot and BLAST analyses results are tabulated,
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emn blot analysis of poly-A* RNA may reveal the transcripts
and tissue distribution of these cDNAs. Out of the 45 bovine
c¢DNAs, whose expression was detected on Northern blots, 29
were expressed in the RPE (Table 1). Of these 29 ¢DNAs, 11
were specifically expressed in the bovine RPE and another 11
were expressed in both RPE and retina. Two ¢DNAs were
expressed in the retina and brain in addition to RPE, and five
c¢DNAs had expression in one or more non-ocular tissues be-
sides RPE. The RPE expression of approximately two thirds
of the cDNA clones demonstrates that the subtractive hybrid-
ization method employed in this study successfully enabled
the enrichment of genes expressed in the bovine RPE. Only
three out of 45 clones were expressed in heart/liver, the driver
tissues used for subtraction, further supporting the validity of
the subtraction method. Sixteen of the 45 cDNAs had no RPE
expression but were instead expressed in the retina. The ex-
pression of thirteen of these 16 clones was restricted to the
retina and three clones were expressed in the retina as well as
brain. The identification of these cDNAs indicated that the
starting “RPE” RNA popdlation was contaminated with a small
proportion of retinal RNA. As bovine retina is strongly adher-
ent to the RPE, it is difficult to completely dissect the retina
away from the underlying RPE. Hence, while removing the
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retina from the eye-cup, some photoreceptor outer segments
and probably cells remain attached to the eye-cup and thus
are inadvertently collected along with the RPE cells. Obtain-
ing retinal genes during this study in fact worked to our ad-
vantage, In addition to identifying RPE expressed genes, we
also identified some potentially interesting genes that are pre-
dominantly expressed in the bovine retina,

Sequence analysis: Additional sequence data were ob-
tained for the 45 clones whose tissue distribution was detected
by Northern analysis. The BLAST analyses for these cDNAs
were repeated against the nucleotide, protein, human EST and
human genome sequence databases at NCBI in 2000 and 2001.
The additional sequence information of these clones revealed
that two clones were present in duplicate. Nineteen of the re-
maining 43 clones had significant homology to known mam-
malian genes whereas 24 subtracted clones did not match 10
any known genes in the database.

Out of the nineteen clones with homology to known mam-
malian genes, seven corresponded 1o known bovine RPE/reti-
nal genes (Table 2}. The cDNAs 5779 and $2084 represented
bovine genes involved in the phototransduction process
[18,19]. The clones S810 and 51932 corresponded to differ-
ent regions of the RPE-specific gene SFRPS that was previ-

Clone name 1 2 3 4 5 Trsnseript size(kb)

|
#6300 s - 10
— R
§693 | = _— 10
B
690 e 9.1
8762 5
§775 8.5
88 »10
5789 6.5
3812 3
SE32 72
2054 55
5901 13
2992 35
GAFDH

Clons mme 1 2 3 4 5 Transeript sizefleh)
= T T Ty
s L | ss
2095 z
B1018 3.7
RBlo42 35
B1921 q
81931 q
51933 1.3
#1945 25
21977 q
F1997 ?
#2006 47
2016 18
GAPDH

Figure 1. Northern blot analysis of total RNA from ocular and non-ocular bovine tissues. Seven pg each of retinal (lane 1), RPE {lane 2), heart/
liver (lane 3), kidney/muscle (lane 4), and brain {lane 5) RNA were probed with each radiolabelled subtracted bovine cDNA. The cDNAs used
as probes and the detected transcript sizes are shown. GAPDH=Glyceraldehyde-phosphate dehydrogenase.
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ously isolated from this subtracted library {20]. $774, $1934
and 52066 were homologues of the bovine RPE-retinal G pro-
tein coupled receptor RGR [21]. In the present study, $774
detected a 3.4 kb transcript in the RPE, whereas $1934 and
52066 hybridized to a 1.5 kb transcript in both the RPE and
retina. These results are consistent with the reported RGR
expression in the bovine RPE and retipa [21]. RGR binds to
all-trans-retinal and is involved in the formation of 11-cis-
retinal in mice [22]. Mutations in the human gene encoding
RGR have been associated with retinitis pigmentosa {23]. [den-
tification of RGR from the subtracted bovine library is en-
couraging as it means that the subtracted clones can be a use-
ful resource for the identification ofnovel genes important for
retinal function and in retinal disease. Three bovine cDNAs
were orthologues of the human retinal genes, PHR{ [24], NRL
[6] and HRGA4 [7], respectively. Mutations in the photorecep-
tor-specific genes NRL and HRG4 lead to autosomal domi-
nant retinitis pigmentosa and dominant cone-rod dystrophy,
respectively [25,26). Their homology to known human retinal
disease genes reiterates that the subtracted bovine cDNAs can
be a valuable starting material for the identification of novel
retinal disease genes, found as orthologues of the bovine RPE/
retinal cDNAs. The transcript sizes of the bovine orthologues
of PHRI, NRL and HRG4 corresponded (o the transcripts en-

coded by these genes in the human retina (data not shown)..

However, as opposed to the retinal expression reported for the
human genes [6,7,24], the bovine orthologues were expressed
in both the bovine retina and RPE. “Expression” of these genes
in the bovine RPE is most likely due to a retinal contamina-

TasLe 3. NoveL BOVINE CDNAS EXPRESSED IN THE BOVINE RPE/

RETINA

GenBank
Bovine Accession Database Human UniGene
clone number homology identifier
5690 AF451165
$691 AF451166
5696 AF451167 DKFZp588B0621 Hs.157211
5762 AF451168 KIAA1522 He.322735
8775 BAF45116%
5788 AF451170 RP4-7%1K14*
578¢% AF451171
5812 AF451172 AdRab-G, FJ30107 Hs.343553
§832 AFa51173 KIAA1157 Ha.21894
5854 AF451174
5301 AF451175
5992 AF451176
5993 AF451177
5995 AF451178
51018 AF451179
51642 AF451180
51921 AF451181
51931 AF4511B3
51533 AF451184
51545 AF451185 RP1 163G9*
51877 AF451186
51997 AF451187 KIAADS562 Hs. 200595
52006 AF451188 FLJ10018 Hs.322045
52016 AF451189

*Human BAC (Bacterial artificial chromosome) clone

For each ¢cDNA the GenBank accession number, any homology to
uncharacterised human sequences and the corresponding Unigene
identificaticn are listed,
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tion in the RPE, although the possibility of species-specific
difference in RPE expression cannot be excluded.

Nine of the nineteen clones were orthologues of known
mammalian genes originally cloned from non-ocular tissues
(Table 2). The knowledge about the function of these genes in
non-ocular tissues combined with the present finding of their
expression in the RPE/retina can be extremely useful in eluci-
dating the biochemical pathways involved in retinal function
and dysfunction. For example, the bovine cDNA $S905, ex-
pressed in the retina and RPE in this study was an orthologue
of the human Glyoxalase 1 (Glo 1) [27], a gene ubiguitously
expressed in human tissues. We have detected Glo 7 expres-
sion in the human retina and RPE (S Sharma, unpublished
data). Glo I is involved in detoxification of methylglyoxal, a
by-product of the cellutar glycolytic pathway [28]. This may
imply that dysfunction of Glo f in the human retina/RPE might
lead to accumulation of methylgiyoxal in these tissues and
compromise retinal function. The bovine $1929 was an
orthologue of ACP33, a CD4 interacting protein that inhibits
CD4 function in T celis {29]. ACP33 is widely expressed in
human tissues [29), and its bovine orthologue was expressed
in the bovine RPE and retina in the present study. The RPE
cells do not express CD4 [30], however, the expression of
ACP33 in bovine RPE suggests that it may interact with other
proteins in the RPE. Another cDNA expressed in the bovine
retina and brain in our study was an orthologue of TTYH]
cloned from human brain [31]. TTYHI is a transmembrane
protein and has structural similarity to yeast iron-transporter
proteins [31]. The putative function of TTYH| as a transporter
and retinal expression of its bovine orthologue warrants in-
vestigation of its expression in the human retina,

Novel genes expressed in bovine RPE/retina: Twenty-
four bovine clones expressed in the RPE and/or retina (Figure
1} did not have significant homology with known gene se-
quences in the databases and therefore appear to be novei.
The sequences of these novel cDNAs have been submitted to
the GenBank (NCBI) and their GenBank accession numbers
are listed in Table 3. Although these ¢cDNAs had no homology
to “known genes,” some bovine cDNASs exhibited significant
homology to uncharacterised human cDNAs or to human ge-
nomic sequences in the database (Table 3) suggesting that lat-
ter are the human orthologues of the bovine clones, A number
of bovine genes expressed in the retina or RPE have led to the
identification of important human retinal and RPE genes such
as rthodopsin and RPE65 [32,33]. Mutations in the genes en-
coding the human thodopsin and RPE65 lead to degenerative
retinal disease [34]. We anticipate that the human orthologues
of the subtracted bovine cDNAs would be expressed in the
human RPE and/or retina similar to their bovine counterparts
and represent novel RPE/retinal genes and potential candi-
dates for retinal disease.

5696, expressed in the bovine RPE (Figure 1), showed
significant sequence identity to a human cDNA present in the
UniGene cluster Hs.157211 that is mapped at 11923.3. The
human ¢cDNA exhibits some similarity to human corplement-
Clq tumor necrosis factor related protein 5 [35]. Several in-
herited retinal dystrophies have been mapped to chromosome
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11, however, the human orthologue of $696 does not map toa
disease locus on this chromosome and is therefore unlikely to
be a retinal disease candidate. The Hs.157211 is constituted
by ESTs from various human tissues including RPE and brain,
indicating that besides its expression in non-ocular tissues,
the gene represented by this cluster is also expressed in neural
tissues. Bovine cDNAs S788 and 51945 expressed in the retina
and RPE, respectively (Figure 1), had significant sequence
similarity with regions of human bactertal chromosome (BAC)
clones (Table 3). This nucleotide homology suggests the ex-
istence of human orthologues of $788 and §1945, which are
expected to express in the human retina and RPE, respectively,
S812 expressed in the bovine RPE (Figure 1) had significant
nucleotide and amino acid similarity to an uncharacterised
hypothetical protein AdRab-G identified from rabbit intestine
[36]. It was also homologous to human ESTs from neuroglioma
and retinoblastoma cell lines. Likewise, 5762, S832, $1997,
and S2006 exhibited homologies to uncharacterized cDNAs
from human brain. These homologies indicate that the human
orthologues of these bovine clones are expressed in neurcnal
tissues and are likely to be expressed in human RPEfretina,
However, the Unigene clusters consisting of these
uncharacterized human ¢DNAs also include ESTs from non-
ocular tissues. Though we observed predominant expression
of 5762, 5812, 8832, S1997, and $2006 in the bovine RPE/
retinal, their human orthologues may be more widely expressed
in human tissues. This does not preclude these penes from
being potentially important in retinal function, as widely ex-
pressed genes can be vital for normal retinal function. For
example, mutations in TIMP-3, a widely expressed human
gene, lead to Sorsby's fundus dystrophy that is characterised
by accumulation of lipid deposits in Bruch’s membrane be-
neath RPE and sub-retinal neovascularisation [37,38]. Thus,
investigation of the expression and function of the human
orthologues of bovine RPE/retinal genes identified in this study
is likely to yield potentially important genes in these tissues.

Sixteen bovine cDNAs did not have any significant match
in the databases at NCBI. The reason for not identifying the
human orthologues of these bovine cDNAs can be absence of
ESTs from human orthologues of bovine cDNAs in the data-
base. Furthermore, some subtracted bovine cDNAs may in-
clude the 3-untranslated region of the gene and not the cod-
ing region that is more likely to be conserved between bovine
and human and thus likely to reveal the human orthologue,
Additional sequence information of these bovine cDNAs will
facilitate the identification of their respective potentially novel
human orthologues.

