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t~Crystallin is a protein highly expressed in the lens
of guinea pigs and camels, where it comprises about
10% of the total soluble protein. It has recently been
characterized as a novel quinone oxidoreductase pres-
ent in a variety of mammalian tissues. We report here
the isolation and characterization of the human {-crys-
tallin gene (CRYZ) and its processed pseudogene. The
funetional gene is composed of nine exons and spans
about 20 kb. The §'-flanking region of the gene is rich
in G and C (58%) and lacks TATA and CAAT boxes.
Previous analysis of the guinea pig gene revealed the
presence of two different promoters, one responsible
for the high lens-specific expression and the other for
expression at the enzymatic level in numerous tissues.
Comparative analysis with the guinea pig gene shows
that a region of ~2.6 kb that includes the promoter
responsible for the high expression in the iens in
guinea pig is not present in the human gene. o 1994
Academic Press, Inc,

INTRODUCTION

The ccular lens is a transparent organ characterized
by the presence of very high concentrations of proteins
called erystallins. These proteins are presumed to be
the major determinants of the refractile properties and
transparency of the lens. In addition to the «, 8, and
v erystallin families, which are present in the lenses
of all vertebrates, a number of other crystallins have
been found to be present in high amounts in lenses
from phylogenetically restricted groups (for reviews,
see de Jong et al., 1989; Piatigorsky and Wistow, 1989).
Most of these “taxon-specific” crystallins are pyridine
nucleotide-dependent oxidoreductases that are also
present at enzymatic levels in nonlenticular tissues.

Sequence data from this article have been deposited with the
EMBIL/GenBank Data Libraries under Accession Nos. L31521,
L31522, 131523, L31524, 131525, L31526, and L.31527.

'To whom correspondence should be addressed at Laboratory of
Mechanisms of Qcular Diseases, National Eye Institute, National
Institutes of Health, Building 6, Room 237, Bethesda, MD 20892.
Telephone: (301} 496-6669. Fax: (301) 496-1759,

The acquisition of this new function as a lens crystallin
generally occurs without gene duplication and appar-
ently without affecting the catalytic role of the enzyme
{(Wistow and Piatigorsky, 1987).

{-Crystallin/quinone reductase was initially de-
scribed as a major protein in the lens of the guinea
pig (Huang et al., 1987), in which a mutation in the
gene is associated with hereditary cataracts (Rodri-
guez ef al., 1992). It was later found to be also present
in high amounts in the lens of camels (Garland et
al,, 1991) and at enzymatic levels in a number of
nonlenticular tissues of various species (Rao and
Zigler, 1992). As is commonly found with taxon-spe-
cific crystallins, only one gene is responsible for the
expression at both enzymatic and crystallin levels in
guinea pig (Borrds et al., 1980). {-Crystallin is dis-
tantly related to the alechol dehydrogenase enzyme
family (Rodokanaki et al., 1989); however, a protein
from Escherichia coli that, despite the great evolu-
tionary distance, has higher sequence similarity with
{-crystallin has recently been described (N. E. Dixon
and P. E. Lilley, Swiss Protein Data Bank P28304).
The precise enzymatic role of I-crystallin is not
known, but analysis of its catalytic properties re-
vealed that while it lacks alcohol dehydrogenase ac-
tivity, it exhibits an NADPH-dependent quinone re-
ductase activity with characteristics clearly distinct
from those of any other known quinone reductase
(Rao et al., 1992). This type of activity suggesis a
possible role as a detoxifying enzyme.

Analysis of the 5’ region of the {-crystallin gene in
guinea pig revealed that the high expression in the
lens of this species 1s mediated by an aliernative lens-
specific promoter distinet from that responsible for ex-
pression in other tissues (Lee et al., 1993; Gonzalez et
al., 1994). This is the first case of an enzyme-crystallin
in which the acquisition of a new function as a lens
protein resulted from the acquisition of a second, alter-
native promoter.

