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The study of the organization of eukaryotic DNA, its function 

and informational content has initially relied on measurements of 

the kinetics of nucleic acid hybridization. These studies have 

yielded valuable information about the overall or average charac

teristics of the genomic DNA but say little about specific 

sequences. Hence, this approach has, at present, been largely 

superseded by molecular cloning techniques which allow the study 

of a single specific sequence. 

The General Structure of the Eukaryotic Genome. 

When the rate of renaturation of higher eukaryotic genomic DNA 

is measured, complex kinetics are obtained. These can be resolved 

by assuming the presence of three different sequence components: a 

fraction whose sequence is unique, a fraction consisting of 

moderately repetitive sequences (generally 10 copies or less) and 

a fraction containing highly repetitive sequences (about 10 

copies; Britten and Kohne, 1968). 

The highly repetitive DNA consists of long simple sequence 

tandem repeats and is also known as satellite DNA. Satellite DNAs 

are found in constitutive heterochromatin such as the centromeric 

region of the chromosome and various hypotheses about their 



function have been proposed including meiotic chromosome pairing, 

chromosome rearrangement, kinetochore organization and definition 

of chromosomal domains (for brief rev., see Wu and Manuelidis, 

1980). 

In contrast to the tandem repetition in the highly repetitive 

DNA fraction, most of the moderately repetitive sequences are 

found interspersed with unique DNA. Two interspersion patterns 

have been found, a short period interspersion or Xenopus-type and 

a long period interspersion or Drosophila-type (Grain et al., 

1976). Long period interspersion is present in some insects. In 

this pattern, repetitive elements of average legnth of 5,000 bp 

are found interspersed in stretches of unique sequence DNA at 

least 13,000 bp long (Lewin, 1980). The short period interspersion 

has been found in all other higher eukaryotes studied thus far and 

consists of repetitive elements 200-800 bp long interspersed with 

unique DNA with an average length of 800-2700 bp (depending on the 

species examined; Lewin, 1980). In general about 60% of the unique 

DNA is organized in this manner, for the remainder a less well 

defined longer interspersion period is found (Davidson and Britten, 

1973). Approximately 30% of the moderately repetitive DNA is not 

interspersed (Davidson and Britten, 1973). 

The further characterization of the interspersed repetitive 

elements has benefited greatly from the ability to isolate these 

sequences by molecular cloning. The various families of middle 

repetitive elements studied at the nucleotide level thus far 

differ in sequence organization but share a common characteristic, 

namely all are transposable, e.g. extra-chromosomal copies can be 

inserted in the genome, apparently at random (Finnegan, 1981; 



Jagadeeswaran et al., 1981; Spradling and Rubin, 1981, 1982; 

Potter, 1982; Di Giovanni et al., 1983). These mobile elements, 

which constitute the majority of the middle repetitive sequences, 

have no discernable phenotypic function. However, transposion 

events may be an important source of spontaneous mutations 

(Bender et al., 1983, Modolell et al., 1983). Furthermore, 

although the farilies of these elements are virtually homologous 

within a species, striking divergence between species is found. 

Hence they contribute to the extensive molecular differences 

found between the genomes of very closely related species. Finally, 

at least one class of these elements, the fold-back elements, has 

been implicated in the mobilization of genes (Paro et al., 1983). 

The dynamic rather than static structure of the eukaryotic genome 

may well be due to the presence of these mobile elements. 

Formally gene families also belong to the class of middle 

repetitive sequences. Before the advent of recombinant DNA tech

nology only gene families characterized by a high copy number and 

little or no divergence between the various members such as ribo-

somal RNA and histone genes could be discerned. Today many more 

gene families with a low copy number and more sequence variation 

between its members are known. The organization of four such 

families will be discussed in detail later. 

Although some coding sequences are found in the middle repetitive 

DNA fraction, the great majority of the structural genes are en

coded by the unique DNA fraction since the rate of hybridization 

of mRNA with genomic DNA is indistinguishable from the rate of 

renaturation of the unique DNA component. The amount of unique DNA 

transcribed may be estimated from the extent of hybridization of 



the unique DNA fraction with mRNA. Those experiments are, however, 

not very accurate and a better measure is the sequence complexity 

of the mRNA present in various cells or tissues. Such data have 

been reported for, amongst others, three different mouse tissues: 

liver, kidney and embryo. In all three cases about 12,000 different 

mRNA' are present with a total sequence complexity between 2.1 and 
7 

2.4 χ 10 basepairs (bp), which corresponds to about 2% of the 

unique DNA fraction (Hastie and Bishop, 1976). Since only 10% of 

the mRNA species were found to be specific for any one of the 

three tissues, the conclusion from these and similar experiments 

is that only a few percent of the unique DNA fraction contains 

coding sequences. However, because of the difference in size 

between heterogeneous nuclear RNA's and their final mRNA deriva

tives (Derman et al., 1976), these experiments underestimate the 

amount of DNA actively transcribed by a factor of five. Such 

estimates of the amount of "functional" unique DNA should be taken 

as lower limits anyway, since transcripts present at very low 

levels or present only transiently during development would not 

be measured. Furthermore, nothing is known about the amount of 

sequence information needed to regulate gene expression in eukary-

otes. Nevertheless, these experiments do suggest that the eukary-

otic genome is far larger than required for the genetic functions 

its specifies. They further emphasize the need for direct studies 

of isolated sequences to precisely determine eukaryotic gene 

structure. 