In conclusion, all the subtracted bovine cDNAs whose
expression was detectable by Northern blotting were expressed
in the RPE and/or rétina, demonstrating the efficacy of the
subtraction method. The homology searches revealed the hu-
man orthologues of about twenty percent of these bovine
clones, present as uncharacterised cDNAs in the database. Ap-
proximately forty percent of bovine ¢DNAs represent novel
genes. These bovine cDNAs predominantly expressed in the
RPE/retina will serve as a valuable resource for the identifica-
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tion of their human counterparts, likely to be expressed in the
RPE or retina. Earlier, the RPE-specific genes SFRPS, BMP-
4 and Kir7.1 were cloned from this subtracted library
[19,39,40]. The possibility of detecting human RPE/retinal
genes as orthologues of subtracted bovine RPE/retinal cDNAs
extends a useful strategy for identifying novel genes as well
as candidates for retinal disease without using human RPE/
retina as the starting material.
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Retinoids play a critical role in vision, as well as in
development and cellular differentiation. B,8-Caro-
tene-15,15"-dioxygenase (Bcdo), the enzyme that cata-
lyzes the oxidative cleavage of §,-carotene into two
retinal molecules, plays an important role in retinoid
synthesis. We report here the first cloning of a mam-
malian Bedeo. Human BCDO encodes a protein of 547
amino acid residues that demonstrates 68% identity
with chicken Bedo. It is expressed highly in the retinal
pigment epithelium (RPE) and also in kidney, intes-
tine, liver, brain, stomach, and testis. The gene spans
approximately 20 kb, is composed of 11 exons and 10
introns, and maps to chromosome 16q21-g23. A mouse
orthologue was also identified, and its predicted
amino acid sequence is 83% identical with human
BCDO. Biochemical analysis of baculovirus expressed
human BCDO demonstrates the predicted g8,8-caro-
tene-15,15'-dioxygenase activity. The expression pat-
tern of BCDO suggests that it may provide a local
supplement to the retinoids available to photorecep-
tors, as well as a suppleinent to the retinoid pools
utilized elsewhere in the body. In addition, the finding
that many of the enzymes involved in retinoid metab-
olism are mutated in retinal degenerations suggests
that BCDO may also be a candidate gene for retinal

degenerative disease.  © 2001 Academic Press

INTRODUCTION

Vertebrate phototransduction, the process by which
light energy is converted into a neurochemical signal,
is carried out by photoreceptor cells within the retina
(Koutalos and Yau, 1996; Lagnado and Baylor, 1992;
Palczewski et al., 2000; Polans et al., 1996; Pugh er al,

* To whom ¢orrespondence should be addressed at Johns Hopkins
University Schoel of Medicine, 809 Maumeree, 600 N. Wolfe Street,
Baltimore, MD 21287. Telephone: (410) 502-5230. Fax: (410) 502-
5382. E-mail: dzack@bs.jhmi.edu.

1999; Rattner et al, 1999) and is supported by the
underlying cells of the retinal pigment epithelium
(RPE} (Bok, 1993). 1t is initiated when a visual pig-
ment, rhodopsin in rods or one of the color pigments in
cones, absorbs a photon of light. These pigments con-
sist of an opsin apoprotein joined in a Schiff base link-
age to the chromophore 11-cis-retinal. Upon photo-
isomerization of the 11-cis-retinylidine group to an all-
trans-retinylidine group, the pigment undergoes a
sequence of conformational changes. These changes
eventually result in the activation of the retinal G-
protein transducin, and amplification of the light sig-
nal. A hydrolysis step then leads to the release of free
all-trans-retinal.

Regeneration of fresh rhodopsin from epsin requires
a constant supply of 11-cis-retinal. The major mecha-
nism for supplying photoreceptors with fresh chro-
mophore, which is known as the visual cycle {or retin-
oid cycle), involves recycling from the released all-
trans-retinal (Crouch et al., 1996). Upon release from
the binding pocket of rhodopsin, the potentially reac-
tive all-trans-retinal is transported to the cytoplasm by
a mechanism that is thought to involve a photorecep-
tor-specific ATP-binding cassette transporter (ABCR)
{Ahn and Molday, 2000; Haeseleer et al., 1998: Rattner
et al, 2000; Sun and Nathans, 1997, 2000; Weng et al.,
1999). It is then reduced to all-trans-retinol (Haeseleer
et al, 1998, Rattner et al, 2000) and subsequently
translocated to the RPE. Within the RPE, a putative
retinol isomerase catalyzes the conversion of all-frans-
retinol into 1l-cis-retinol (Bernstein et al, 1987;
Deigner et al., 1989; Winston and Rando, 1998). It has
been suggested that the esterified form of all-trans-
retinol serves as the immediate substrate for the pu-
tative isomerohydrolase (Canada et al., 1990; Ruiz et
al., 1999; Trehan et al., 1990), but this issue is contro-
versial (McBee et al, 2000; Stecher et al, 1999).
RPE65, a protein of unknown function that is prefer-
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entially expressed in the RPE (Hamel et a/, 1993;
Nicoletti et al, 1995), appears to be required for
isomerization. RPE65 null mice accumulate all-trans-
retinyl esters in their RPE cells and are deficient in
11-cis-retinal (Redmond ef al., 1998; Van Hooser #f al.,
2000). Finally, 11-cis-retinol generated by the isomer-
ase reaction is oxidized to 11-cis-retinal by 11-¢is-RDH
{Simon et al., 1995) and other oxidizing systems (Dries-
sen et al., 2000; Jang et al., 2000) and transported back
to the photoreceptor cells.

A second complementary mechanism for providing
retinoids involves their generation from dietary retin-
oids and retinoid precursors. Since animals cannot syn-
thesize vitamin A (retinol) de novo, vitamin A and its
derivatives are derived from the oxidative cleavage of
C, carotenoids. In one pathway, the enzyme fB,3-caro-
tene-15,15'-dioxygenase (EC 1.13.11.21; §,B-carotene
dioxygenase, Bcdo) catalyzes the conversion of B.3
carotene into two molecules of all-trans-retinal. How-
ever, the biochemistry and molecular biology of this
pathway and its biological importance in vertebrates
are not well understood, partly due to difficulties in
purifying and studying the enzyme(s) in vitro. In fact,
it was only recently that cDNAs for vertebrate
(chicken) and invertebrate (Drosophila) Bedo were
cloned (von Lintig and Vogt, 2000a; Wyss et al., 2000).
Of particular interest to the studies presented here is
the recent finding that mutations in Drosophila Bedo
are responsible for the ninaB photoreceptor degenera-
tion (von Lintig et al,, 2000b).

In the process of characterizing clones from a human
RPE c¢DNA library that are preferentially expressed in
the RPE. we identified a clone that shows homology
with RPE65 and also with chicken Bedo and other
retinoid dioxygenases. In this paper we present the
initial molecular characterization of the murine and
human ¢cDNAs and the human BCDO gene, explore the
expression pattern of the human gene, and demon-
strate that human BCDO does indeed encode a protein
with Bedo activity, thus providing the first evidence for
a cloned mammalian Bedo. We also suggest that Bedo
in the RPE may play an important role in a local
secondary pathway for the synthesis of all-transreti-
nal, particularly under bright-light conditions where
the normal visual cycle may be stressed.

MATERIALS AND METHODS

Cloriing of the hurman BCDO gene. A human RPE cDNA library
in Uni-ZAP XR (Stratagene) was in vivo excised, and 2000 random
clones were grown on LB/ampictllin plates. Using a subtracted bo-
vine RPE cDNA library as template {Chang er al, 1997, 1999),
polymerase chain reaction (PCR) products were generated with
primers (W8, 5-AGGAATTCGGCACGAGNN-3' and W9, 5'-
CGGGCCCCCCCICGAGTT-3) and Jabeled with [a-®P]dCTP by
random prime labeling. The labeled products were used as probes 1o
screen the above-mentioned human RPE cDNA library, and selected
clones were sequenced by standard methods (Thermo Scquenase
Cycle Sequencing Kit, Amersham, Piscataway Pharmacia Biotech).
BCDO 5-RACE {Marathon-ready cDNA, Clontech) was conducted
according to the manufacturer’s instructions using the following
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primers: adaptor primer ! (5-CCATCCTAATACGACTCACTAT-
AGGGC-3); BCDO antisense primer 1 (W121, 5'-CGGGCACAAA-
CAGGGGTTCC-3" adaptor primer 2, 5'-ACTCACTATAGGGCTC-
GAGCGGC-3): and BCDO antisense primer 2 (5-ACCCC-
TCGAAGCTCTAAGCCTTCA-31. Resulting PCR products were sub-
cloned into the pCR2.1 vectar using a TA cloning kit (Invitrogen) ac-
cording to the manufacturer’s direction and sequenced.

To obtain the gene structure of BCDO, RPCI-11 Human Male BAC
library high-density filters (Segment 1, Bacpac Resource} were
screened using a *P-labeled PCR fragment generated with the prim-
ers W13l (5-AAAGGAGGTTTCTTAGAAGGACTG-3") and W133
(5"-CAGCCATTGTCTCTACTGATCC-3). Four clones containing the
entire human BCDO gene were isolated, and intron/exon boundaries
were determined by sequencing the BAC clones directly or PCR
products generated using the BAC clones as templates. .

A mouse orthologue was also identified by searching the EST
database (National Center for Biotechnology Information) (Altschul
eral, 1990, 1997), and the ST clone was obtained and sequenced on
both strands.

Northern blot hybridization. Total RNA from human RPE and
neural retina was extracted from human donor eyes (Maryland Eye
Bank) using Trizol reagent (Life Technologies); all other total RNA
used was purchased frem Clontech. Northern blots with 10 pg of
total RNA from RPE, retina, liver, brain, and testis were prepared
and hybridized by standard methods using either a PCR-generated
PCR probe (primers W78, 5'-CCAGGACTTCAAGGAGAACTCCAG-
3', and W121) or 2 human B-actin probe. A human Multiple Tissue
Northern blot (MTN) (Clontech), centaining 2 #g poly(A) " RNA from
a variety of tissues, was also hybridized with the same probes as
previously described (Chang et al., 1999).

Reverse transcription-PCR (RT-PCR) analysis.  Ome microgram of
total RNA was reverse transcribed with an olige(dT) primer using
SuperScript I reverse transcriptase (Life Technologies) according to
the manufacturer’s protocol. Aliguots of first-strand cDNA were PCR
amplified using primers for human BCDO (W78 and W121} and for
human glyceraldehyde phosphate dehydrogenase (GAPD) (W226 5'-
GGGGGAGCCAAAAGGGTCAT-3" and W227 5-GCCCCAGCGT-
CAAAGGTGGA-3") and then analyzed by agarose gel electrophoresis.

Chrornosomal localization of the human BCDO gene. Radiation
hybrid mapping of the human BCDQ gene was carried out using the
Stanford G3 panel and primers W131 and W133, following the sup-
plier's instructions (Research Genetics), A Chinese hamster- human
somatic cell hybrid panel was also analyzed with the same set of
human BCDO primers as used for the G3 panel, according to the
supplier's instructions (Coriell),

Primner extension.  Primer W180 (5" 1TCCCTCCTTCACATCTCTG-
31 was labeled with |y-"PJATP by T4 polynucleotide kinase. Ten mi-
crograms of total hurnan RPE RNA was denatured with 5 pmol of
labeled primer at 80°C for 90 s and annealed at 50°C for 20 min. Primer
extenslon was carried out with ThermoScript reverse transcriptase
(Life Technologtes) at 45°C for 15 min and then at 65°C for 60 min, and
the resulting products were incubated with RNase AI/H at 37°C for
15 min, extracted with phenol/chloroform, ethancl precipitated, and
separated on a 6% sequencing gel. The sequence ladder was created
using the same primer (W180) with one of the human BCDO clones
as template.

Generation of anti-BCDQ polycional antibody. A rabbit poly-
clonal antibody against BCDO was generated by standard methods.
The peptide RLUTSVPTLRRFAVPLHVDK, corresponding to human
BCDO codons 348-367, was synthesized, purified to greater than
80% by HPLC, and then conjugated to keyhale limpet hemecyanin
{KLH) as carrier. Two rabbits were immunized with the KLH pep-
tide. Hyperimmune serum was processed over an immunssorbent to
capture antibodies specific for the peptide. The aflfinity-purified an-
tibody was then titered by ELISA methods.

Immunoblot analysis of Bede protein expression. Bovine tissues
were sonicated in buffer (50 mM sodium phosphate, pH 7.8, 300 mM
NaCl, 1 pg/ml leupeptin, 1 ug/m! aprotinin, 0.1 mM PMSF) and
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centrifuged at 14,000g for 30 min at 4°C to separate soluble and
insoluble fractions. The protein concentration of the supernatant and
pellet extracts was determined by the Bradford method (Bio-Rad
Laboratories). Ten micrograms of protein from each set of extracts
was electrophoresed on 4 -15% gradient Bio-Rad Ready gels by stan-
dard methods. After electrophoresis, the gel was soaked in transfer
buffer (25 mM Tris-HCJ, 192 mM glycine, 20% methanol) and semi-
dry transferred to a nitrocellulose membrane following the manufac-
turer's instructions (Bio-Rad Laboratories). The nitrocellulose mem-
brane was fixed in methanol destain solution (25% methanot, 10%
acetic acid) for 10 min at room temperature. After being blocked with
5% dry milk in 1% TBST {50 mM Tris-HCI, pH 7.4, 200 mM NaCl,
0.1% Tween 20) for 1 h at room temperature, the membrane was
incubated overnight at 4°C with the rabbit polyclonal antibody
against BCDO {(1:8000) in 5% dry inilk, washed four times with 1%
TBST, and incubated with horseradish peroxidase-conjugared anti-
rabbit antibody (1:2000) in 5% dry inilk in 1x TBST for 1 h at room
temperature. After washing, antibody binding was visualized using
ECL plus reagent (Amersham Pharmacia Biotech).

Expression of human BCDQ in insect cells. DNA containing the
entire human BCDO coding region was amplified by PCR from a
pBluescript BCDO ¢DNA containing plasmid using primers FH350
(5"-GCAATGGATATAATATITGGCAGG-3} and FH351 (5'-CCAT-
CAGGTCAGAGGAGCC-3") and 25 cycles at 94°C for 30 s, 60°C for
30 s, and 68°C for 2 min. The PCR product was cloned into the
pCRII-TOPO vector {Invitrogen) and sequenced using the BigDye
Terminator Cycle Sequencing Kit {(Applied Blosystems). The coding
region of human BCDO was then transferred as a BamHI-Xhol
fragment into the BamHI-Xhdl sites of pFASTBac (Life Technolo-
gies). A BCDO recombinant baculovirus was obtained by transposi-
tion in DHI0BAC bacteria and amplified after transfection into Sf9
cells. The expression of recombinant proteins was tested 3 days
postinfection.