In this study we present the genomic organization of
the human {-crystallin/quinone reductase gene as well
as a pseudogene lacking introns and compare the 5’
region with that of the guinea pig gene. This informa-
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TABLE 1
Intron-Exon Junctions of the Human {-Crystallin Gene
Exon
length Intron Codon

Exon (bp) 5’ Splice donor length 3’ Splice acceptor phase

I >52 TTGgtaagtggttttaaa . . . . 4.7 kb . ttttttettoctbagTAT —
Gln Val

11 124 CAGgtagaaataaaatta . . . . ~1.2%hb . acattgtcattgcagGTT 0
Lys Lys

1 153 ARGgtattgeatttttaa . . . . ~38 kb . tatectettccocctaghra Q
Se r

v 164 CAGgtaataacacattet . . . . ~4.2 kb . tgctttectttgeagTGe I
Gly val

v 52 GGAgtaagtattetttte . . . . ~3.8 kb . atatttgbttttcagsTT 0
Lys Lys

VI 150 AAGgtaaaattttceact . . . . ~2.5kb . tottttattatatagads 0
Ile Val

Vi 102 ATAgttagtattcettte . . . . 108 bp . LgteLttcatgltageTT ]
Lys Glu

Vil 96 AAGgtaggaaaagaagta . . . . 441 bp . - .. bLthocthEttottagGhAG 0

X >958 TAATGTGTAATAAAGTCT end

tion should be useful in elucidating the evolutionary
mechanisms of recruitment of enzymes as crystalling
and their possible roles in the lens and other organs.

MATERIALS AND METHODS

Genomic library screenings. A human genomic library from Pro-
mega (Cat. ¢2091) constructed in A\GEM-11 was screened using nitro-
cellulose filters (Schleicher & Schuell). Hybridizations were per-
formed at 68°C in 6 8SC, 0.5% SDS, 0.5% Denhardt’s solution with
100 pg/ml salmon sperm DNA (Sigma) with 10° dpm/ml of the probe,
with washes at 68°C in 2x S8C, 0.5% SDS. For the first screening
a probe was generated by nested polymerase chain reaction (PCR)®
corresponding to nt 455-943 from the human cDNA clone HL103,
Further screenings of approximately 0.8 x 10° pfu were carried out
with a probe corresponding ta nt 17— 121 using the same library and
a gecond one from Clontech (Cat. HL.1006d) constructed in EMLB-3
to obtain clones with the 5’ region of the gene.

Subcloning and DNA sequencing. Phage DNA was isolated from
X clones, digested with different restriction enzymes, and ligated
into previously digested and dephosphorylated pBluescript IIKS*
{Stratagene). The sequencing reactions were carried out using the
Sequenase system (USB) based on the dideoxy chain termination
method {Sanger et al., 1977) with 2'-deoxyadenocsine 5'-fa-*5S-thiol-
triphosphate. The intron/exon junctions and the putative promoter
were sequenced in both strands. The complete intron 1 was se-
gquenced in one direction.

The computer comparisons of the sequences were performed uging
the GCG package in the CONVEX unit at the NIH.

Polymerase chain reaction analysis of the intron sizes. With the
exception of introns 1, 7, and 8, which were completaly sequenced,
the size of the introns was determined by PCR with appropriate
oligonucleotides in the exon sequences, To amplify fragments of the
sizes expected for the larger introns, we used the buffer described by
Ponce and Micol (1992). This buffer has been specifically developed to

% Abbreviations used: ADH, alcohol dehydrogenase; ARE, antioxi-
dant responsive element; PCR, polymerase chain reaction; RACE,
rapid amplification of ¢cDINA endg; SDS, sodium dodecyl sulfate; SSC,
0.015 M NaCl/0.015 M Naj; citrate, pH 7.0; HSE, heat shock element;
nt, nucleotide.

get amplifications up to 6 kb. The Tag polymerase and all other
reagents used were purchased from Perkin—Elmer.

Rapid amplification of cDNA 5’ end (RACE). Total RNA was iso-
lated from 1 g of normal human liver using an RNA extraction system
(Stratagene) based on the procedure of Chomczynski and Sacchi
(1987). The first strand cDNA synthesis was performed by priming
the total RNA with the oligo (6'-AAGCCATAAGCTCTAGCAAT-3')
antisense from {-crystallin cDNA using MLV reverse transeriptase
(BRL). DNA was tailed with TdT from BRL. The first PCR amplifica-
tion was performed using a poly(T)oligonucleotide with an EcoRI
restriction site (5'-GGACTCGAATTCGACTGCTTTTTIITTTTTT-
TTTTT-3') and the internal (-crystallin antisense oligo (5'-CCA-
GAGATCGTGCTGCTAGT-3'). After 10 cycles with an annealing
temperature of 37°C, 0.2 ul of the reaction mixture was used for a
second amplification with the oligonucleotide 5'-GGACTCGAATTC-
GACTGCT-3’ and a {-crystailin antisense oligo slightly modified in
the 5" to generate an EceRI site (5'-GTGGTTGAATTCTGTAAGTAC-
CAGAGCGAATGTATGTCT-3'). Amplification products were di-
gested with EcoRI and subcloned in pBlueseript IIKS* (Stratagene)
for sequencing.