Eukaryotic Gene Structure. 

At present most of the eukaryotic genes whose structure is known 



encode abundant or specialized proteins. The genes for such 

proteins are most easily isolated by recombinant DNA techniques. 

Nevertheless, some general characteristics of eukaryotic genes 

have emerged. With a few exceptions, for example most histone 

genes (Schaffner et al., 1978; Sures et al., 1978; Childs et al., 

1982; Choe et al., 1982) and the human α-interferon genes (rev. 

by Sehgal, 1982), the coding regions (exons) of a eukaryotic gene 

are interrupted by untranslated segments (introns). In the primary 

gene transcripts both introns and exons are present. The introns 

are subsequently spliced out to yield an mRNA which contains only 

the exons. 

Two models have been formulated to account for the presence of 

introns. The first model suggests that exons correspond to the 

functional units or domains of a protein. Introns would then faci

litate the linkage or reshuffling of such functional units to en

gender a variety of proteins (Gilbert, 1978; Blake, 1979). Indeed, 

in a number of proteins the intron-exon boundaries correspond to 

the protein domain boundaries, for example in the $-globins 

(Craik et al., 1980), the immuloglobulin heavy chains (Early et 

al., 1979; Honjo et al., 1979; Cough et al., 1980; Calarne et al., 

1980), α-fetoprotein (Eiferman et al., 1981), ovomucoid (Stein 

et al., 1980), keratin (Mason et al., 1983) and the 3- and 

γ-crystallins (Inana et al., 1983; Chapter IV of this thesis). 

The second model suggests that introns are intrusions in 

functional genetic units. Such a mechanism would explain why the 

intron location can differ between genes that clearly diverged 

from a common ancestor. Such differences are found between the 

locations of introns in otherwise homologous actin genes isolated 



from different species (Firtel et al.,1979; Durcia et al., 1980; 

Gallwitz and Sures, 1980; Ng and Abelson, 1980; Fyrberg et al., 

1981; Zakut et al., 1982; Nudel et al., 1983) and in the genes 

encoding α-antitrypsin and ovalbumin (Leicht et al., 1982). 

Of course these models are not necessarily exclusive, since a 

gene composed of shuffled exons could obtain an additional intron 

by insertion. Furthermore, the intron boundaries are not necessa

rily static; intron-exon junctions frequently coincide with 

variable surface loops of proteins (Craik et al., 1982), 

suggesting that sliding of the splice junction contributed to the 

variability of proteins (Craik et al., 1983). Introns may also 

become codogenic as inferred from the observation that alternative 

splicing of primary transcripts of the rat fibrinogen gene 

(Crabtree and Kant, 1982), the rat calcitonin gene (Amara et al., 

1982) and the murine aA crystallin gene (King and Pratigorsky, 

1983) leads to different proteins encoded by a single gene. 

Sometimes an intron of one gene may contain an exon of a second 

gene. For example, the 5' intron of the long version of the yeast 

apocytochrome b gene contains part of the coding information for 

a protein, a maturase involved in splicing the yeast apocyto

chrome b mRNA precursor (rev. by Borst and Grivell, 1981; Grivell 

and Borst, 1982). 

Finally, the possibility must be entertained that introns may 

be lost, a possible example of such an event is described in 

this thesis (see Chapter IV). The typical intron-less bacterial 

genes could also be the result of such events. 

Eukaryotic Gene Families. 

A number of eukaryotic genes belong to larger gene families, 



that is the genome contains more than one, either closely homolo

gous or identical, copy of the gene. Gene families thus code for 

a number of closely related (e.g. S globins) or identical proteins 

(e.g. histones) or RNA (e.g. rRNA). Not all of the copies of the 

gene found in the genome are actually functional genes, some are 

pseudogenes. Such pseudogenes can be recognized by, for example, 

the lack of functional promoter sequences (Karin and Richards, 

1982), the presence of translation stopcodons in all three 

possible reading frames (Proudfoot et al., 1982) or the lack of 

proper splice sites (for a review on globin pseudogenes, see 

Little, 1982). Some pseudogenes lack introns, they end in a short 

poly A track and are flanked by short direct repeats. These 

appear to be DNA copies of mRNA reinserted into the genome. Such 

pseudogenes are often found of sequences expressed in germ line 

cells, such as tubulin, actin and dehydrofolate reductase (Lemish-

ka and Sharp, 1982; Wilde et al., 1982a,b; Moos and Gallwitz, 

1982; Chen et al., 1982). Finally pseudogenes may be truncated, 

i.e. they contain only part of a functional gene sequence (Cleary 

et al., 1981). Once a sequence becomes a pseudogene for whatever 

reason it accumulates mutations at a rate comparable to that of 

other non-translated sequences such as introns. Therefore in any 

one pseudogene a number of the aberrant characteristics mentioned 

above may be present. 