Assay for BCDO activity.  SI9 cells containing either the BCDO
recombinant baculovirus oy the empty bacmid were solubilized with
0.1% Triton X-13) in 20 mM BTP (1,3-bis[t ris(hydroxymethyl)-meth-
ylamino]propane) (pH 7.4) in a 1:9 ratio (cell pellet to buffer) at 0°C
for 30 min. The solubilization mixture was then centriluged -at
98,600g, and the resulting supernatant was used (o assay for BCDO
activity. The unused supernatant was aliquoted and flash-lrozen
with liquid nitrogen without affecting the enzymatic activity. The
assay mixture (100 pl) contained BTP (final concentration, 45-70
mM, pH 7.4), NaCl (33-65 M), Triton X-100 (0.095%), FeS0, (10
1M}, ascorbic acid (10 mM), the solubilized enzyme (33-132 ug

protein), and 2 pl of 8,B-carotene (40 pM) in N.N-dimethylform- -

amide, which was added last to initiate the reaction. The reaction
was Incubated at 37°C for various times and terminated with 300 ul
of methanol and 200 ul of 0.4 M NH,OH {pH 6.5, freshiy prepared).
The mixture was then placed on a mixer at room temperature for 30
min and extracted with 500 ul hexane. After mixing and separating
phases, 400 ul of the upper phase was removed and dried using a
Speedvac. The extraction was repeated once. The residue was dis-
solved in 120 w) hexane. One hundred microliters of the hexane
sofution was analyzed by normal-phase HPLC (Alitech, silica 5 um,
2.1 X 250 mm) with 4% ethy] acetate/96% hexane at a flow rate of 0.5
ml/min using an HP1100 with a divde-array detector and HP Chem-
station A.06.03 software. The (syr) all-transretinal oxime fraction
{the major product) was collected and quantified for the B.8-carotene-
15,15 -dioxygenase activity.

RESULTS
Cloning of a Human ¢cDNA with Flomology to Bedo

To identify human ¢cDNAs representing genes that
are preferentially expressed in the RPE, a nonsub-
tracted human RPE ¢DNA library was screened with a
PCR probe generated from a previously described sub-
tracted bovine RPE ¢DNA library (Chang et al., 1997,
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1999). Among the multiple novel positive clones iden-
tified, the sequence of one showed 37% identity with
human RPEG5 at the deduced amino acid level. Based
on the findings described below, we called this clone
BCDO.

The open reading frame of the human BCDO ¢cDNA
encodes a predicted protein of 547 amino acids with a
calculated molecular mass of 62 kDa. The predicted
amino acid sequence shows 67% identity and 80% sim-
flarity with a recently published chicken Bedo se-
quence (Wyss et al.,, 2000) (Fig. 1). Homology between
human and chicken Bedo is distributed fairly equally
throughout the entire protein, but human BCDO has
an extra 20 amino acid residues at its carboxyl termi-
nus. Recent analysis of GenBank entries identified
both human and murine Bedo EST clones (GenBank
Accession Nos. AK001592 and AWI107279, respec-
tively). The open reading frame of the full-length mu-
rine EST clone, which we obtained and sequenced,
encodes a protein of 566 amino acids that has 83 and
66% identity with the human and chicken clones, re-
spectively (Fig. 1). Most of the sequence variation be-
tween the murine and the human clones is located at
the carboxyl terminus. Overall, chicken Bedo, murine
Bedo, and human BCDO appear to be orthologues of
one another. A Drosophila B,fB-carotene dioxygenase
was also recently cloned (von Lintig and Vogt, 2000a).
The amino acid homology between human BCDO and
Drosophila Bedo is 24%, while the homology between
chicken Bedo and Drosephila Bedo is 31%.

The alignment of the BCDOs and human RPE65
shown in Fig. 1 reveals four areas of increased se-
quence conservation (labeled A-D). The homology of
regions A and D) is high and specific enough that data-
base analysis using these regions with Blastp and an
Expect (£) value of 1000 (Alischul et al, 1990, 1997)
yields significant matches only with diexygenases and
RPEG65 homologues. Among the real and “hypothetical”
dioxygenases that show homology to region A are pro-
teins/genes from Caenorhabditis elegans (Accession
Nos. CAB60367 and AAC67462), Arabidopsis thaliana
(T10688), Synechocystis sp. (S76206 and S$76169), and
Streptomyces coelicolor (CAB56138). Since all these
proteins presumably use iron cation as part of their
oxidative mechanism, it is possible that region A or one
of the other conserved sequences might be involved in
iron cation binding.

Genomic Structure of the Human BCDO Gene

To explore its possible relationship to human dis-
ease, the gene structure and chromosomal localization
of human BCDO were determined. Four BAC clones
containing the entire human BCDO gene were identi-
fied by screening a set of high-density BAC filters. The
exon/intron boundaries of human BCDO were deter-
mined by sequence comparison of the genomic and
cDNA clones. BCDO spans approximately 20 kb and
consists of 11 exons and 10 introns (Table 1), The exons
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FIG. 1. Sequence comparison of human, mouse, chicken, and Drosophila BCDO and human RPEG5. The most conserved repions are
shaded and labeled A-D. H-BCDO, human BCDO: M-Bedo, mouse Bede; C-Bede. chicken Bedo; D-Bedo, Drosaphifa Bedo; H-RPESS, human
RPEBS. A period represents a residue that is identical to the human BCDO sequence, and a dash represents a site at which a space was
introduced to maximize alignment. An asterisk indicates a position that is conserved in all Bedo proteins but not in human RPE6GS. The
sequence of the peptide used as an immunogen is shaded and undertined. The alignment was generated using GeneWorks 2.5.1 (Oxford

Scientific) and modified 1o maximize homology.

range in size from 95 to 795 bp. Intron sizes, which
were determined by PCR and confirmed by GenBank
analysis, range from approximately 660 bp to 3 kb. All
the 5’-donor and 3’-acceptor sites are consistent with
the GT-AG consensus for pre-mRNA splicing recogni-
tion sequences,

Primer extension was used to identify the transcrip-
tion start sites for human BCDO. Several potential
initiation sites were identified, with the major site 216
bp upstream of the initiation methionine (Fig. 2). This
is consistent with the existence of a typical TATA box
30 bp upstream of the transcription start site. Another

weaker start site was identified 185 bp upstream of the
ATG translation start codon (data not shown).

Human BCDO Gene Maps to 16g21-q23

The chromosomal localization of human BCDO was
determined using a combination of somatic cell and
radiation hybrid analyses. The gene maps to chromo-
some 16q21-q23. This position is close to the BBS2
locus for Bardet-Biedl syndrome, an autosomal reces-
sive disease associated with pigmentary retinopathy,
mental retardation, polydactyly, obesity, and hypogen-
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FIG. 1—Continued
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italissn (Beales et alf, 1997; Bruford et al, 1997:
Kwitek-Black et al., 1993). Whether BCDO mutations
are associated with some cases of Bardet-Bied] syn-
drome is currently under investigation.

Human BCDO mRNA Is Highly Expressed
in the RPE

Northern analysis indicates that BCDO is highly
expressed in human RPE as a 2.4-kb transcript (Fig.
3A), which is 0.7 kb shorter than the chicken Bedo
transcript. BCDO was not detected in retina, liver,
brain, or testis in our human total RNA blot (Fig. 3A)
nor in heart, brain, placenta, lung, liver, skeletal mus-
cle, kidney, or pancreas in a Clontech human poly(A)*

RNA MTN blot (data not shown). To analyze further
the expression pattern of human BCDQ, RT-PCR was
carried out with total RNAs from a variety of human
tissues (Fig. 3B). Consistent with the Northern result,
human BCDO is preferentially expressed in the RPE,
but also expressed at lower levels in kidney, testis,
liver, and brain. Since it is reported that chicken Bcdo
is expressed primarily in duodenum, we also analyzed
the expression of human BCDO mRNA in small intes-
tine by RT-PCR. Although our RT-PCR is not quanti-
tative, the level of BCDO in intestine seems similar 1o
that in kidney and lower than that in RPE (Fig. 3B).
We also performed RT-PCR for human RPE65 and
found that its expression pattern is more restricted

TABLE 1

Exonf/intron Boundaries of the Human BCPO Gene

Exon Exon size {bp) Intron Intron size {kb) 5" donor 3’ acceptor

1 282 A 0.63 TGACAGgtgape tctcagGCAAGA
2 129 B 1.4 GAGACCgtgaga tigeagGCTGAAG
3 130 C 2.4 TTCCAAgtaact ccccagAGCTTT
4 148 D 24 GAGAAGgtatca ttgeagGTTCGAT
5 148 E 2.8 TACCAGegtagge tgetagAGGGCA
6 224 F 2.2 GAGAAGgtgagg tticagACTTAT
7 258 G 1.1 GACAAGgtaatg tttcagAATGCA
8 106 H 2.0 ATGAAGgtaaaa ttgtagGCTTAG
9 95 1 0.68 ACCAAGgtactg gtacagATAATA

10 112 J 2.7 ATGACGgtaaga ctaaagGAGTAA

11 795

Note. The exon sequences are shown in uppercase letters, and the intron sequences are displayed in lowercase letters. The gt-ag consensus
sequences in the splicing sites are shown in boldlace type.
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FIG.2. Primer extension analysis of the Bedo transcription start
site. The arrow indicates the position of the band in lane 1 corre-
sponding to the major transcription start site, at 216 bp upstream of
the initation mnethionine. Sequencing lanes that were used for ori-
entation are shown.

than that for BCDO {data not shown), consistent with
the fact that so far RPE65 expression outside the RPE
has been reported only in transformed kidney cells and
cone photoreceptors (Ma et al, 1998, 1999).

Bovine RPE Expresses Bedo Protein

To confirm at the protein level that Bedo is expressed
in the RPE, we generated a polyclonal anti-Bcedo anti-
body. The antibody was raised against a Bcdo synthetic
peptide containing a sequence that is 100% conserved
between human and mouse Bedo and is minimally
homologous to RPEG5 (see Fig. 1). As a positive control,
the antibody detected a 65-kDa band in total cell ex-
tract from BCDO expressing Sf9 cells (see below), but
not in an extract from Sf9 cells infected with an empty
bacmid vector (Fig. 4). As expected, a band with similar
mobility was detected with bovine RPE extract. No
immunoreactivity was seen with bovine retinal ex-
tract.

Human BCDQ Has Dioxygenase Activity

To study the biochemical characteristics of human
BCDO. the enzyme was expressed using a baculovirus

A B
RPRLBT

FIG. 3. Huwman BCDO gene is highly expressed in the RPE, (A)
Northern analysis of human total RNA probed with labeled human
BCDO cDNA. Lanes: Rp, RPE; R, retina; L, liver: B, brain: and T,
testis. B-actin probe (bottom) was used to control for the amount of
RNA loaded. (B) Expression of human BCDO gene analyzed by
RT-PCR. The BCDO primers yielded a 364-bp fragment, and the
control GAPD primers yielded a 556-bp fragment. Lanes: R, retina;
Rp, RPE; L, liver; H, heart: K, kidney: T, testis; B, brain; S, spleen;
1, small intestine: St, stomach; C, colon; and (). negative control.
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FIG. 4. BCDO protein is expressed by bovine RPE. {A) Immuno-
blot analysis of Bedo expression, Ten micrograms of protein from
bovine retina ("R") and RPE ("Rp") was loaded in the indicated
lanes. The apparent molecular mass of the band in the RPE lane
representing Bedo is approximately 65 kDa, and its position s indi-
cated on the right side of the panel. As positive and negative controls,
respectively, SO cell extract (0.2 pg protein-total) from cells infected
with BCDO expressing baculovirus (“+) and baculovirus without
insert (*—") were alse run. {B) Coomassie blue stained protein gel
containing the same samples as in “A,” except that 2 pg S extract
was loaded in lane “+." .

system. The majority (>75%) of BCDO activity was
extracted without detergent, suggesting that the en-
zyme is a soluble protein. To improve delivery of 8,3-
carotene, extracts were supplemented with Triton
X-100. The crude 0.1% Triton X-100 soluble fractions
were then tested for BCDO activity using a HPLC
assay. Extracts from cells containing the BCDO recom-
binant baculovirus (Fig. 5A, a), but not from control
cells containing the empty bacmid (Fig. 5A, d), demon-
strated conversion of the B,3-carotene substrate into a
major peak representing (syn} all-trans-retinal oxime
and minor peaks representing (anti all-trans-retinal
oxime, (syn) 13-cis-retinal oxime, and (ant) 13-cis-ret-
inal oxime. The retinoids were identified by their char-
acteristic absorption spectra and elution times of au-
thentic standards. For example, the absorption
spectrum of peak 2 (Fig. 5A, inset) is consistent with
all-trans-retinal, and peak 3 represented 13-cis-retinal
oximes {data not shown). The activity was significantly
reduced by the addition of EDTA (Fig. 5A, b) and
eliminated by prior boiling of the exiract (Fig. 5A, ). As
expected, the enzyme activity was also time- (Fig. 5B)
and concentration-dependent (Fig. 5C).