Primer extension analysis. A 36-mer synthetic oligonucleotide (5'-
CTAGAGTGGGAATTAAAATCTGCGTGGGCTTCT-3') complemen-
tary to the first untranslated exon of {-crystallin was end-labeled
with [**PJATP using T4 polynucleotide kinase (Stratagene). The un-
incorporated nuclectides were removed from the **P-labeled oligonu-
clectide using a NICK-column (Pharmacia), and 5 X 10° cpin of this
probe was hybridized with 50 ug of total RMA from human liver with
reverse transcriptase buffer, 4 U of RNagin (Promega), and 200 U/
ul AMV Reverse transcriptase (BRL). After 2 h of incubation at 42°C,
the extension products were phenol extracted and ethanol preecipi-
tated prior to electrophoretic separation in a 6% acrylamide/7 M urea
gel for analysis.

Southern blotting. Genomic DNA from human liver was ex-
tracted as described in Sambrook et ol. (1989). DNA was transferred
to nylon membranes (NYTRAN, Schleicher & Schauell). Hybridiza-
tions were performed with the same stringency as that for the library
screening. Two fragments generated by nested PCR from the human
liver ¢cDNA clone HL103 insert corresponding to nt 17-121 and
1133-1427 were used to identify the bands corresponding to the 5'
and 3’ ends of the gene, respectively. The insert of clone HL103 was
used as a full-length probe. The analysis of the clones was performed
following basically the same method as that uged for gencmic DNA.
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FIG. 1. (A) The structure of the human -crystallin gene. The exons are shown as boxes and numbered below. Solid boxes designate
coding regions, and open boxes represent the 5’ and 3" untranslated regions. The locations of the restriction sites used to subclone different
fragments of the A-clones are also indicated. (B) The relative positions of the A-genomic clones. (C) The fragments subcloned into pBluescript

KSII* that were used for the sequence analysis.

RESULTS

Intron—-Exon Structure of the Human {-Crystallin
Gene

The extent of the genomic clones used in this study
and the structure of the human C-crystallin gene are
shown in Fig. 1. The gene spans about 20 kb and in-
cludes one untranslated and eight translated exons. No
differences were found between the exon sequences in
the genomic clones and the previously reported cDNA
sequence (Gonzalez et al., 1993). The ATG start codon
is located 14 bp info exon 2. The last exon, exon 9,
includes 53 amino acids of the C-terminal region of the
protein plus the 3’ noncoding region. The cDNA clone
previously reported ended only four nucleotides after
a consensus polyadenylation signal (AATAAA), and no
poly(A) tail was found; therefore, the exact size of exon
9 is not completely defined since other consensus poly-
adenylation sequences are also present in the 3' region
of the gene. However, the analysis of cDNA clones from
guinea pig (Rodokanaki et al., 1989} showed that a
functional polyadenylation signal is located in the same
relative position as that found in the human ¢DNA
clone. All the intron/exon boundaries have the consen-
sus sequences GT and AG (Breathnach and Chambon,
1981; Mount, 1982). The lengths of introns 2, 3, 4, 5,
and 6 were estimated based on PCR amplifications be-
tween exons and the restriction pattern of the genomic
clones. Introns 7 and 8 are the smallest, and their sizes
(108 and 441 nt, respectively) were determinated by
direct sequencing. The intron/exon structure and splice
sequences of the human {-crystallin gene are summa-
rized in Table 1.