A well studied gene gamily is the one encoding the β globins. 

In man the ß globin genes are arranged in a cluster: 

5'-ε-G -Α -Ψ ,-6-3-3' (Fritsch et al., 1980; ε, embryonic gene; 
γ γ BI 

G -A ,fetal genes; Ψ,, pseudogene; δ and β, adult genes). The 
γ γ BI 
organization of these genes in other higher primates is very 



similar. The mouse also has five functional ß-globin genes, in 

addition two pseudogenes are present. Of the functional genes, one 

is expressed during early embryonic development, two during late 

embryonic development and two are adult genes (Edgell et al., 

1983). The number of functional globin genes does differ, however, 

among mammals. For example rabbits have only three functional 

ß-globin genes (Hardison et al., 1979). They lack the late 

embryonic or fetal genes. In these three mammalian species the 

genes are arranged in the same order with respect to transcription 

and also in the order of expression during development. In 

contrast the two embryonic genes flank the two adult genes in 

chicken (Dolan et al., 1981). 

The ß-globin genes are located on the short arm of chromosome 

11 in man (Sanders-Haigh et al., 1980). The α-globin genes are 

found clustered on chromosome 16 (Phillip-Koefier et al., 1981) 

and thus are not linked to the ß-globin genes. 

The human α-globin cluster is more compact than the ß-globin 

cluster. It includes in a 5' to 3' order: one active embryonic 

gene (ζ2) , one embryonic pseudogene (Ψζΐ), one adult pseudogene 

(Ψαΐ) and two active adult genes (a2 and αϊ; Lauer et al., 1980; 

Proudfoot et al., 1982). The same tight linkage and 5' to 3' 

order of functional α-globin genes is observed in the rrouse 

Leder et al., 1981) and in chicken (Engel et al., 1980). The two 

murine α-globin pseudogenes Τα3 and Ψα4 are not linked with the 

three functional genes but are each located on a different 

chromosome (Leder et al., 1981), whereas in chicken no α-globin 

pseudogenes have been detected until now (Little, 1982). The 

arrangement of a- and ß-globin genes in amphibians is quite 



different from that in mammals. In Xenopus leavis two gene 

clusters are found that both contain a-globin as well as 3-globin 

genes, all arranged head to tail with respect to transcription. 

The larval a- and ß-globin genes flank the adult genes on either 

side (Hosbach et al., 1983). 

In contrast to the a- and ß-globin genes, which are always found 

clustered, the members of the a- and ß-tubulin gene families are 

usually found dispersed throughout the genome. The only exception 

found thus far is in Trypanosomes, where the 14-17 copies/haploid 

genome of a- and ß-genes are arranged in a tandem repeat of 

alternating a- and ß-tubulin sequences (Seebeck et al., 1983; 

Tomaslow et al., 1983). Mammals contain about 15 to 20 copies of 

both a- and ß-tubulin genes dispersed throughout the genome 

(Cleveland, 1983). Ten of the human ß-tubulin genes have been 

examined more closely, only three are functional, the other seven 

are pseudogenes (Gwo-Chu Lee et al., 1983), five of which bear the 

hallmarks of "mRNA copies" (see above). Chickens have only 4 to 5 

ß-tubulin genes of which four are functional (Lopata et al., 1983). 

Thus there is at most one ß-tubulin pseudogene in chickens. 

Drosophila melanogaster has probably no tubulin pseudogenes, all 

of the four α-tubulin genes are functional (Kalfayan and Wensink, 

1982), while at least three of the four ß-tubulin genes have also 

been shown to be functional (Raff et al., 1982). The number of 

functional tubulin genes is thus relatively constant from 

fruìtflies to man and the large number of tubulin sequences found 

in mammalian genomes is likely to be due to the presence 

of many pseudogenes. 

The four gene families described above illustrate the wide 



variety found in the organization of gene families, although a 

clustered arrangement as in the a- and ß-globin genes is more 

commonly encountered than the dispersion found for the tubulin 

genes. The difference between the mammalian and amphibian organi

zation of the a- and ß-globin gene cluster also illustrates the 

fact that the arrangement of clustered gene families is not 

constant through evolution eventhough the members of the same gene 

family in different species are clearly derived from a common 

ancestral sequence. 