The formation of small amounts of 13-cis-retinal is
consistent with an equilibrium between all-trans-reti-
nal and 13-cis-retinal. The formation of the equilib-
rium is accelerated by the presence of membranes, and
standard all-trans-retinal was converted to 13-cis-ret-
inal even in the presence of boiled membranes. Simi-
larly, the formation of 13-cis-retinal has been observed
in similar assays carried out with the Drosophila en-
zyme (von Lintig and Vogt, 2000a).

The substrate specificity of BCDO was explored us-
ing other carotenoids and found to be specific toward
B-carotene. No detectable activity was observed with
the B,p-carotene-related compounds lutein (hydroxy-
lated form) or lycopene, using the same HPLC assay

~under similar conditions as used for 8,8-carotene (data
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FIG. 5. BCDO protein has B.B-carotene 15,15'-dioxygenase activity, (A) The assay and HPLC conditions were as described under
Materials and Methods. Numbered peaks represent: 1, 8,8-carotene: 2, (syn) all-frans-retinal oxime; 2, (ant)) all-frans-retinal oxime: 3, (syr)
13-cis-retinal oxime: and 3', (aurt) 13-cis-retinal oxime. (Inset) UV spectrum of peak 2, Triton X-100 (0.1%) solubilized extract (66 (g protein)
was assayed for 8 8-carotene 15.15"-dioxygenase at 37°C for 70 min with 10 uM FeSO,, 10 mM ascorbic acid, and 40 uM 8,8 carotene (2) and
in the presence of 5 mM EDTA (b). The same assays were also performed after boiling () and with 0.1% Triton X-100-soluble fraction from
control cells infected with an empty bacmid (d). (B} The recombinant 0.1% Triten X-100-solubilized 8,8-carotene 15,15 -dioxygenase (66 ug
protein, top trace) and control (ernpty bacmid) (108 pg protein, bottom trace) extracts were assayed at 37°C for the indicated times with 10
pM FeSO,, 10 mM ascorbic acid, and 40 uM 8.8 —carotene. Enzymatic activity was expressed as picomoles of {syr) all-trans-retinal oxime
produced. {C) Increasing amounts of recombinant 0.1% Triton X-100-solubilized B.B-carotenc-15,15"-dioxygenase (2.2 pg protein/ul, top
trace} and control (empty bacmid) (3.6 ug protein/ul, bottom trace) extracts were assayed at 37°C for 65 min with 10 M FeS0,. 10 mM

ascorbic acid, | mM DTT, and 40 pM B, B-carotene.

rot shown}. These results are similar to those observed
with the Drosophila enzyme (von Lintig and Vogt,
2000a) and with crude preparations of rat liver and
intestine (Nagao and Olson, 1994).

DISCUSSION

Since mammals cannot synthesize vitamin A or
other retinoids de novo, the major source of new retin-
oids is dietary intake of plant-derived C,, carotenoids,
with subsequent oxidative cleavage. Although the abil-
ity of certain mammalian tissues to convert B,8-caro-
tene into vitamin A has been known for well over 50
years, its mechanism has been controversial, with an
active debate about whether the cleavage was central
or eccentric {Sivakumar, 1998). Recently, however,
there were significant developments in this field with
the first cloning of invertebrate (Drosophila) (von
Lintig and Vogt, 2000a) and vertebrate (chicken) (Wyss
et al, 2000) Bedos and demonstration that the Dro-
sophila enzyme works via a central cleavage mecha-
nism.

In this paper, we describe the first cloning of a mam-
malian Bedo. Based on their high level of sequence and
biochemical similarity with chicken Bedo (Wyss et al,

2000}, we suggest that the human and murine genes
are orthologues of the chicken gene and probably also
orthologues of the Drosophila gene (von Lintig and
Vogt, 2000a). Like chicken and Drosophila Bedo, hu-
man BCDO uses a central cleavage mechanism at the
15,15 double bond, to produce two molecules of retinal
from each molecule of B8,B-carotene, and is highly re-
stricted in terms of substrate specificity. Also, like
chicken and Drosophila Bedo, the mammalian enzyme
is soluble rather than membrane-associated, as shown
by the solubility of the baculovirus expressed human
BCDO as well as by immunoblot analysis of mem-
brane-associated and soluble fractions of bovine RPE
{data not shown).

Interestingly, the homology between human BCDO
and human RPEG65 is at least as high as, and probably
higher than, that between human BCDO and Drosoph-
ila Bedo, suggesting the possibility that RPE65 might
have Bedo activity. However, direct testing of in vitro
expressed RPEGS protein failed to identify any such
activity (von Lintig and Vogt, 2000a). Perhaps related
to this lack of Bedo activity, there is a central aspara-
gine in the sequence of region A that is conserved in all
homologous dioxygenases that is changed to a cysteine
in all known RPEG65s (Fig. 1).
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Although the function of Bedo is at this point un-
clear, we suggest that it may, in part, act as a compo-
nent of a local supply pathway to supplement the vi-
sual cycle in providing 11-cés-retinal to photoreceptars.
Such a mechanism would be particularly important
under bright-light conditions when the ability of the
visual cycle to provide sufficient substrate might be
limited. As a precedent demonstrating that some reti-
noid metabolizing enzymes might be important mainly
in times of stress, 11-cisretinol dehydrogenase null
mice appeared to have normal dark adaptation kinetics
under typical light conditions, but when subjected to a
strong bleach they demonstrate significantly delayed
dark adaptation kinetics (Driessen et al, 2000). Per-
haps also of relevance to the situation with Bedo, 11-
cis-retinol dehydrogenase is expressed in a number of
tissues outside the eye, but no extraocular phenotypes
have been reported in the knockout mice.

The human BCDO gene maps to chromosome 16q21-
g23. which is near the recessive BBS2 locus for Bar-
det-Bied! syndrome (Beales et al., 1997: Bruford er al.,
1997; Kwitek-Black et al., 1993). BCDO is a reasonable
candidate gene for BBS, not only because of its map
location, but also because several of the characteristics
of the syndrome, such as retinal degeneration and poly-
dactyly, could be related to abnormalities of the retin-
oid metabolism. In addition, BCDO could be considered
as a candidate gene for a number of other retinal dis-
eases both because of the earlier mentioned association
with the Drosophila ninaB phenotype (von Lintig et al.,
2000b) and because many retinal degenerations have
been associated with mutations in genes involved in
the visual cycle and retinoid metabolism and trans-
port. For example, mutations in ABCR have been as-
sociated with Stargardt's disease (Allikmets et al,
1997b) and possibly, but controversially, with age-re-
lated macular degeneration (Allikmets, 2000; Allik-
mets ef al., 1997a; Dryja et al., 1998; Stone et al., 1998);
mice null for interphotoreceptor retinoid binding pro-
tein (IRBP) develop an early retinal degeneration (Liou
et al, 1998) (although surprisingly the visual cycle
appears to function fairly normally in the absence of
IRBP) {(Palczewski er al, 1999; Ripps et al., 2000):
mutations in 1l-cis-retinol dehydrogenase have been
reported in patients with fundus albipunctatus
{(Gonzalez-Fernandez et al., 1999 Yamamoto et al.,
1999); mutations in CRALBP have been reported in
cases of autosomal recessive retinitis pigmentosa
(Maw et al, 1997) and retinitis punctata albescens
(Burstedt et al., 1999; Morimura et al, 1999); muta-
tions in RPE65 cause a childhood retinal degeneration
(Gu et al, 1997; Marlhens ef al., 1997); and mutations
in serum retinol-binding protein are associated with
night blindness and RPE atrophy (Biesalski et al.,
1999; Seeliger et al., 1999). These last two findings are
potentially the most relevant to BCDO because of its
homology to RPE65 and because, even though serum
retinol-binding protein is widely expressed outside the
eye, the clinical phenotype almost exclusively affects
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the eye. Also of potential interest, carotenoids have
been implicated in age-related macular degeneration
(Seddon et al., 1994).

The cloning of the human BCDO gene allows direct
testing of whether mutations in this gene are associ-
ated with retinal diseases or other diseases. Availabil-
ity of the mouse gene makes analysis of Bedo function
possible through generation of null mice. In addition,
the ability to express the protein in vitro will allow
detailed studies of enzyme kinetics, mechanism, and
structure-function relationships to be performed.
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Bovine Kir7 1 clones were obtained from a retinat pigiment epithelium (RPE)-subtracted cDNA
library. Human RPE ¢DNA library screening resulted in clones encoding full-length human
Kir? 1,

Northern'blot analysis indicated that bovine Kir7.1is highly expressed in the RPE.

Human Kir7.1 channels were expressed in Xenopus oocytes and studied using the two-
electrode voltage-clamp technique.

The macroscopic Kir7.1 conductance exhibited mild inward rectification and an inverse
dependence on extracellular K* concentration ([K*]). The selectivity sequence hased on
permealility ratios was K* (1.0) & Rb* (0.89) > Cs* (0.013) > Na* (0.003) ~ Li* (0.001) and the
sequence hased on conductance ratios was Rb* (9.5) >> K* (1.0} > Na™ (0.458) > (s {0.331) >
Li* (0.139).

Non-stationary noise analysis of Rb” currents in cell-attached patches vielded a unitary
conduetance for Kir7.1 of ~2 pS.

L whole-celt recordings from freshly isclated bovine RPE cells, the predominant current was
a mild inwardly rectif ying K* current that exhibited an inverse dependence of conductance on
[K™), The selectivity sequence based an permeability ratios was K7 (1.0) = Rb* (0.89) >
Cs* (0.021) > Na” (0.003) &~ Li* (0.002) and the sequence based on conductance ratios was
RL™ (8.9) = K" (1.0) > Na* (0.59) > Cs* (0.23) > Li* {(0.08).

In cetl-attached recordings with Rb* in the pipette, inwardly réctifying currents were observer
in nine of 12 patches of RPE apical membrane but in only one of 13 basolateral membrane
patches.

Non-stationary noise analysis of Rb" currents in cell-attached apical membrane patches
yielded a unitary conductance for RPE Kir of ~2 pS.

On the basis of this molecular and electrophysiological evidence, we conclude that Kir7.1
channel subunits comprise the K* conductance of the RPE apical membrane.
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The retinal pigment epithelinm (RPE)is a simple cuboidal
epithelium in the distal retina that separates the
photoreceptor cells from their main blood supply in the
choroid. From this strategic position, the RPE carries out
a host of functions that are critical to the visual process.
One of these is the transepithelial transport of fluid, ions
and metabolites, which serves to control the composition
and volumne of the extracellular fluid that surrounds the
photoreceptor outer segments (Hughes et al. 1998),

It is well established that ¥ channels play a central role
in the vectorial transport of K* across the RPE. At the
apical membrane, the net flux of K* into or out of the
subretinal space is determined by the balance between Kt
efflux through Ba™-sensitive K* channels (Lasansky &
De Fisch, 19686, Miller & Steinherg, 1977 ; Griff ef ol. 1985;
Joseph & Miller, 1091; Quinn & Miller, 1992) and K*
influx via the electrogenic Na*—K* pump (Miller et al.
1978} and Na™~K*-2CI” eotransporter (Miller & Edelman,
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1990; Joseph & Miller, 1991). At light onset, a decrease in
subretinal K* concentration, originating from a change in
photoreceptor activity, causes an increase in the efflux of
K" through the apical K* channels, leading to the
reversal of net K¥ transport from absorption to secretion
(Bialek & Miller, 1994),

In patch-clamp studies on RPE cells isolated from a
variety of vertebrate species, we have shown that the
predominant conductance in the physiological voltage
range is an inwardly rectifying K* (Kir) conductance
(Hughof, & Steinberg, 1990; Hu;_,,hes & Takahira, 1996,
1998). The inward rectification of this K* conductance is
relatively weak, such that it supports substantial outward
K* current at voltages positive to the K* equilibrium
potential. This conductance has several remarkable
properties, including an inverse dependence on extra-
cellular X* concentration (Segawa & Hughes, 1994;
Hughes & Takahira, 1996) and an intracellular Mg-ATP
requirement for sustained activity (Hughes & Takahira,
1998). Blocker sensitivity studies on the intact RPE sheet
preparation indicate that these Kir channels underlie
that apical membrane K* conductance (Hughes et al.
1995a).

In the mid-1990s, expressional cloning of the inwardly
rectifving K¥ channels ROMKL (Ho «f «f. 1993), IRX1
(Kubo ¢t al 1993) and GIRK (Koluji et al 1995)
established the exislence of a new gene family distinet
from the voltage-gated K* channel family. Since then,
several other m(,mb(,rs of the Kir channel family have
been identified, increasing the number of members to 15
(Reimann & Asheroft, 1999). The most recent addition is
Kir7.1, an inwardly rectifying K* ¢hannel with several
novel properties, including a macroscopic conductance
with low dependence on extracellular K concentration
([K*1.) (Déring et al. 1998; Krapivinsky et al 1998), a low
unitary conductance estimated to be ~50 fS (Krapivinsky
et al. 1998), and an unusually lurge Rb*™-to-K* conductance
ratio (Wischmeyer at al. 2000). Kir7.1 expression has been
reported in certain epithelia such as choroid plexus and
small intestine, as well as in stomach, kidney, thyroid
follicular cells, brain, spinal chord and testis (Déring et al.
1998; Krapivinsky ef ol 1998; Partiseti o al 1998;
Nakamura of af. 1999, 2000). The capacity of this channel
to pass large outward X* currents malkes it well suited to
tunction in epithelial ion transport processes (Déring ef al.
1998).