Amplification of the cDNA 5' End in Human (-
Crystallin and Primer Extension Analysis

A RACE experiment was performed with total RNA
from human liver to complete the sequence of the 5’ end
of the {-crystallin ¢cDNA. Four clones (RaceHL1,2,3,4)
were tested by internal PCR with specific oligonucleo-
tides from the 5' region of (-crystallin; two of them
{RaceHL3,4) showed positive amplification and were
sequenced. Clones RaceHL3 and RaceHI4 extended 34
and 55 pucleotides, respectively, upstream of the cDNA
sequence previously described (Gonzalez et al., 1993).
Further analysis of the genomic clones showed that this
sequence corresponds to an untranslated exon present

AGCT bp
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FIG, 2. Primer extension mapping of the 5’ end of human {-
crystallin in liver. Lanes A, G, C, and T represent an unrelated
sequencing reaction used as a size marker. The lane on the right
shows the products of the primer extension obtained as described
under Materials and Methods. The sizes of the extended products
corresponding to the more intense bands are also shown.
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GGATCCGTCGTCACTGEATGGGARCAGEGCTCCTAARGTTTCGCACTAGAAGGCAGGCGATGGACAGCCGCAAAGGGGCCTCACCCGGTCAAGGAGTAGS ~396&
BamHI caccc box
ATGCOGCCAGCGCAGGAGCTGETGGTGAAAAACTGATCTCGCATGTTCAGAAACTGCACAAGCTCTACCACATCCTCGTCARCACTGCCCTTCCGGCTGA -296
GGTCCECTTTGC TCARACATTGCGCCTTCCATTTCCTGAAC TCCTGCTGCGATCCATGAGTCACGGACTCAGGGTCTGCTGCTCGGCTCCTECATGGTAG -196
ARE AP-1
CCTGCTCTCTCCCTGGGGEGCAGCCATATTGARGCGAGUGGTGGCCGARARGGTCCARACTTCCTCTTCGTTC TTAATTIGGEARATTCTAGtgcCcttage -96
AP-2 HSE *
ctaggggtggagagaggegecacageoctygggtggagegaggegeacatecTGEETGGAGCCTGCAAAAGT TGGAGAAGGTGTGGCAGTCCTCATTTCTGTS 5
* * okl Exon 1
GAATCTGAAGAAGECCACGCAGATTTTAATTCCCACTCTAGATTCT GG TAAGTGGTTTTARAAACTCTCCTTAGTTGTTTAGACAGC GARTC TCLCCALT 105
GUTCETCCAAGTGGARCCGAGTTTGATTTTGGCTGCACCCCTTCCTGCCCTC TGTCCTCCCAGAGRACTAGTGCGTAGAGC TCCAGACCGAAGCCATTCC 205
CCTCCAGGGCTGCaagttoccatocataaatcaggtaggaagttttgocttotdgtoctgggetoctagectygtectgagtttaggoetctgagtttagyg 305
ctaccacacocatgaggtgtcegttggcactacocctgeccagectegococcoccococcocceccocecgeceagtcaccegettgatttttcoctgocage 405
cagtgectgggtttggggattectgrageagegeccagegractgtocagggececttoccacageccagotetagotgtagaggatttgtctagatagg 505
gocoocttoccacageceagotgtaggggattictectagggtagggectecttccacageccagotgtagggat ttottetectagggtagtecaectt 605
gtcacagececcagotgtaggggactttatttottetectagggecececcttecccacagececcagttgtggggactttcttetecotaggtagtgeccottege 705
acagceccrageatggtaggggattigattiottetoctaggtagggeocecottoocnacagacccacotgtcaget graggggatitetoctaggtagggote 805
ctteceacageccagotgtaggggatttgatttottetoctaggtagggeccottecacagoccagotgtgggggattetttgtottggattoecacaat 905
tacaggtttococggagettectecagetttgocatecaggattgeagtetttgagagaagtatagttttattgacectgtgacgoccaccacetagataa 1005
tettoaaaagaaattacaaaacaccectgttaacacategttggatgtttatactgagtitctagaggagactcagtgaccaggtaggtgtgeoaatgatta 1105
aacctasaggetaaagtttggaatgottgtecgtagotaatggaaattgttgtgegagtcoctotgaagecactgtgattacgtgtectggttageggage 1205
gagttcagcagcaaatctetecaagetectactectecagecaattagggaacagactgecctgttecatacgatcatggaacotggaggagtcegaaatta 1305
ttaaactcoteccoctottaettaceceogteotatotcaagtgaacagaagtgacctgataagatcacacagecaggaagagactt tetetgaccacttgta 1405
attottgoocttttTTACATTTCTGGGTTAATAATARACCATATGCTTACATGAGTC ATTGTGTATTAGC AGCAGAAC ARTTTGTARTCATTGATTITTTT 1505
TCTAASTTTTCAGTTT T TAAAATTCTTGCCAGAATTC TTTTTCAAATCAGAATTTTCTTTTTCCT ITTCAGCACTAAGTTTC TGAGATTTTTATATTCCCT 1605
ARRCTGTGTAAATARAGTT TGARARCATGCARARCARTAACACATATTGTTTAATATTACATACCCATGTAGAAGTGGTATTARATGC TTGAGAATGATG 1705
AGTACAAATTTATGGTTATAGTCACCTGTTGARAGGGTGGGACAGAAGCAGGTTTGGCTTCAAT TATATCTATAATGETTTAGGTTTT TTARATGT TAAG 1805
ATTTGTTAARGCTGGGTAatatcatttggetetgtcgecacecaaatctcatoticaatrgtagoteccataatteccocacatatecatgggagggacctyg 1905
gggaggaattccottttataaaccatcagatattgtgagacttattcactgtcactagaacagecatgggaactcettoccoccatgactcaattaccteee 2005
accaggteoctoccatgaca. c - s e st THE-1 transposable element, ... ... uocvuvsana, tgagacttactatcatgggyg 4188
atagcatgcaaaagacctgacccatgattgaattectgeacagetettgtttgocaccatgtaagacatgecattgetteotectttgocttccaceatga 4288
ttgtgagacctocctagocatgtggaactgecaagtccattaaacetgtttoctttataattatcagtcaccagtatttottocatagocagtatgaaaatga 4388
accaataccotgggtgteaggtaAATGTTTGGAATGTTTCATAATCTAACARAAGGAGGTCAGTTTACCTAATGTTARTARAAC TCAACTCATARARTTT 4488
CTARGGTATTGCARCTCARGCRAAGARRACCTAARTATGETATCATGCTATGTCTATCAGATGT TTTTGTTTGCATGTTTGATTCCTTAGCTTTARAGGTA 4588
CTGAATCCCTGCAGGARGTAGCATSAAGGATTCTGCATTATAGCTGAGGGATT TGTAAGATGAAAGGTCCTARACATGAAATGAGATCAGTGGAAGCTCA 4688
TGATTTARATTGTTATTTGAARRAATTGTTTGATCTGCTCCCTCCAGGGGGGAAARACATGGTGATATCCTAGATACAATGTGACAATACATTAATTTTT 4788
TTTCTTCCTTAGTATCTAGATCACCATEGCGACTGGACAGAAGTTGATGAGAGCTGTTAGAGTTTTTGAATTTGGTGGGCCAGAAGTCC TGAAATTGCGA 4888
Exon 2 M A T G @Q KL M R AV RV F ETFG GG P E V L K L R