A simplistic scenario for the evolution of a gene family would 

be that the various members of such a family orginate from 
successive duplications of an ancestral gene. Subsequent 

divergence of the individual family members then results in the 

synthesis of a number of related proteins. Further specialization 

of individual family members can then occur, for example by 

limiting their expression to a specific developmental stage as 

indicated above for the ß-globins. 

If extreme divergence occurs, the family relationship between 

genes is lost. For example, four small heat shock proteins of 

Drosophila and aA2 crystallin show significant sequence homology 

but the genes encoding these two proteins can clearly no longer 

be considered to belong to one family (Ingolla and Craig, 1982). 

Members of some gene families show concerted rather than 

divergent evolution. This is most obvious for the rRNA and 

histone genes. The copies of these genes do not evolve indepen

dently but remain identical within a species. Similarly, the 

intraspecies divergence between the two duplicate adult a-gldbin 

genes in mammals is much lower than the interspecies divergence 



and it is unlikely that these two genes evolve independently 

(rev. by Arnheim, 1983). Two mechanisms have been proposed to 

play an important role in concerted evolution, namely gene con

version and unequal crossing-over. Evidence for both mechanisms 

has been found in studies of the B-globin gene family. Gene 

conversion probably accounts for the similarity between the two 

human γ-globin genes on the same chromosome (Slightom et al., 

1980), while unequal cross-overs have resulted in variant 

ß-globins as the Lepore and anti-Lepore chains (Wheatherall and 

Clegg, 1979). Fixation of such "mutations" could, of course, 

cause contraction or expansion of the gene cluster and such a 

course of events is probably responsible for the variation 
in cluster size between species. 

The Gene Families encoding the Structural Proteins of the Eye Lens. 

When a number of related proteins are found, they can reasonably 

be suggested to be encoded by a gene family. The soluble 

structural proteins of the mammalian eye lens, the crystallins, 

consist of three such protein families, namely a-, $- and 

γ-crystallin (Clayton, 1974; Harding and Dilley, 1976). The bio

chemistry of these proteins has been studied in great detail with 

emphasis on subunit composition, structure and evolution. These 

topics have been exhaustively reviewed in: Molecular and Biology 

of the Eye Lens (Bloemendal, H., ed.)(1981) and therefore only 

those aspects which are relevant to the work presented in this 

thesis will be discussed here. 

OL-Crystallin. 

The largest oligomeric crystallin, a-crystallin is composed of 



four subunits, αΑΙ, αΑ2, otBl and αΒ2. The oAl and aBl sv^units 

are derived by deamidation from the primary translation products 

aA2 and aB2, respectively (van Kleef et al., 1975). These four 

subunits form a spherical aggregate of Mr 850.000 which consists 

of a core of A subunits surrounded by two different shells of A 

and В subunits (Bindels et al., 1979). The аА2 polypeptide which 

comprises 173 amino acids is derived from a 14S mRNA, whereas the 

ав2 polypeptide which is 175 amino acid residues in length is 

derived from a IOS mRNA (Bloemendal, 1981). This length difference 

between the mRNAs encoding the two subunits has initially been 

ascribed to a possible bicistronic character of the 14S mRNA 

(Chen and Spector, 1977), whose length of 1300-1400 nucleotides 

is indeed large enough to encode a second polypeptide besides aA2. 

Molecular cloning of cDNA copies of aA2-crystallin mRNA from rat 

(Dodemont et al., 1981) and mouse lenses (King et al., 1982) and 

DNA sequence determination of those cDNA clones showed that this 

possibility must be rejected, since the aA2 crystallin mRNA has 

a long 3' non-coding region of 520 nucleotides in rat (Moormann 

et al., 1981) and 536 nucleotides in mouse (King et al., 1982). 

Amino acid sequence data indicate a homology between the bovine 

aA2 and aB2 polypeptide chains of 57%, which suggests that the 

genes encoding these two subunits are derived from a common 
Xns 

ancestor. A third minor aA2 polypeptide, called αΑ , is observed 

in the rodent families Muridae (rat, mouse) and Cricetidae 
Xns 

(hamster, gerbil). The αΑ polypeptide is larger than the aA2 

polypeptide, due to an insertion of 22-23 amino acids between 

residues 63 and 64 of the aA2 chain (Cohen et al., 1978; de Jong 

et al., 1980; King and Piatigorsky, 1983). DNA sequence studies 



of the 5 * part of the murine aA crystallin gene showed that the 

seauence encoding these 23 amino acid insert is located in an 

intron of 1376 basepairs separating codon 63 and 64 of the aA2 

crystallin mRNA. Apparently, during the course of evolution splice 

junctions have been created flanking this sequence. These are, 

however, less efficient than the splice junctions flanking the 

whole intron. Therefore a minor fraction of the aA crystallin gene 
Ins 

transcripts encodes aA (King and Piatigorsky, 1983). The 

a-crystallin gene family thus has only two functional members in 

rodents as well as in the other mammals studied thus far. The 

genomic organization of these two genes is still unknown. 