En this study, we have cloned bovine Kir7.1 from a
subbracted RPE ¢DNA library (Chang et al. 1997, 1999),
obtained its human orthologue and confirmed its expression
in the RPE by Northern blot analysis. Furthermore, we
have compared the permeation properties of the native
Kir channel in freshly dissociated hovine RPE cells to
those of cloned Kir7.1 channels expressed in Xenopus
oocytes and find that they are nearly identical. Some of
these results have been published in abstract form
{Shimura et al. 1999; Yuvan et al. 2000).
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METHODS
Isolation of human Kir7.1 ¢cDNA

Over a thousand clones from a hovine RPE ¢cDN A library that had
been ‘subtracted’ with biotinylaterd heart aod liver RNA wore
partially sequenced using a combination of manual and automated
{Beckman CEQ2000) dideoxy sequencing (Chang e ol 1997, 1999).
Using as a probe the insert of a clone having sequence homology to
ROMK2, a human RPE ¢DNA library was screencd. Resultant
positive elones were plague purified and sequenced, Methods used for
library screening and other routine recambinant DX A analyses wore
essentially as deseribed in standard laboratory manuals {Sambrook e
al 1989; Ausubel ef al 1996).

Northern analysis

For Northern analysis, an RNA blot was prepared by loading 10 g
total mRNA isolated from various bovine tissues. The blot was
sequentially hybridized with a partial-length bovine Kir7.1 eDNA
probe at 42°C in 30% formamide, 6 x SSPE (saline—sodium
phosphate—EITA buffer) and 0.5% SDS. Atter 24 h of hybridization,
membranes were waghed twice at low stringency (42°C, 2 x SSPR
with 0.1 % SDS). Blots were then exposed to X-ray filin for 24 b,

Expression of Kir7.1 in Xenopus cocytes

Far the construction of & transeription plasmid, the coding region of
haman Kir7.[ ¢DNA (nocleotides 90-1303 of peBd «DNA) was PUR
amplified with the Expand High Fidelity PCR system (Boerhinger
Meinhaim, Indianapolis, [N, USA) and subeloned inte the puly-
adenylating transeription veeter pRITA (Goldin, 1992) at the Bylt)
site using a blunt end-ligation provedure, The resulting plasmid
contained the cloned ¢eDNA inscrt flanked by the & and &
untranstated regions of the Yeuopus f-globin gene and allowed
sense-strand ¢cDNA to be transeribed by 17 RNA polymerase.
Capped poly(A)” RNA was synthesized from plasmid eDNA
linearizod at the Sucl site using a commercially available cRNA
capping kit (Ambion Ine., Austin, TX, USA). cRN A was precipitated
in 70% cthanol and re-dissolved in dicthyl pyrocarbonate {DEPC)-
treated water.

All experiments with Xenopus frogs were carried out foilowing
protocols approved by the University of Michigan Committee on the
Use and Care of Animals. Xenopus laevis oouytes were surgically
removed from adult fomales anaesthetized with topieal tricaine
methane sulfonate (0.15% tor 15-30 min} and defolliculated by
incubating clusters of coeytes in 0.2% collagenase (type 1V, Sigina
Chemical Co., 8t Louis, MO, USA) in calcium-free NDOS solution
(9 may FaCl, 2wy KO, 1mn MgCl, t0my Hepes {pH 7.4),
300 mg mi~" gentamicin and 550 mg ml™ sodium pyruvate). Incisions
were sutured and frogs were allowed to recover with aftereare.
Healthy stage V=V oceyles wore colleeted and stored overnight at
L8°C in ND8G solution plus T my CaCl,. Dedfolliculated ooeytes wire
injcted with 5-10ng of Kir 7.1 ¢RXA in 50 o) and maintained at
18°0 in incubation solution for up to 72 h before recording, Omcytes
injected with the same volume of DEPC-treated water served as
controls,

Experiments on Kir7.1 cRNA-injected oocytes

Solutions. The standard bath solution for Xenepus oocyte recordings
consisted of {mM): 96 NaCl, 2 KCI, 10 Na-Hepes, 1.0 CaCl, 1.0 MgCl.,
PH 7.4. To study the dependence of Kir7.1 currents on extracellular
K”, the concentration of K* ([K*]) was varied by equimolar
replacement with Na¥. In experiments investigating the permeability
of Kir?.1 to monovalent cations, the solution consisted of [mx): 88 X,
10 NMDG-Hepes, 1.0 CaCl,, and .0 MgQl,, where X is KO, Na(l,
Rb{l, LiCl, or CGsCl. When indicated, 10 mu BaCl, was added direct! N
to the external solution.
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Electrophysiology. Whole-cell currents were recorded using the
two-clectrode voltage-clamp technique (Stuhmer, 1992). Micro-
electrades, pulled from thick-wall borosibicate glass {p.d. = 1.0 mm,
il = 0.5 mm) with a multistage programmable puller (Sutter
Tnstruments, San Rafuel, CA, USA) and having an impedance of
0.5-1.5 MO when filled with 3 3 KCl, were used as voltage-scnsing
und current-passing electrodes. Bignals from the current-passing
clectrode were amplified using a GeneClamp 500 amplifier (Axon
Tnstruments, Inc., Burlingame, CA, TSA) with the built-in low pass
filter set to 0.5-1 kHz and stored on a computer hard drive for later
analysis, To avoid voltage errors due to large currents {(Baumgartner
el ul 1909), data from oocytes exhibiting currents > 25 gA at
—180 mV were rejectect. Data acquisition and analysis were
purformed with pCLAMP 6.0 software {Axon Instruments, Foster
City, CA, USA),

For cell-attached pateh reeordings, the vitelline membrance was
manwally removed after exposing ootytes to w hypertonic selution
(400 mosmo! (kg H.OP": 220 M NMDG-Q1, 5 iy ECTA-KOH, {any
MGl 10 my Hepes) for 8-10 min. Pateh pipettes were pulled from
T052 glass tubing (o, = 1.63 mn, id. = 1.2 mn, Garner Glass,
Clarcmont, CA, USA) and heat-polished to a resistance in the rang
0.5=2 MLL Currents wore recorded with an Axopateh 200 amplifier
(Axon Instraments) with the huilt-in fow pass filter set to 4 kHz,

Experiments on isolated bovine RPE cells

Cell isolation. Adult bovine eves were oltained from o local abatioir
within 30 min of death and placed on ice. Cells were isolated by
enzymatic dispersion as deseribed previously (Hughes & Takahira,
1998). Brietly, 5 mm-square pieces of RPTi—choroid were dissected
from the inferior and superior pigmented regions of bovine eyecups
and incubated for 30 min at 37 °C in cell isolation medium (i35 mM
NMDG-Cl, 5my KCGi, 10m» Hepes, 3my EDTA-KOH, 10 mM
gliecose, 3 m¥ eysteine, 0.2 mg mi™ papain (type 1T1), titrated to pH
7.4 with NMDG-free base). The tissue was then incubated in standard
bath solution containing 0.1 % BSA for 3 min and finally in standard
bath solution alone fur another 10 min before dislodging cells by
gentle vortexing., As deseribed previonsly for frog (Hughes &
Steinhery, 1990) and huinan BPE cells (Hughes et al, 19958}, isolated
bovine RPE cells hael o ‘dumb-bell” shape, with a smooth basolateral
membrane domain and an apieal menbrne domadn often containing
by processes. Cells were stored in standard bath soletion at 4°Cfor
up to 24 h hetore use,

Sclutions. The standard bath solution for experiments on isolated
RIE colls consisted of () 185 Na(l, 5 KOG, 10 Bepes, 10 glucose,
1.8 CaCly, 1.0 MgQl,, titeated to pH 74 with NaOH. To study the
dependence of the native Kir eonductance on extracellular K7, [1K4],
was varied by equimolar replacement. with Nat. In experiments
investigating the permeability of Kir conductance to monovalent
cations, the contrel solution consisted of (m): 140 X, 10 XAMDG-
Hepes, 10 my gluose, 1.8 Cally, and 1.0 MgCl,, where X is KCI,
NaCl, RLCL, LiCl, or CsCh (pH 7.4). Tn an effort to isolate Kir currents,
(17 channels and the electrogenic Na*-HCO;™ cotransporter were
blocked by adding 250 M 4,4 -diisothiocyanato-stilbene-2,2"-
disulfonic acid {(D1DS) to all solutions as a concentrated DMSO stock
solution (final concentration of DMSO was 0.05%). In addition,
100 gy GdCly; was added to block non-gpecific cation channels.
Neither of these blockers had obvious effects on either the kinetics or
voltage dependence of inwardly rectifving K* currents,

The pipette solution used for whole-cell recording consisted of (mx):
30 KC1, 83 potassium glueonate, 10 Hepes, 55 ECTA-KOH, 0.5
Caly, 2 Mg, 4 ATP dipotassium salt, titrated to pH 7.2 with KOH.
The osmolaritics of external and internal solutions were 200 + 10
and 245 £ Smesmol (kg H,0), respectively. All chemicals were of
reagent grade and obtained from Sigma Chemical except for papain,
which was obtained from Aldrich Chemical (Milwaukee, WT, USA).
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Electrophysiological recording. Isolated RPE cells were transtorred
to a continuously perfused Lucite recording chamber on the stage of
an inverted microscope (Segawa & Hughes, 1994). All experiments
were conducted at room tlemperature {23-25 °C). Pipettes were pulled
from 7052 glass tubing {o.d.= £.65 mm, i.d. = 1.2 mm, Garner Glass)
with a multistage programmable puller and heat-palished to a
resistance in the range 1-3 M hefore use. Membrane currents were
rccorded using the conventional whole-cell or cell-attached pateh
recording configuration of the patch-clamp technique (Hamill ef al,
1981). Currents were amplified with an Axopatch 200 amplifier
{(Axon Instruments) with the built-in low pass filter set to 1 kHz
{unless noted otherwise), digitized and stored on a computer hard
drive for later analysia. Tn whole-cell rerordings, series resistance {B)
and membranc capacitance (C,) averaged 6.5 4 5.2 MQ and
63.4 £ 126 pF, respectively {n=25). To minimize voltage ervors
when recording large inward Rb® currents, B, was componsated
70-80% with the internal cireuitry of the amplifier. Command
potentials wore generated by software control (pCLAMP 6, Axon
Instruments). '

I addition to the inwardly rectifving K™ {Kir) civrent, most bovineg
RPE eells also exprossed a deluyed reetifier KY current asnd some hac
an M-tvpe KY eurrent us well (Pukahia & Huoghes, 1997), The
delayed vectifier current was inactivated by holding the membrane
polential at 0 mV botween voltage steps amnd vamps, Cells exhibiling
M-ty pe K currents were exeluded from the present study,

Voltage-clamp protocols and analysis

Current voltage {I-¥) relationships were constructed using data
obtained from cither voltage-ramp or vollage-step protocols. Tn the
voltage-ramp protocel, the membrane potential was held at 0mV
and then ramped every 15 s from 460 to —160 mV over a 4 & perind.
In the voltage-step protocol, the membrane potential was held at
0 mV and stepped for 1 s Lo voltages ranging from +50 to — 130 mV
in 10 mV steps {oocyte) or from +H40 to =160 mV in 20 mV steps
(RPE),

Sclectivity for monovalent cations was determined under bisionic
conditions by substituting Rb*, Na®, Li*, or O™ for 1K in the bathing
solution. Lermeability ratios, Pof Py, were caleulated according to a
modified form of the Goldman-Hodgkin-Katz voltage equation
(Hitle, 1992):

By = B =(RT 2 In{Po/ P3), (1)

where Ey is the reversal potential with 88 ma {ooeytes) or 140 my
{RPE eells)eation X in thehath, 2is the valaney, und £, Fund Fhave
their usual meanings. Relative conductance was calealated by
measuring the inward slope conductanee {gg) between —140 and
=140 mV for cach monovalent cation ancd normalizing it to the slope
eonductance obtained with K* in the bath,

To investigate the relationship between membrane voltage (¥,
conductance and [K*], the chord conductance {Gx) was determiner]
aceording to the equation:

Gx=I/{Va— Ex). 2

where I is the amplitude of the whole-cell current and Fy is the
apparent reversal potential with 98 mM (oocytes) or 140 mm (RPE
cells) cation X in the bath.

Non-stationary noise analysis was carried out cssentially as deseribed
{Heinemann & Conti, 1992; Jackson & Strange, 1996; Traynelis &
Jaramillo, 1998}, The activity of a specific population of channels
gives vise to a macroscopic evrrent {f), which can be defined as:

I=NiP, 3

where Nis the number of channels in the membrane, iis the current.
flowing through a single channel and P, is the channel open
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probability. Analysis of ‘noise’ in macroscopic current can be used to
cstimate the single-channel current (and, therefore, the unitary
conductance) and the number of channels in the membrane.
Assuming that the membranc containg Nindependent and identical
channels having two conductance states, open and closed, and that
graded changes in macroscopic eurront are duc to graded changes in
channel open probability, then the current noise or vaniance, ot is
given by:

o= il PIN. 4

By measaring the varianee of the mean macroseopic current during
different levels of channel activity, channel size and density can be
estimated, Because both Kir7.1 and RPE Kir eureents are essentially
time independent, we applicd Ba™, a voltage-dependent blocker, to
procuce a time-dlependent change in channel open probability.