TCAGATATTCCAGTACCGATTCCAABRGACCATCAGGTAGARATARMATTACTTYATTGAGGC TTTARAATCCACTARATART AACCTGAGTGTGAATGT 4988

5§ DI A Vv P I P K D H Q

TGAAAATCAMATCARGATARAGGTARGT TGACTGAARARTCACRAATGATAR . . . . . vt i s aaas INTRON. 2. .o v vsevinntnnrnsnns

FIG. 3. Sequence corresponding to the 5’ region of the human C-crystallin. For convenience, nucleotides are numbered starting with
the first nucleotide of the longest RACE product from liver RNA. The locations of the putative transcription start points according to the
primer extension experiment are indicated with asteriske below the corregponding nucleotide. The exon sequences are underlined, and the
amino acids are shown below the corresponding codons. The fragments not showing similarity with the corresponding guinea pig sequences
(Gonzalez et al., 1994) are indicated with lowercase letters. Sequence from nucleotides 1823 to 4411 corresponds to the THE-1 transposable

element.

approximately 4.5 kb upstream of the first translated
exon {Exon 2).

A primer extension experiment with human liver
RNA (Fig. 2) shows the presence of several putative
transcription start points located 75 to 101 nucleotides
upstream of the first nucleotide of the longest product
of the RACE experiment. Multiple transcription start
points are frequently observed in housekeeping pro-
moters.

The 5’ Region of the Human L-Crystallin

The sequence located upstream of the first exon is
rich in G+C and lacks TATA and CAAT boxes. Some
gequences similar to putative regulatory elements,

CACCC box, antioxidant responeive element (ARE)
(Rushmore ef al., 1991), AP-1, AP-2, and heat shock
element (HSE) (Amin et al., 1988), are found in the
human gene (Fig. 3). The overall similarity between
the two species in this region (>80%) is significantly
higher than the average 60% similarity found in non-
functional intron sequences, a finding consistent with
its putative role as promoter.