ß-and Y-Crysta22in. 

The ß-crystallins are the most heterogeneous class of 

crystallina. In the bovine lens six or more primary В gene 

products are found of Mr between 22.000 and 33.000 (Berbers et 

al., 1982). Except for ßs, which is found as a monomer, the 

ß-crystallins associate to oligomers varying in size from dimers 

or trimers (ß low) to octamers (β high). Recently four chicken 

ß-crystallin cDNA clones have been isolated (Heytmancik and 

Piatigorsky, 1983). Some of these clones hybridized with the 

others only under conditions of low stringency, indicating a 

high degree of sequence divergence between the chicken ß-crystal

lin coding sequences. On the other hand, hybrid selection trans

lation studies indicated that three of these clones each 

hybridized with two different mRNA's. Hence at least three 

groups of two closely related ß-crystallin sequences may be 

present in the chicken. This study further suggests that at least 



six different ß-crystallin mRNA's are present in the chicken lens, 

in agreement with the finding of six major ß-crystallin polypep

tides in this species (Oster and Piatigorsky, 1980). Our own more 

limited study of ß-crystallin cDNA clones, reported in Chapters 

II and V, suggests a similar sequence diversity of ß-crystallins 

in the rat. We found only a weak cross-hybridization of the ßBla 

cDNA clone with a genomic clone containing other ß-crystallin se

quences. 

At present the primary structure of two mammalian ß-crystallin 

polypeptides is known: the amino acid sequence of the principal 

ß-crystallin of the bovine lens, βΒ , has been determined directly 
XT 

(Driessen et al., 1981), while the amino acid sequence of the 

murine β 23 protein has been deduced from nucleotide sequence 

analysis (Inana et al., 1982, 1983). These two proteins show a 

homology of 43%. A remarkable feature of both protein sequences is 

the internal homology between the N-terminal and C-terminal halves 

(38% in bovine βΒ for example). Unexpectedly, the bovine and 

murine γ-crystallins turn out to be related to bovine γ-crystallin 

II (Driessen et al., 1981; Inana et al., 1983). The amino acid 

sequences of bovine β В and γ-crystallin-II are 29% homologous. 

Furthermore, both bovine and murine ß-crystallin proteins are pre

dicted to be folded into a tertiary structure similar to the one 

determined, by crystallographic analysis of bovine γ-crystallin II 

(Wistow et al., 1981; Inana et al., 1983). The structure of the 

latter protein consists of two homologous domains each containing 

two similar "Greek key" motifs (Blundell et al., 1981). 

A feature which distinguishes β- from γ-crystallins is the 

presence of N-terminal and C-terminal extensions in the former. 



Length and sequence variation in both N- and C-terminal extensions 

may be a major source of diversity within the ß-crystallin protein 

family. Recently a very long Pro-Ala rich N-terminal extension has 

been reported to be present in bovine ßBla (Berbers et al., 1983). 

Post translational cleavage of this extension yields bovine ßBlb 

(Berbers et al., 1982). This N-terminal extension may have a 

function in the tight association of ßBla crystallin with lens 

membranes (Bloemendal et al., 1982) or in the aggregation of ßBla 

crystallin polypeptides to oligomers (Berbers et al., 1982). 

Similar functions have been proposed for the more hydrophobic 

N-terminal extension of murine ß23 crystallin (Inana et al., 1983). 

Only of the murine ß23 gene is the organization partially known. 

This gene contains three introns, each probably located between 

a gene segment encoding one of the four protein motifs. The murine 

ß23 crystallin gene may have arisen from two successive rounds of 

duplication of an ancestral motif sequence. In such a scenario the 

introns would be remnants of a fusion of duplicate ancestral gene 

segments. 

Little is known at present about the genomic organization of 

the β-gene family. Our studies show that, in the rat, the ßBla 

gene is dispersed (see Chapter V) but we also obtained suggestive 

evidence indicating that other β-crystallin genes may be linked 

(results not shown). 

As mentioned above the β- and γ-crystallins are related both in 

sequence and in tertiary structure and thus represent two branches 

of a superfamily. In contrast to the heterogeneous ß-crystallins, 

the γ-crystallins are a very homogeneous group of monomeric pro

teins of about Mr 20.000 (Slingsby and Croft, 1978). On the basis 



of partial amino acid sequences of bovine γ-crystallin-IIIb, IV 

and IVb and the complete amino acid sequence of calf γ-crystal-

lin-II, a homology of 85% between individual γ-crystallin poly

peptides in the calf was predicted (Slingsby and Croft, 1978). 