Data are given as means + 587, and were Nted using computer
software (SigrvaPlot 4.0, 8P5S8 Toc., Chicage, T1, USA}

RESULTS
Identification and cloning of human Kir7.1

Random sequencing of ¢cDNA clones from a subtracted
bovine RPE cDNA library {Chang et af. 1997, 1999) led to
the identification of a novel ¢cDNA having sequence
similarity with ROMKZ. We used this cDNA as a probe to
screen a human RPE ¢DNA library and identified more
than 10 positive clones. One of the cDNA clones, pc84,
contained the largest ¢DNA insert (2.4 kb) and was
gompletely sequenced. Analysis of the sequencing data
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Figure 1. Kir7.1 is highly expressed in the RPE
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indicated that pe84 contained the entire coding sequence
for a Kir?7.1 channel subunit as well as a partial 3’ end-
sequence (data not shown). The open reading frame
encodes & 360-amino acid polypeptide that is identical to
that reported previously for human Kir7.1 (Déring e al.
1998; Krapivinsky et al. 1998; Dartiseti ef al. 1998).

Tissue distribution

Figure 14 shows a Northern blot of RNA isolated from
vartous bovine tissues hyhridized with a Kir7 1 probe, A
strong 1.6 kb signal was detected in the RPE but not the
neural retina or any other tissues examined, despite the
fact that the RPE lane contained less RNA (Fig. 1 B).
These results indicate that Kir? 1 is highly expressed in
the RPE. It should be noted, however, that previous
studies reported a wider expression pattern for Kir?. I
{Diving et el 1998; Krapivinsky ef ol 1998; Partiseti ef
al 1998; Nakamura el al. 1999, 2000). The reason for the
apparent difference from our results is unclear. Although
our Northern blot did not include several of the tissues in
which Kir7 1 expression has been reported, it did include
brain, kidney and testis, It is possible that our Northern
blots were less sensitive than the reverse transcription
and Northern assays used by others. In addition, the
results presented here may reflect species-specific
differences in expression pattern because the previous
studies were done with rat and/or human tissues while
our studies were done with bovine tissues.
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A, Northern blot analysis of total RN A {10 g lane™ Yextracted from bovine RPE, retina and other tissues
and hybridized with human Kir7 7 probe. B, the same RNA gel stained with cthidivin bromide.
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Functional expression of Kir7.1 in Xenopus
oocytes

Basic properties

When bathed in the standard 2 myt K* solution, Kir7.1
c¢RNA-injected oocytes typically had a large negative
membrane potential and exhibited inwardly rectifying
carvents. Figure 24 (upper panel) depicts a representative
family of currents recorded from a Kir7.1 ¢cRN A-injected
oocyte. Inward currents activated rapidly in response to
hyperpolarizing voltage pulses, whereas outward currents
evoked by depolarizing pulses underwent a time-dependent
inagtivation, The steady-state /- Vrelationship generated
by a 4 & voltage ramp in the same oocyte exhibited mild
inward rectification, with relatively large outward
eurrents at veoltages positive to ¥, the zero current
potential (Fig. 2B). Addition of 10 my Ba® to the bath
blocked virtually all of the Kir7.1 current, unmasking an
endogenous Ca’*-activated CI” current at voltages positive
to about —20 mV. For 10 Kir7.1 ¢cRNA-injected oocytes,
Vo averaged —99.5 + 6.8 mV and the chord conductance
{(') measured at —160 mV averaged 18.4 + 1.5 48 (mean +
SEAM)

Permeation properties

Previous studies by Krapavinsky ef ol (1998} and Déring
el ol (1998) showed that, unlike other native and cloned
Kir channels, the macroscopic Kir7.1 conductance exhibits
a low dependence on extracellular KY concentration

([IX71). In addition, Wischimeyer et al (2000) recently

A
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reported that although Kir7.1 has a monovalent cation
permeability sequence of K* > Rb*, it has a macroscopie
Rb* conductance .that is about 8-fold larger than its K*
conductance, To allow a direct comparison to the native
Kir conductance in RPE cells {(see Properties of native Kir
chunnels in bovine RPE below), we re-examined the
dependenee of macroscopic Kir7.1 conductance on [1{*],
as well as its permselectivity to monovalent cations,

Figure 34 shows a series of representative f-¥
relationships obtained from a single Kir7.1 ¢cRNA-
injected oocyte. Increases in [KK*], caused positive shiftsin
V, and decreased the stope of the I-¥ relationship in the
vicinity of V. Outward currents, however, were affected,
becoming smaller as [KKX*], was increased. F igure 3.5 plots
the mean values of ¥ (» = 6) as a function of [K*],, and
the straight: line is the least squares fit of the data with a
slope of 55.6 mV per 10-fold change in [K*],. This K*-
induced change in F, coincides well with the change in By
caloulated by the Nernst equation (58 mV), indicating
that the Kir7.1 conductance is highly selective for K7
over Na*.

To evaluate the dependence of Kir7.1 conductance on
[K*],, we caleulated chord conductance (G) from the data
in Fig. 34 and plotted it as a function of membrane
voltage (V). Figure 3¢ shows that both the shape of the
G-V curve and its position along the z-axis changed as
[K*], was varied. In the presence of 1 and 2 my IX¥, the
shape of the G-V curve was sigmoidal, but at higher

Ba™-sensitive current
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Figure 2. Characterization of macroscopic Kir7.1 currents

A, Tamilies of currents measured from a Kir7.1 ¢cRNA-injected Xenopus oocyte bathed with standard
{2 my K*) solution in the absence {upper panel) and presence {middle panel} of 10 my Ba®*. The horizontal
line to the left of the records indicates the zero-current level. The voltage protocol used to evake these
currents is shown below. B, I~V relationships obtained from the same oocyte using the voltage-ramp

method.
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concentrations the curve was exponential, perhaps
because the test voltages were not large enough to produce
saturation. As a consequence of the (—F carves crossing
over at large negative potentials, the relationship
between [K*], and conductance depended on voltage. At
—160 mV, the most negative voltage examined, chord
conductance increased slightly with increasing [K*],, as
reported previously (Doring el al. 1998). In contrast, at
more posibtive potentials, the nacroscopic Kir7.l
conductance decreased with increasing [K'],,

In order to differentiate between the effects of [I{*], on
outward and inward conductances, we re-plotted the data
as a function of driving force, ¥, — Ex (Fig. 3D). The
results demonstrate that at voltages near Ey, both
outward and inward conductances decreased with
increasing [K*],, although the changes were small at
concentrations greater than 50 my. Similar results were
obtained in five other cocytes. This behaviour is contrary
to that of other members of the Kir channel family,
whose macroscopic conductance typically saturates with
voltage and increases in propertion to the square root of

50
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—— S5mMK
= o 10mMK
3 - 25mMK
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[K*].. The mechanisin underlying the unusual behaviour
of Kir7.1 is not known, but obviously must involve
changes in single-channel conductance, open probability,
or both.

We investigated the permselectivity of Kir7.I channels
under hi-ionie conditions by superfusing oocytes with
solutions containing wvartous monovalent cations
{intracellular [K*] was presumed to remain constant).
Figure 44 shows families of whole-cell currents recorded
from an oocyte bathed with either K*, Rb*, Li*, Na*, or
Cs™ as the sole monovalent cation; the corresponding J-¥
relationships averaged from nine oocytes are shown in
Fig. 4Band, at a different scale, Fig. 4C. Compared to the
currents in K*, the maximal inward eurrents in Na*t, Li*
and (st external solutions were smaller, whereas those in
Rb" were nearly 10 times larger. Tt is interesting to note
that at depolarized voltages, the Rb* slope conductance was
actually somewhat smaller than the K™ conductance {not
apparent in averaged experiments) and that it increased
dramatically near 50 mV, roughly 40 mV negative to
the apparent reversal potential. The significance of this

B
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11l 1 v sl

1K, (mM)

.o
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Zero current potential (mv)

-100 1

=120 4

inward conductance 30 Outward ¢onductance

Chord conductanca (uS)
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Figure 3. Dependence of Kir7.t current and conductance on [K*,

A, surrent—voltage relationships ebtained from a single Kir7.1 eRNA-in jeeted cocyte bathed with various
[K*],. Data were generated from currents evoked by voltage steps. B, relationship between zevo current
potential and [K*),, Bach filled circle and vertical bar indicates the mean and 8.EM. for 12 oocytes. The
continueus lne shows the lincar regression fit to the data. ¢, rolationship hetween conductance and
membrane voltage. Chord concductance was calculated from the data in 4. D, relationship between
condustance and dyiving force. The sae data in Cplotted as a function of ¥, — E,.
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‘activation potential® js unclear, but may reflect channel
gating or the relief from block by some intracellular ion,
The selectivity sequence caleulated from relative slope
conductances (ge/gs) in the voltage range —140 to
— 160 mV was: Rb* (9.5) > K* {1.0) > Na™ (0.46) > Cs*
{0.33) > Li* (0.14) (Table 1). These results are similar to
those previously reported by Wischmeyer et al. 2000).

Replacement of external K* with Na*, Li*, or Cs* caused
Vo to shift to more negative potentials, whereas
replacement, with Rb* left ¥, virtually unchanged
(Fig. 4C). Althongh it is common to sabstitute V; for
reversal potential (E.,) in the calculation of permeability
ratios {eqn (1)), this practice can lead to significant errors
due to the impact of endogenous channels, particularly
when the current of interest is small. In an attempt to
cireumvent shis problem, we applied 10 my Ba? to the
bath in the presence of various monovalent cations and
measured the reversal potential of Ba* -sensitive currents.
When Na®, Li*, or Cs* was in the bath, B, was
significantly more negative than the corresponding value
ol ¥ {Fig. 5C, IFand E; Table 1). In contrast, when K or
Rb*™ was in the bath, .. could not be estimated by this
method because the Ba™-induced block of current was
strongly voltage dependent (Fig. 54 and B). The
relationship between ¥, and logfK*], (Fig. 3B) indicates

98 mM Rb

50 mv

amv

-150 mv

Kir7 1 channels in the retinal pigment epithelivm

Table 1. Permeability and conductance ratios for the Kir7.1

conductance
len (X} Fy(mV) Foor (V) Pef Py o/ 9w
(a=19) (n=15)

Kt —84423 — i 1

Rb* —108+1.1 — 0.88G+0.045 9.5034+1.548
Na* —1369+64 —156.1+3.3 0003+0.001 0458 +0.011
Li* -1266+56 —1605+20 0.002+0.001 0.1394% 012
Cs"  —376+37 —1166+32 001340004 033140035

that for external K%, .. must lie close to the measured
value of ¥, Assuming that this is also true for Rb*, we
obtain a permeability sequence of K* (1.0} = Rb* {0.89) >
Cs*(0.013) > Na* (0.003) = Li* (0.002) (n = 5} (Table 1), in
agreement with the results of Wischmeyer et el {2000).