The high expression of {-crystallin in the lens of
guinea pig is mediated by a virtually lens-specific pro-
moter located between the liver untranslated exon and
exon 2 (Lee ef al., 1992). To obtain some insight into
the possible mechanism of recruitment of C-crystallin
as a lens protein in guinea pig, the human intron 1
was completely sequenced and compared with the cor-
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Comparison of the 5’ region of the human C-crystallin gene with the guinea pig (Gonzalez et al., in preparation). The regions

conserved (similarity > 60%) between the two species are presented as gray boxes. The sequences specific to the human or guinea pig genes
are presented as white and black boxes, respectively. The human THE-1 repetitive element is also shown. The region labeled as lens
promater in the guinea pig gene is based on the functional analysis by Lee ef af, {1994).

responding region in the guinea pig gene (Gonzalez et
al., 1994;,

There were three main areas in which the sequence
in one species did not show homology with the other
(Fig. 4). The first of these areas starts 170 bp down-
stream of the first exon and affects a fragment of 1.2
kb in human and 470 bp in guinea pig that cannot be
aligned. A tandemly repeated sequence of about 50
bases with 10 repeats is located in this area in the
human gene.

A second difference corresponds to a sequence in the
human gene identified as a member of the transposon-
Like family described by Paulson ef ai. (1985) that spans
2.6 kb within the first intron, ending 400 bp upstream
of exon 2. This sequence contains two flanking long
terminal repeats and shows similarity with the THE-
1 family of transposable elements (Paulson et al., 1985;
Finnegan, 1989). This family of transposon-like ele-
ments hag been reported in the human genome (where
approximately 10,000 capies are estimated to be pres-
ent) and in the monkey but not in the rodent genome
and must therefore be considered a relatively recent
acquisition in the evolution of the {-crystallin gene.
These elements are able to transpose by their de novo
insertion into other genes (Deka et al., 1988). The rela-
tive position of the insertion and the small effect on
the original sequence (only 34 nt are missing with re-
spect to the guinea pig intron sequence} would suggest
that it probably has not affected the expression of the
gene.

The more interesting difference hetween the human
and the guinea pig genes involves a fragment of ~2.5
kb of the guinea pig gene that is not present in the
human intron. This guinea pig fragment includes the
lens-specific exon plus 220 nucleotides downstream
and 2.2 kb upstream of it. This includes the complete
region characterized as the lens-preferred promoter re-
sponsible for the high expression of {-crystallin in
guinea pig (Lee ef al., 1992). A fragment of 300 nt situ-

ated upstream of the THE-1 transposable element in
the human gene shares similarity with sequences lo-
cated in both flanking areas of the 2.5-kb fragment
containing the guinea pig lens promoter. Howsaver,
these two guinea pig sequences show only a very weak
similarity with each other.

Structure of the {-Crystallin Pseudogene

Figure 5 shows the sequence of the human intronless
gene. The open reading frame has been interrupled at
different points, indicating that this is not an active
gene, but a processed pseudogene (Vanin, 1984). The
similarity with the human ¢cDNA (Gonzalez ef al., 1993)
i3 81%. Since the rate of nucleotide substitutions for
pseudogenes has been calculated by Li et al. (1981) as
4.6 X 107° substitutions per nucleotide site per year,
the formation of the pseudogene can be estimated to
have occurred about 40 million years ago. According to
this estimation this pseudogene would not be expected
to be present in rodents, a prediction consistent with
the observed absence of {-crystallin pseudogenes in
guinea pig (Borras et al., 1990). The existence of this
pseudogene indicates that the gene is expressed in the
germinal cell line consistent with expression at the
level of that of a housekeeping enzyme. It is also inter-
esting to note that the similarity in the 5' region of the
pseudogene with the products of RACE from human
mRNA and with the genomic sequences helps to con-
firm the 5’ untranslated sequence obtained in the
RACE experiment.