Our results, reported in this thesis, show a similarly high 

homology between the γ-crystallins in the rat. Recently, the 

nucleotide sequence of an incomplete frog γ-crystallin cDNA 

(Tomarev et al., 1982) and the partial N-terminal amino acid 

sequences of four murine γ-crystallin proteins have been reported 

(Shinohara et al.,1982). Comparison of these sequences with 

those reported for calf (Croft, 1972; Wistow et al., 1983) and 

rat (this thesis) indicate a high degree of conservation of 

these sequences in evolution. Curiously, both birds and reptiles 

appear to lack γ-crystallin sequences (de Jong, 1981). Since it 

is unlikely that the amphibian and mammalian γ-crystallins re

present analogous rather than homologous evolution, the lack of 

γ-crystallins in birds and reptiles must be due to a loss of 

expression of γ-crystallin genes. 

In summary, the soluble structural lens proteins, the crystal-

lins, are encoded by gene families: a two member family encoding 

the a-crystallin subunits, and two related multi-gene fami.lies 

encoding the β- and γ-crystallin polypeptides. Little is known 

about the organization of the a- and ¡3-crystallin gene families, 

the organization of the rat γ-crystallin family is reported in 

this thesis. 

Crystallin genes: Aspects of Evolution and Expression. 

It has become apparent from the structure of the γ-crystallin 



genes reported here and the structure of the murine (323 gene 

reported by Inana et al. (1983), that the evolutionary pathways 

leading to the mature β- and γ-crystallin genes separated before 

the duplication of the putative one domain ancestral gene and 

perhaps before the duplication of the ancestral motif sequence. 

From the knowledge of the structure and sequence of the β- and 

γ-crystallin genes it should be possible to derive the structure 

of the ancestral progenitor of both gene families and to eluci

date some of the evolutionary mechanisms that shaped these two 

gene families. 

One property of a gene family is that some of its members may 

be differentially expressed during ontogeny. The lens is 

especially suited for such developmental studies, since the lens 

never sheds its cells. Hence the core of the adult lens contains 

fetal proteins. In the cattle lens this core contains γ-crystallin 

of a different molecular weight and with different antigenic 

properties than those of the adult γ-crystallin found in the lens 

cortex, suggesting a developmentally regulated expression of the 

bovine γ-crystallin genes (Kabasawa et al., 1977). 

A difference in the tissue specific expression of the crystallin 

genes is also found. In rat the α-crystallins are already syn

thesized in the lens epithelial cells, whereas β- and γ-crystallin 

synthesis is only found in the fiber cells (rev. by Piatigorsky, 

1981). Carefull study of the time course of the synthesis of 

β- and γ-crystallins in the rat has shown that fS-crystallin syn

thesis commences before γ-crystallin synthesis (McAvoy, 1980). 

Hence, the tissue specificity of expression of β- and γ-crystallin 

genes differs, in splite of the fact that they probably arose from 



a common ancestral sequence. 

The above conclusions about the tissue specificity and develop

mental regulation of crystallin synthesis are primarily based 

upon in situ protein immunofluorescence studies. Studies at the 

RNA level are necessary to substantiate and extend these findings. 

The experiments reported in this thesis provide the framework 

and the materials necessary for such studies, and for studies of 

the regulatory mechanism involved in the expression of the 

γ-crystallins. 



OUTLINE OF THIS THESIS 

Generally, the members of a gene family encode proteins which 

have related or identical functions, although they may be expres

sed at different times or in different cell types. The aim of 

this study was to isolate and characterize the γ-crystallin genes 

because there is well-documented evidence that they constitute a 

gene family, the members of which are expressed at different 

stages of development of the lens. It is also well known that 

γ-crystallin synthesis only occurs in cells which have differenti

ated into lens fibers. Therefore the study of the structure and 

the genetic organization of the rat γ-crystallin genes was under

taken because the isolation and characterization of the genes is 

a prerequisite for later studies of their developmental regulation 

and tissue specific expression. 

The experimental part of this thesis starts with the construc

tion of a cDNA library of an mRNA fraction enriched for crystallin 

mRNA from three day old rat lenses (Chapter II). In Chapter III 

we present the nucleotide sequences of two rat γ-crystallin cDNA 

clones. These, and later data presented in Chapter VII, confirm 

the high homology between γ-crystallin sequences, previously 

observed by others. 

To gain information on the primary structure of a rat γ-crystallin 

gene we have elucidated the nucleotide sequence of one of these 

genes. These data, presented in Chapter IV, clearly show the 

relation between γ-crystallin gene and protein structure. 

Furthermore the evolution of β- and γ-crystallin genes from a 



common ancestral sequence is discussed. In Chapter V we describe 

the molecular cloning of crystallin genes in cosmids. Besides the 

isolation of five cosmids probably containing all of the rat 

γ-crystallin genes, a preliminary map is presented of the ßBla 

gene and its flanking regions. In addition several aspects of the 

construction of gene libraries in cosmids are discussed. 