In addition to changes in ¥, and tnward slope conductance,
substitution of X* with other monovalent cations also
affected the size of outward currents (Fig. 4€). The
magnitude of outward current was considerably larger in
the presence of extracellular Na™ or Li" than it wasin K7,
Rb*, or C&*, and most of this current was blocked by
10 my Ba™ (Fig. 5Cand D), indicating that it represented
outward K* current through Kir7.1 channels. The
magnitude of outward Kir7.1 current in the presence of

B 57

Current {uA)

Current (pA)
& ,

Figure 4. Effect of cation substitution on Kir7.1 conductance

A, macroseopie carrents recorded from a representative Kir7.1 RN A-injected oocyte bathed in 98 ma
K*, Na™, L', Cs*, or RbY. Currents were evolkod by the voltage-step protocol indicated. B, carrent—
voltage rolationships obtained with various monovalent cations in the bath, Bach peint and vertical bar
represents the mean + .60, for 9 ooeytes. € samne data as in Bbut at a higher gain to show zero current
potentials. Connecting lines have na theovetical significance.
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external K or Rh" is difficult to estimate because the
Ba™-induced block was strongly voltage dependent in
these cases. It seems likely, bowever, that a significant
fraction of " outward current observed in the presence
of external K' or Rb' was mnediated by endogenous
channels. In the presence of external Cs™, only inward
currents at large negative potentials were blocked
(Fig. 3E), suggesting that (s* behaves as a permeant
blocker. We conclude that outward K* current through
Kir.71 channels is considerably greater in the presence of
external Na* and Li* than it is in the presence of external
K'Y, Rb*, or Cs*. The reason for these differences is
unclear, but the mechanism inight involve specific cation
interactions with extracellular domains of the channel,
influencing gating or perhaps the permeation pathway
itself.
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Non-stationary noise analysis

In a previous study on Kir7.1 channels expressed in
mammalian cells, Krapivinsky and colleagues {(1998)
recorded currents from cell-attached patches and used
non-stationary noise analysis to estimate that Kir7.1 has
a single-channel conductance of ~50 3. We attempted to
confirm these results in cell-attached recordings from
Kir7.1 ¢RNA-injected oocytes, but when the pipette
contained 98 mM K*, we failed to observe inwardly
rectif ving currents in 12 patches. Because the macroscopic
Kir7.1 current increased roughly 10-fold when Rb* was
substituted for K* (Fig. 4), we reasoned that Kir7.1
currents in cell-attached patehes might be better resolved
by using Rb* as the charge carrier. Indeed, when K¥ in
the pipette was replaced with RbL", we routinely
recorded inwardly rectilying currents. Figure 64 shows
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Figure 5. Determination of the reversal potential of Kir7.1 eurrents from Ba**-sensitive currents

Panels depict averaged I-¥ velationships obtained in the presence and absence of 10 my Ba®* with sither
93 my K¥ {4), Rb*™ (B), Na* ((), Ii* (2} or Cs" (F) as the sole manovalent cation (n = 5). Ba™-sensitive

ewrrents are also depicted.
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representative recordings obtained with 98 my Rb* and
I mM Ba™ in the recording pipette. Instantaneous
currents were inwardly rectif'ying, with a sharp increase
in conductance at about —50 mV (Fig. 6 5, ), reminiscent
of whole-cell Rb* currents (Fig. 4B). Inward Rb* currents
exhibited a time-dependent decay due to a voltage-
dependent block by Ba® {Fig. 6C, @), allowing the
estimation of single-channel current (i} and number of
channels (V) by non-stationary noise analysis. Figure 60
plots current varianee vs. mean current amplitude
calculated from 40 successive current records elicited by
voltage steps from OmV to —100 mV and the smooth
curve is the least squares fit of the data to eqn {4}, with
values for i and N of 0.31 pA and 2861, respectively.
Similar results were obtained in five other cell-attached
patches, yielding an average single-channel chord
conductance of 2.27 + 0.26 pS.

Properties of native Kir channels in bovine RPE
Basic properties '

As reported previously, isolated bovine RPE eells
exhibited a prominent inwardly rectifying K* current

o’ (pAY

0 100 200 300 400 500
Mean current (pA)
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(Hughes & Takahira, 1998). Figure 7 shows that in the
presence of 5 my [K*],, the I-V relationship was mildly
inwardly rectifying, with substantial outward currents
at voltages positive to V,. Most of this current was
blacked by the addition of 10 myM Ba™ to the bath, which
unmasked a small outwardly rectifying current that
reversed near the CI7 equilibrium potential.

Permeation properties

We previously showed that the IKir conductances in toad
{Scgawa & Hughes, 1994) and human RPE cells (Hughes &
Takahira, 1996) are inversely dependent on extracellular
[K*],. We confirmed and extended these findings in
bovine RFPE cells by measuring changes in conductance
over a wider range of [K'],. Figure 84 shows that
increasing [K*], shifted the -V relationship obtained
from a representative cell to the right and decreased the
slope of the -V relationship near ¥, A plot of V, ws.
log[K™], (Fig. 8B) revealed a linear relationship that was
close to that predicted by the Nernst equation (55.6 mV
vs. 58 mV per 10-fold change in [K']), indicating that
under our present recording conditions, the K*

B
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Figure 6. Non-stationary noise analysis of Kir7.1 Rb* currents

A, family of currents recorded from a cell-attached pateh on a Kir7.1 cRNA injected cocyte with 98 mu
Rb* and 1 mM Ba™ in the pipette. 'The hath contained 98 mM K* external solution to depolarize the
membrane potential. B, I-Vrelationships obtained from the eurrentsin A measured 2.5 ms {Q) and 167 ms
(@) after the onset of the voltage step. C relationship between current variance (o) and mean current
from the same patch as in 4. See text for additional details.
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Figure 7. Properties of the Kir current in the RPE

A, Families of whole-cell currents recorded from an isolated bovine RPE hathed with standard (3 my K
solution in the absenee (upper panel} and presence of 10 my Ba®™ {middle pancl). The voltage protocol used
to evoke these currents is shown below. B, I-V relationships obtained from the same cell as in 4 using a
voltage-ramp protocol.
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Figure 8. Dependence of RPE Kir currents on [K*],

A, I-¥ rclationships obtained from a single bovine RPE cell bathed with various |K*),. Data were
generated from currents evoked by voltage steps. B, relationship between zero current potential and
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conductance aceounted for roughly 95 % of the whole-cell
conductance of bovine RPE cells.

To evaluate the dependence of the Kir conductance on
[K™], and voltage, we calculated chord conductance from
the data in Fig, 84 and plotted it as a function of
membrane voltage (Fig. 8C). The G-V curve was nearly
the saine at all K* concentrations, although conductance
at given voltage in the range —120 to + 10 mV was slightly
higher at lower concentrations. When conductance was
plotted as a function of driving force (Fig. 81)), an effect
[K*], on inward and outward conductances could be
clearly seen. In the K7 concentration range 1-25 mal,
mward and outward conductances decreased with
increases in [I<*],, but they changed liskle when [K'), was
inereased further. Similar results were obtained in five
other cells, Thus, despite some quantitative differences,
the RPE Kir conductance responds to changes in [K*), in
a manner that is qualitatively similar to that of Kir7.1
but opposite to that typical of other Kir channels.

In addition to its similarity to the Kir7.1 conductance
with regard to its inverse dependence on [K*'], the RPE
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Table 2. Permeability and conductance ratios for the RPE
Kir conductance

Jon (X} V,{mV) K. (mV) Pof F o/ g
(n=11} (=25

K* -7.3+07 — 1 1

Rb* —104+1.3 — 0.811+0.138 8.88940.041

Na‘* —1419424 -153.2+63 0.003+0.001 0.585+0.097

Li* —123.1418 —157.4433 0002410001 0.083+0012

Os"  —414429 —1058+39 002140006 0.225+0.053

Kir conductance also shares other unusual permeation
properbies. Figure 94 shows a representative family of
I-V relationships recorded from a single bovine RPE cell
under Di-ionic conditions. For all monovalent cations
tested, the J-F curve showed inward rectification, but
the magnitude of inward corrents.was substantially
greater when Rb™ was in the hath (Fig. 9B). As was true
for the macroscopic Kir7.1 conductance, inward RL*
current through RPE Kir conductahee exhibited an
activation potential near —50 mV. The selectivity sequence
caleulated from inward slope conductances in the voltage
range —140 to —160 mV was: Rb* (8.9) 3 K (1.0) > Na*
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Figure 9. Effect of cation substitution on the RPE Xir conductance

A, macroscopic curtents recorderd frem a representative bovine RIE cell bathed in 140 ma K*, Na*, Li*

Os*, e RBT, Currents were evoked hy the voltage-step protecol indicated. B, I— V relationships obtained
with various manovalent cations in the bath. Bach point and vertica) bar represent mean and s.5.4. for 11
RPE cells. € same data as in £but aé a higher gain to show zero current potentials, Connecting lines have

no theoretical significance.
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(0.59) > Cs* {0.23) > Li* (0.08) (Table 2). These values are
nearly identical to those obtained for Kir7.1 (Table 1).

Figure 9C depicts the same /-V curves as in Fig. 98 but
at a higher gain to show the effect of cation substitution
on V¥, Replacement of external K* with Rb* had little
effect on I, but replacement with Na*, Lit, or Os* cavsed
Iy to shift to more negative potentials (Table 2). Because
of the influence of residual CI” and Na™ currents, these
changes in ¥, may underestimate the aclual changes in
Ko Therefore, we applied 10 my Ba®t in the cantinued
presence of the various monovalent cations (Fig. 10} to
allow the estimation of E,, from the reversal of Ba*-
sensitive currents. When IK* or Rb* was in the bath, the
Ba'™ block was strongly voltage dependent, making it
impossible to estimate K. from Ba™ -sensitive currents.

M. Shimura and others

J. Physiol. 531.2

With external Cs*, Na*, or Li*, however, the Ba®*-
sensitive current reversed at a potential that was
significantly more negative than the corresponding value
of ¥, (Fig. 10C, D and E; Table 2). Using these K, values
for external Cs™, Na* and Li* and V, values for K* and
RbT, we calculate a permeability sequence of X* (1.0} =
Rb* {0.81) > Cs* (0.021) > Na* {0.003) &~ Li* (0.002)
(Table 2), which is nearly identical to that obtained for
the cloned Kir 7.1 channel {(Table 1),

The magnitude of outward currents also varied depending
on the species of cation in the bath, being considerably
larger in the presence of external Na* and, to a lesser
extent, Li*, than in the presence of ¥, Rb*, or Cs*
(Fig. 9C). Bxternal Ba** blocked the outward currents
present with Na* or Li* in the bath {Fig. 10C and D), hut
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Figure 10. Determination of the reversal potential of RPE Kir currents from Ba-sensitive

currents

Panels depict averaged /- V relationships obtained in the presence and absence of 10 my Ba®* with either
140 ) K* (4), Rb* (B), Na* (€), Li* (D)or Cs* (E)as the sole monovalent cation {n = 11). Ba**-sensitive

currents are also depicted.
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had little effect on outward currents in the presence of
K*, Rb*, or (5" (Tig. 104, Band E). Thus, like the cloned
Kir7.1 channel, the RPE Kir channel appears to conduct
outward K* current when either Na* or Li* is the sole
monovalent cation in the bath, but listle or no outward
current when the bath contains IX*, Rb*, or Cs™.

Non-stationary noise analysis and localization of Kir
channels to the RPE apical membrane

Electrophysiological studies on the intact RPE have
demonstrated that the apical membrane has a large KV
conductance (Lasansky & De Fisch, 1966, Miller, Steinberg
& Oakley, 1978; Joseph & Miller, 1991) that is probably
composed of inwardly rectif ving channels (Hughes et el
1995a). In numerous recordings from cell-attached patches
of apical membrane on isolated bovine RPE cells, however,
we failed to record unitary currents that could be
attributed to a Kir channel, suggesting that the channel
underlying the macroscopic Kir ¢urrent may have a very
low conductance. Consistent with this idea, the ‘leak’
current in some patches exhibited inward rectification
(data not shown), but this was not studied further because

Mean current (pA)
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of the low frequency of these observations. When we
substituted Rb* for K* in the pipette, however, we
routinely observed inwardly rectifving currents in apical
membrane patches. Figure 114 shows a representative
family of currents recorded from a cell-attached apical
membrane patch with 140 mM Rb* plus 1 my Ba® in the
pipette. Instantaneous currents were inwardly rectifying,
with a sharp increase in conductance at about —50 mV
(Fig. 11 B). With prolonged hyperpolarization, inward
currents decayed with a mono-exponential time course,
reflecting the voltage-dependent block of Kir channels by
Ba™. Similar results were observed in nine of 12 apical
membrane patches but in only one of 13 basolateral
membrane patches, Hence, inwardly rectifying K*
channels appear to be localized to the apical membrane of
the RPE.

Figure 11C shows the results of non-stationary noise
analysis of Kir currents recorded from the same apical
membrane patch as that depicted in Fig. 114 and B. Mean
current and variance were caleulated from 40 current
records evoked by voltage steps to —150mV from a
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Figure 11. Non-stationary noise analysis of RPE Kir Rb* currents

A, family of currents recorded from a cell-attached patch on the apieal membrane of a bovine RPE cell
with 140 myM Rb* and 1 mM Ba® in the pipette. The bath contained 140 mM K* external solution to
depolarize the membrane potential. B, I~V relationships obtained from the currents in 4 measured
2.5 ms{C) and 167 ms (@} after the onset of the voltage stop. C, relationship between current variance and
mean current from the same pateh as in 4. See text for additional details.
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holding potential of 0 mV. The smooth curve is the least-
squares fit of the data to eqn (4), with values for single-
channel current (i) and number of channels (N} of
0.312 pA and 106, respectively. For a total of five apical
membrane patches, the unitary chord conductance
caleulated from estimates of single-channel current
averaged 1.70 -+ 0.27 pS. Hence, the RPE Kir channel has
single-channel Rb" conductance that is nearly identical to
that of the cloned Kir7.1 channel. From this unitary Rb*
conductance and the whole-celi Rb* chord conductance
(104 £+ 188 nSat —150 mV, n = 8), we estimate that each
RTE cell contains at least 61 000 Kir channels.

DISCUSSION

We have cloned and sequenced human IGv7.1 from an
RPE ¢DNA library and demonstrated by Northern
analysis that Kir7.1 is highly expressed in the RPE. In
electrophysiological experiments, we determined that
native Nir channels in isolated bovine RPE cells share
several unusual permeation properties with heterologously
expressed Kir7,1 channels, including an inverse
dependence of macroscopic conductance on [IK*],, a Rb*-
to-K* conductance ratio of ~10 and a low single-channel
Rb* conductance of ~2 pS. Finally, in cell-attached pateh
recordings, we have localized inwardly rectifying Rb*
currents to the apical membrane of the RPE. Hence, a
major conclusion of this paper is that Kir7.1 channel
subunits comprise the Kir conductance of the RPE apical
membrane.