Southern Blot Analysis

Figure 6 shows the results of two Southern blots of
human liver DNA digested with EcoRI, Hindlll, and
Pstl and hybridized separately with two short probes
corresponding to sequences located in exons 2 and 9 of
the human gene, respectively. Only one band hybrid-
ized with high intensity in each lane; however, one
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accctggectdyectooagocacoctitagatiaactgancoccaackocraanagictigttggotgeaaagtiagaageage

M A
ctggecagectocttagtggaatagtaaggagecettcagttttgateccactctagagettttatotagtgaccATGGCA

T E Q XK L vV R A VvV R V F E F 6 R P E V L KL 8 Q M L Q
ACTGAACAAAMGC IGGTGAGAGC TETTAGAGTGTTTGAATTTGGTAGACCAGAAGTCCTGANAC TCAGTCAGATGTTGCAG

Y Q ¥ g K T I 8 ¥ I R F M R Y ¥V § T P W R HET F T L V¥
TACCAGTTCCAAAAGACCATTAGTGTAATAAGGTTCATGCGTGTEGTGTCAACICCATGGAGACATACATTTACTCTGGTA

F N R K P P ¥ 5 I L R ¢C N W G N G6 8 C W R EC I Y F @
TTTAATAGAAAACCACCTTATTCTATTC TCAGATGTAAC TGGGGTAACGGAAGC TG TTGGAGGGAATGCATC TACTTTCAA

E X W T VvV F T TG T I 8 ¢ 8 R L R CF T HX® C L ¥ R W %
GAAAAGTGGACAGTTTTCACTACCGEGCACAATC TC TEGRAGCAGATTACGC TGTTTTACCAACTGCC TGARRAACTGGACT

L N K M L P L V 5 B I L L H IEUL * F TV 8 G M KA G
TTAAACAAAATGCTGCCATTGGTATCCCATATCTTAC TGCATATCGAGCTCTGATTCACAGTGTC TGGTATGAAAGC TGGA

E FWPF MGG L V EETULQ * ¢ HA KL L EL C L E G F G
GAGTTCTIGETTCATGOGGCTAGTOGAGGAGCTGCAGTAGC M CATSCCAMTIGCTAGAGTTATGTC TTGARGGTTITGRGE

H 8 W ¥ » ¢ T K R L L Q N 6 A H K V F N Y K E V N Y V
CACAGTTGEGTACTGAGGGACAAMAAGAL TTTTGCAAAATGGAGCCCACAAAGTGTTTAATTACAAAGAAGTTAACTATGTT

D K I K K ¢ VvV I R R I D V I L K » *» IL N K § * » I C E
GATAAAATTAAGAAATGTGTCGATAAGAAGGATTGATGTGATATTGAAATAATAGC TAAATAAATC TTAGTAAATATGCGAA
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FIG. 5. Structure of human -crystallin pseudogene. The sequence similarity between the functional gene and the pseudogene starts
at the position indicated by an arrow. The open reading frame is interrupted by numerous stop codons labeled with asterisks. The presence
of these stop codons indicates the lack of functionality of the pseudogene,

additional weaker band can be observed, especially in
the blot hybridized with the 5’ probe. The sizes of the
stronger bands are the same as those of the correspond-
ing restriction fragments of the genomic clones from
the functional gene; the weaker bands match those of
the intronless pseudogene.

DISCUSSION

The main purpose of this study was to isolate and
characterize the human {-crystallin gene to better un-
derstand its function and regulation of expression. In
addition, the data should provide some insight into the
mechanism of recruitment of this enzyme as a lens
crystallin through the comparative analysis of the hu-
man gene with those of other species.

The RACE experiment revealed a new untranslated
exon not found in the original analysis of the human
cDNA (Gonzalez ef al.,, 1993). The sequence upstream
of this exon has features of a housekeeping promoter

(G+C rich, lack of TATA and CAAT hox). Except for a
CACCC box and a sequence similar to the HSE, there
are no clear consensus regulatory sequences conserved
with respect to the guinea pig housekeeping promoter
{Gonzalez et al., 1994). However, the higher degree of
conservation of this region suggests that it is functional
as a promoter. The presence of this type of promoter
is also consistent with a function for {-crystallin as a
housekeeping enzyme, perhaps involved in a detoxifi-
cation process as previously proposed (Rao et al., 1992).