The genomic organization of the six genes which constitute the 

complete rat γ-crystallin gene family, was deduced with the aid 

of the rat genomic DNA fragments cloned in λ phage and cosmids 

indicated above. A detailed restriction map of these genes in

cluding the location of three classes of repetitive sequences 

around and between them is presented in Chapter VI. 

In the last Chapter the partial nucleotide sequence of the rat 

γ-crystallin genes is given. The implications of these data for 

the structure of the six γ-crystallin genes and their possible 

expression are discussed. Furthermore the predicted amino acid 

sequences of these six genes are compared with those of bovine 

γ-crystallin II and a frog γ-crystallin reported by others. The 

relevance of these data for the conservation of the γ-crystallin 

protein structure throughout the species will also be discussed. 
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ABSTRACT 

To provide access to crystallin-specific DNA sequences, we 

have constructed plasmid clones bearing duplex DNA sequences 

complementary to crystallin mRNAs isolated from rat lens. 

Optimization of the cDNA reaction conditions enabled us to 

fractionate three double-stranded (ds) cDNA groups. Molecular 

cloning of dC-tailed ds cDNAs into the Pst I site of dG-tailed 

pBR322 yielded crystallin-specific clones of each group. By means 

of positive hybridization selection and translation, recombinant 

Plasmids containing cDNA sequences coding for rat lens polypep

tides from α-, β-, and γ-crystallins could be identified. The 

established cDNA clones have been used for a blot-hybridization 

analysis to map the crystallin mRNAs from which they originated. 

Both procedures revealed a high degree of homology between the 

γ-crystallin sequences. From the ß-crystallin class, the β -

specific cDNA coding for the βΒ. polypeptide was obtained. The 

l a 

aA-chain clone did not show any cross-hybridization to the otB-



chain mRNA despite the existence of 60% homology between the 

corresponding gene products. As this clone hybridized to both aA 
Xns and aA mRNAs, sequence analysis was applied for further 

characterization. The results showed that the cloned cDNA corres

ponds to the aA? sequence exclusively. 

INTRODUCTION 

The structural proteins of the ocular lens, named crystallins, 

are particularly suited to the study of differentiation, growth, 

and aging (1,2) for obvious reasons. First, lens polyribosomes 

are highly specialized for the synthesis of the crystallins that 

represent about 90% of the lenticular proteins. Second, lens cells 

never die during the lifespan of the animal. Once formed from the 

epithelial monolayer, the enucleated lens fibers which continue 

to synthesize crystallin for some time are pushed to the central 

part of the lens (nucleus), while new epithelial cells different

iate into new fibers in a slow but continuous process. Because 

there is no detectable turnover of crystallins, all changes in 

their structure are due to aging. The importance of the rat lens 

crystallin system for aging and cataract studies has been demon

strated by Hockwin and coworkers (3,4). The biochemistry of the 

crystallins has been studied in great detail with emphasis on 

subunit composition, biosynthesis, and structure (2,5,6). From 

the latter studies, it appeared that lenticular proteins are 

extremely conservative in evolution (7). Moreover, there exists a 

close relationship between the subunits of one particular type of 

crystallin. For instance, the subunits of a-crystallin reveal 



about 60% homology suggesting that they originate from one an

cestral gene. Although it is well known that lens cell different

iation is accompanied by qualitative and quantitative changes in 

crystallin synthesis (8), nothing is known about regulation on the 

gene level. Some progress on gene organization has already been 

made by Piatigorsky and coworkers (9), who detected at least two 

genes for chicken lens ¿-crystallin. 

Previous investigations on lens RNA confronted us with a 

variety of interesting problems. For instance, the synthesis of 

the major ot-crystallin chain A2, a polypeptide of Wr 20,000, 

appeared to be directed by a 14S mRNA, large enough to encode two 

polypeptides of that size (10). Still, it is neither firmly 

established nor ruled out that this mRNA is bicistronic (11) or 

whether its translation product is processed by modifications 

after translation or simply contains large regions of secondary 

structure (12). Furthermore, there is the intriguing observation 

of an additional rat aA chain with 22 extra amino acids in in

ternal position of the molecule, which is also encoded by 14S 

mRNA (13). Although we speculated that we might have here a rare 

example of distortion of the splicing mechanism (14,15) recovered 

in a gene product, a definite answer has not yet been given to 

this question. Other quite unexpected findings in the crystallin 

field are the internal duplication of the major ^-crystallin chain 

Bp and its homology with γ-crystallin (16), which in turn is also 

internally duplicated. Understanding of these phenomena will 

require knowledge of the structure of the corresponding genes. 

for this reason we have subjected the total population of 

crystallin cDNAs to cloning in á bacterial plasmid, which will be 



helpful to study and eventually to solve the problems raised. 

MATERIALS AND METHODS 

Jsolation, Fractionation, and Characterization of Rat Lens mRNAs. 