Cloning of human Kir7.1 from the RPE

In a ‘subtracted’ bovine RPE eDNA library (Chang et al
£997, 1999), we identified a clone containing a partial
sequence with homology to the IKir channel subunit
ROMKZ. Subsequently, we used this clone to probe a
human RPE ¢cDNA library and isolated a eDNA
containing the entire apen reading frame encoding a 360-
amino acid polypeptide identical to Kir7.1, a new
member of the Nir gene family (Doring ef af 1998;
Krapivingky et ol 1998; Partiseli et al. 1998; Nakamura
et ol 1999). Kir7.1 is the most divergent member of the
Kir family, with only a 38% sequence identity at the
amine acid level with its closest homologue, human Kirl.3
(Shuck et al. 1997). While Kir7.1 contains structural motifs
typical of inwardly rectifying K* channels, namely two
membrane spanning domains and an intervening pore
domain, its sequence in the pore region diverges at three
locations that are conserved in other cloned Kir channel
subunits: 5111, M125 and G129 (Krapivinsky et al. 1998).
It is now well established that M125, which lies two
residues downstream from the pore selectivity sequence
G-Y -G, is responsible for many of the unique permeation
properties of the Kir7.1 channel, including a low
dependence of macroscopic conductance on [K'}, (Déring
et al. 1998; Krapivinsky ef af. 1998), a low single-channel
conductance (IKrapivinsky et al. 1998) and a high Rb*-to-
K* conductance ratio (Wischmeyer et al. 2000).
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Tissue distribution of bovine Kir7.1

We evaluated the tissue distribution of Kir7.I by
Northern blot analysis of mRNA isolated from various
bovine tissues. A single transcript of ~1.4 kb was present
in the RPE, but Kir7.1 mRNA could not be detected in
neural retina, brain, heart, liver, kidrey, testis, or skeletal
muscle. These results differ somewhat from reports by
other investigators. In a study by Doring et al (1998),
three Kir7.1 transcripts were detected in Northern blots
of rat mRNA, with a 1.4 kD signal in brain, lung and
kidney, a 2.4 kb band in testis and a 3.2 kb band in lung
and kidney. In contrast, Northern blot analysis of human
RNA detected a single 3.2 kb transcript in brain, small
intestine, hippocampus, medulla and thyroid (Partiseti e
al. 1998; Nakamura et al. 1999). These inter- and intra-
species differences in the size of Kir7.1 transcripts may
reflect different lengths in untranslated vegions or
poby(AY" tails (Nakamura ef af. 2000). Our failure to
detect Kir7.1 mRNA in any tissue other than the RPE
may be due to the limited exposure time of the blot, or may
reflect species-specific differences in expression pastern
between rats, cows and humans. This does not affect our
conelusion, however, that Kir7.1 is highly expressed in

the RPE.

Permeation properties of Kir7.1

Kir7.1 has unigue properties with respect to permeant
ions, Other native and cloned Kir channels typically
exhibit saturation of conductance with voltage and a
limiting conductance that is proportional to the square
root of [K*], (Lopatin & Nicholas, 1996). In previous
studies by other investigators, it was noted that the
macroscopic Kir7.1 conductance has an unusually low
dependence on [KY], (Déring et al. 1998; Krapivinsky el
ul. 1998). Although our results generally agree with this
assessment, they reveal that the relationship between
Kir7.1 conductance and [K¥], is more complex than was
previously appreciated. We found that the macroscopic
Kir7.l conductance was non-saturating except at low
K™ concentrations (1 and 2 md) and exhibited a low
dependence on [K'], at very negative potentials {(—160 mV)
but an inverse dependence on {K'], at voltages positive to
about —125mV. Thus, at physiological voltages, the
magroscopic Kir7.1 conductance decreases as [K*), is

‘inereased. Obviously, additional information about how

single Kir7.1 channel conductance and gating vary with
voltage and [K'), are needed before the mechanism(s)
responsible for this unconventional behaviour can be
elucidated.

In general, the permeation properties of ion channels
can be probed in two fundamentally different ways:
reversal potentials deterinined under bi-ionie conditions
yield relative permeabilities, whereas current—voltage
relationships provide relative conductances. In agreement
with the recent report by Wischmeyer et al. {2000), we
found that Kir7.1 has a Rb*-to-K* permeability ratio of
about 1, but a macroscopic Rb*-to-K* conductance ratio of
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roughly 10. This is in striking contrast to most other
native and cloned Kir channels in which Rb* acts as a
permeant blocker, giving rise to Rb™-to-K* conductance
ratios in the range 0.1-0.5 (Standen & Stanfield, 1980;
Zhou e! al. 1994, Reuveny et al. 1996; Loffler & Hunter,
1997 ; Welling, 1997; Choe ef al. 1998). It is interesting to
note that the macroscopic Rb* conductance of Kir7.1
exceeded the K* conductance only at voltages negative to
about =50 mV; at more positive potentials the Rb* and
K" ronductances were quantitatively similar. The basis
for the ‘activation’ of the Rb' conductance at —50 mV is
unknown, but conceivably could involve the relief of K*
{or some other ion} binding to a site within the channel
that s accessible from the cytoplasiic side. To the extent
that it reflects a change in single-channel conductance, the
dramatic increase in macroscopic Kir7.1 conduectance that
oceurs when external 1K is replaced with Rb™ suggests
that the channel pore has a binding site with a higher
affinity for K, as suggested by Wischmeyer e ol (2000).
It remains to be determined, however, whether alterations
in open probability or the number of functional channels
might also be contributing factors.

The sole report of Kir7.1 single-channel conductance
comes from the study of Krapivinsky et el (1998), who
applied non-stationary noise analysis to K* currents
recorded from membrane patches of transfected
mammalian cells to obtain an estimate of ~50 £3. In the
present study, we were unable to confirm these results in
the Xenopus cocyte expression system. However, when
we used Rb™ as the permeant eation (together with Ba™
to produce a time-dependent change in channel open
probability), non-stationary noise analysis vielded a
gingle-channel conductance of ~2 pS. Assuming that
channel gating and the number of functional channels
are unaffected by Rb™, our macroscopic conductance
measurenients would suggest a 10-fold smaller single-
channel K condustance of ~200 FS. This value is ~4 times
larger than that estimated by Irapivinsky ef el {(1598)
but well within the accuracy of noise measurements,
Thus, our results confirm that Kir7.1 has a very low
single-channel conductance.

Kir7.1 channels comprise the RPE Kir
conductance

It is well established that the membrane properties of
isolated RPE cells are dominated by a mild, inwardly
rectif'ying K* conductance {Hughes & Steinberg, 1990,
Segawa & Hughes, 1994; Hughes, et al 19955; Hughes &
Takahira, 1998) and there are several lines of evidence
suggesting that this conductance lies in the apical
menibrane (Segawa & Hughes, 1994; Hughes o ol 1095q),
In previous studics on amphibian (Hughes & Steinberg,
1990; Segawa & Hughes, 1994) and human RPE (Hughes
& Takahira, 1996), we demonstrated that, in the vicinity
of Ey, this conductance has the unusual property of
decreasing in response to increases in [IX*],. In the present
study on bovine RPE cells, we measured Kir conductance
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over a wider range of K* concentrations and confirmed
this behaviour. Moreover, we extended these findings by
examining the cation selectivity of the RPE Kir
conduetance and found that although it is nearly equally
permeable to Rb* and K™, it is 10 times more conductive
to Rb* than to K*. In addition, we estimate that the
channel has a unitary Rb* conductance of ~2 pS. These
values are in close agreement with those obtained for the
hetsrologously expressed Kir7.1 channel, strongly
suggesting that IKir7.1 channel subunits comprise the Kir
conductance of the RPE apical membrane. This conclusion
is supported by the results of cell-attached recordings,
which revealed inwardly rectif ving Rb* currents mainly
in apical membrane patches.

Although the Kir conductance in bovine RPE cells was
qualitatively similar to the Kir7.1 conductance examined
in ooeytes, it differed in some respects. Compared to the
cloned Kir7.1 conductance, the decrease in RPE Kir
conductance produced by increasing [K'], was less
pronounced. Moreover, in RPE cells bathed with low
[K*], outward Kir currents were relatively smaller and
exhibited less inactivation at positive potentials. The
reason for these discrepancies is unknown, but one
possibility is that the RPE and oocyte differ with respect
to the intracellular concentrations of cytoplasmic blockers
such as Mg™ and polyamines, which are known to affect
outward currents through other Kir channel types.
Alternatively, there may be differences in post-
translational modification of the channel subunit protein,
Whote-cell recordings of Kir7.1 channels expressed in
mammalian ¢ells may help resolve this issue.

Recently, Rusaka et al (1999) presented immuno-
histochemieal and single-channel current data suggesting
that Kird .1 channels are present in the apical processes of
neonatal rat RPE. Kir4.1 channels are characterized by
moderate inward rectification, a strong dependence of
macroscopic conductance on extracellular [K*], high
sensitivity to block by Cs* and Ba®™, inactivation at
strong negative potentials and a single-channel K*
conductance of 20-25 pS (Takumi ef al 1995). None of
these properties, however, are shared by the predominant
Kir conductance in amphibian (Hughes & Steinberg,
1690; Segawa & Hughes, 1994), human (Hughes et al.
199556) or bovine RPE (Hughes & Takahira, 1998; this
study). To reconcile this discrepancy, Kusaka et al. (1999)
suggested that Kir.4.1 currents are not detected in whole-
cell recordings because apical processes are lost from
isolated RPE cells. In our experience, however, processes
are generally present on the apical surface of isolated
RPE cells (Hughes & Steinberg, 1990; Hughes et al
19956}, and membrane-capacitance measurements indicate
that they are voltage clamped in whole-cell recordings.
Hence, we conclude that if Kird.1 channels are present in
the RPE apical membrane, their contribution to the
macroscopie conductance is minor compared to that of
Kir7.1 channels.
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Physiological significance

The RPE has an intimate anatomical and functional
relationship with the adjacent photoreceptor cells.
Microvilli projecting from the apical surface of the RPE
interdigitate with the distal third of photoreceptor outer
segments. Separating the RPE apical membrane and
plasma membrane of the outer segment iz a small
extracellular compartment called the subretinal space.
The RPE provides crucial support to the photoreceptors
by regulating this microenviromment through the
vectorial transport of fluid, ions and metabolites. W'
channels in the apical membrane function directly in
subretinal KX homeostasis by detennining the direction
and magnitude of net K* transport across the RPE (Miller
& Edelman, 1990; Joseph & Miller, 1991), They also
influence the net transport of HCO,™ (Hughes ez al. 1989)
and CI” (Bialek &, Miller, 1994) by affecting the
electrocheimical driving forces on these anions and also
support Na'-I{" pump activity by providing a recycling
pathway for K across the apical membrane.

One of the unique features of the RPE is that, like the
charoid plexus, the Na™K* pump is localized to the
apical rather than the basolateral membrane (Steinberg &
Miller, 1973; Okami et al. 1990}, which is typical of most
other transporting epithelia (Rodriguez-Boulan &
Zurzolo, 1993). The results of our cell-attached recordings
from isolated RPE cells indicate that channels with the
hallmarks of IKir7.1 are also localized to the apical
membrane. The capacity of the IXir7.1 channel to conduct
refatively large outward currents makes it well suited o
serve as the obligatory return pathway for K' that enters
the cell through the Na*—K™ pump. On the basis of our
meansurements of single-channel and whole-cell Rb*
conductance, we estimmate that there are > 61 600 Kir7.1
channels in the apical membrane of each RPE cell.
Assuming that these channels are distributed along the
length of the microvilli, then their low unitary
conductance and large number might serve to distribute
the K* conductance and help minimize local I<* gradients
within the processes and extracellular space and thus
optimize Na*~K* pump function.

In addition to their function in transport processes, apical
membrane K* channels also play an important role in
RPE-photoreceptor interactions. At light onset, the
closure of cGMP-gated cation channels in the photoreceptor
outer segments leads to a decrease in subretinal [K*] from
approximately 5 mM to 2 mit. By virtue of the presence of
K* channels in the apical membrane, this [ICY], decrease
produces an apical membrane hyperpolarization, which
generates the c.wave of the DC electroretinogram
(Oakley & Green, 1976). At the same time, it triggers a
large efflux of K* (and, secondarily, C1” and water) from
the RPE, leading to reciprocal changes in the volumes of
the RPE cell (Bialek & Miller, 1994) and subretinal space
(Huang & Karwoski, 1992; Li et al. 1994).
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One of the important features of the Kir channel in the
RPE is that its macroscopic outward conductance increases
with decreases in extracellular K* concentration (Segawa
& Hughes, 1994; Hughes & Takahira, 1996). In the present
study, we confirmed this finding in bovine RPE cells
(Fig. 8) and show that it is an inherent property of the
Kir7.1 channel {Fig. 3). This is opposite to the hehaviour
of other cloned and native Kir channels, which typically
exhibit a decrease in outward (and inward) conductance
with decreases in [K*], (Nichols & Lopatin, 1997). Our
results suggest that, at Hght onset, an increase in the
outward eonductance of Kir7.1 channcls might conspire
with an increase in electrochemical driving force (Bialek &
Miller, 1994) to promote K efflux across the RPE apical
membrane.
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