One of the more interesting features of the {-crys-
tallin gene is the great difference in its expression in
lenses from different species. This is especially relevant
in the comparative analysis of the region corresponding
to the first intron, where a lens-specific promoter is
present in the guinea pig gene (Lee ef al., 1993; Gonza-
lez ef al., 1994). Comparison of the sequences of the
first intron from the human and the guinea pig genes
showed three main differences. Two of them (the trans-
location in the 5’ region of the intron and the insertion
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FIG. 6. Southern blot analysis of the human (-crystailin gene.
Human genomic DNA digested with the indicated enzymes was
probed separately with two PCR fragments (1 X 10¢ cpm/ml) corre-
sponding to exon 2 (left) and exon 9 (right). The pattern of the more
intensely hybridizing bands is consistent with that of the genomic
clones of the functional gene. The pattern of weaker bands (indicated
with arrows) matches that of the intronless pseudogene, The lack of
conservation between the gene and pseudogene sequences in the
untranscribed region of exon 9 explains the absence of weaker bands
in the blot hybridized with the 3’ probe.

of the THE-1 family transposable element in the hu-
man gene) apparently are not implicated in causing the
difference of expression in the lens; they affect areas for
which there is no evidence of a functional role, espe-
cially with regard to the lens expression in guinea pig.
The difference between the human and the guinea pig
genes that accounts for the different level of expression
in the lens is the 2.5-kb fragment of guinea pig that
includes the lens promoter and is missing in the human
gene. Analysis of the guinea pig lens promoter has
shown that this fragment contains all the regulatory
elements necessary for high lens expression, and there
is no evidence for regulatory elements outside of this
area {Lee ef al., 1994). This result raises the possibility
that the recruitment of {-crystallin/quinone reductase
as a lens erystallin occurred by the insertion of this 2.5-
kb fragment into the first intron of the original gene.
However, it could also be interpreted as a deletion in
the evolution of the human gene. In fact, the observa-
tion that the two guinea pig seguences flanking the
fragment that is missing in the human gene share some
similarity with each other and with only one fragment
of the human sequence in that region is probably more
consistent with a deletion of the guinea pig fragment
rather than an insertion of a new one.

The analysis of the human {-crystallin thus does not
provide a definitive answer to the question of whether
the lens promoter in the guinea pig gene (Lee et al.,
1993} is an ancestral feature of the gene that was elimi-
nated in most evolutionary lineages or whether it is a
new acquisition in guinea pig. However, the obhserva-
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tion that the complete region corresponding to the
guinea pig lens promoter is absent in the human gene
suggests that it was not originally involved in the regu-
lation of the expression of the gene at enzymatic levels
gince this constitutive expression of {-crystallin is ap-
parently unaffected. Therefore, while a role for neutral
evolution cannot be ruled out, these results suggest
that the recruitment of C-crystallin as a lens protein in
guinea pig did not occur through modification of regula-
tory elements present in the original gene, as has been
proposed as a general mechanism for the neutral re-
cruitment of other enzyme/crystalling (De Jong et al,,
1989). The recruitment of {-erystallin, and perhaps
other pyridine nucleotide-dependent oxido-reductases
as taxon-specific crystallins, may reflect some benefi-
cial effect of the overexpression of these proteins in the
lens that provides selective advantage. In this sense it
is interesting to note that due to the ability of {-crys-
tallin to bind NADPH, the high concentration of this
protein in the lenses of guinea pigs and camels results
in an extremely high level of NADPH as well (Rao and
Zigler, 1990). A similar increase in the concentration
of reduced pyridine nucleotides has been found in the
lenses of species with other nucleotide-binding enzyme-
crystallins (Zigler and Rao, 1992). The fact that synthe-
sis and maintenance of these very high nucleotide lev-
els require the expenditure of energy may suggest that
either the enzyme/crystallins themselves or the high
concentration of nucleotides associated with them pro-
vides some definite advantage to the lens. It has been
proposed (Rao and Zigler, 1992) that increased levels
of NADH or NADPH may play a protective role against
oxidation in the lens, which is believed to be a major
factor in the development of cataracts {Spector, 1991).
It is especially interesting that one of the species that
has high levels of {-crystallin in the lens, the camel
(Camellus dromedarius), lives in a particularly hostile
environment, where it is exposed to extensive UV radi-
ation. Apparently, despite such exposure, cataracts are
not commonly found even at older ages (34—37 years)
(K. F. Tabbara, Saudi Arabia, pers. comm., 1993), A
study of the {-crystallin gene in another camelid
(llama, Llama guanacoe) that also shows high expres-
sion of this protein in the lens is currently in progress in
our laboratory. Comparative analysig of the regulatory
regions of the Nama gene with those presently available
should provide new insights into the evolution of the
gene and its role in the lens and other tissues.
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