Preparation of poly(A)-containing RNA was essentially as 

described (13,17). The mRNA samples were heat-denatured at 80 С 

for 2 min, cooled rapidly, made 5 mM in methylmercury hydroxide 

(Alfa Ventrón, Danvers, MA), and layered on isokinetic 5-29% (wt/ 

wt) sucrose gradients containing 10 mM Tris-HCl (pH 8.0) and 1 mM 

EDTA. Centrifugation was at 200,000 χ g, and 4 С for 24 hr in a 

Beekman SW 41 rotor. Cell-free translation of individual mRNA 

fractions and analysis of radiolabeled polypeptides were as 

described (13,18). 

Construction of Recombinant Plasmids and Transformation. 

Synthesis of double-stranded (ds) cDNA was by standard pro

cedures, except that single-stranded (ss) cDNA was lyophilized to 

a small volume for direct synthesis of the second strand. After 

SI nuclease digestion, the ds cDNA was fractionated on a neutral 

agarose gel. ds cDNA and Pstl-digested pBR322 were tailed by 

terminal transferase homopolymer addition (about 30 residues) of 

poly(dC) and poly(dG), respectively (19). After hybridization, 

the recombinant plasmids were used to transform Escherichia coli 

χ1776 as described (20). Tetracycline-resistant, ampicillin-

sensitive colonies were subjected to colony hybridization (21) 

32 
with P-labeled crystallin-specific cDNA. All experiments were 

performed under P2-EK2 containment conditions in accordance with 



the Dutch guidelines for recombinant DNA research. 

Jsolation of Plasmid DNA. 

For rapid screening of recombinant plasmid clones, plasmid DNA 

was isolated from 10-ml cultures as described by Birmboim and 

Doly (22). Large-scale isolation of closed circular plasmid DNA 

was as described (23). The DNA was further purified by CsCl 

density gradient centrifugation. 

Positive Hybridization/Translation Assay. 

For identification of crystallin cDNA clones, 3-4 yg of 

purified plasmid DNA was linearized by EcoRI or Hinfl digestion, 

denatured (5 min at 100
O
C) and spotted in 0.9 M NaCl/0.09 M 

sodium citrate, pH 7, on nitrocellulose. Hybridization to total 

rat lens poly(A) RNA and washing conditions were as described by 

Griffin-Shea et al. (24). Hybridized mRNAs were eluted from the 

filters and assayed by cell-free translation. 

Nucleic Acid Electrophoresis and Blot-Hybridization. 

Electrophoresis of DNA and RNA was carried out on vertical 

20-cm 1.5% agarose slab gels containing 5 mM methylmercury hy

droxide (25). For blot-hybridization analysis, RNA and DNA were 

transferred to diazobenzyloxymethyl (DBM) paper and hybridized 
32 

(26,27) with either P-labeled nick-translated probes derived 
32 

from crystallin cDNA clones or P-labeled cDNA made on poly(A)-
о 

containing crystallin RNA (specific activities, 5 χ 10 and 1-2 χ 
g 

10 cpm/pg, respectively). 

DNA Sequence Determination. 

Sequence analysis of DNA was performed as described by Maxam 

and Gilbert (28). 



RESULTS 

Isolation and Identification of Rat Lens mRNAs. 

Fig. 1 shows the two-dimensional gel electrophoretic analysis of 

polypeptides newly synthesized under direction of rat lens poly

ribosomes. Among these products, the previously characterized (13) 
Ins 

aA„, aB , and aA subunits could be distinguished clearly. More
over, ßBp, ßB , other 3 subunits, and several γ-crystallins could 

la 

be seen. In order to enrich for specific crystallin mRNAs, the 

total poly(A) RNA was fractionated by sucrose gradient centrifug-

ΙΕΡφ 
SDS 

aA2 

FIGURE 1 : Two-dimensional gel electrophoresis pattern of polypeptides newly synthesized under the direction 

of rat lens polyribosomes. Rat lens polyribosomes were assayed in a nuclease-treated rabbit reticulocyte 

cell-free system as described (13). The translation products were analyzed on a two-dimensional gel by the 

method of O'Farrell (18). The identification and nomenclature of the rat lens crystalline is included. 



ation. The mRNAs sedimenting between IOS and 15S were resolved 

into two peaks (not shown) and designated "class I" and "class II", 

The IOS peak (fractions 16-21 in Fig. 2) comprised the mRNAs 

coding for the αΒ , ßBp, and the γ-crystallins. The 12S-15S peak 

(fractions 22-25) contained the mRNAs for the ßB and aA /aAInS 

la 2 

subunits. The data were confirmed by two-dimensional gel electro

phoresis of the translation products, 

28 

4лА
ІП5 

-4-α A, 

FIGURE 2: Translation of rat lens poly (A) RNA fractions. Poly(A)-containing RNA was denatured with 5 mM 

CH HgOH and centrifugea on a sucrose gradient as described. From each 0.3-ml fraction, a l-μΐ aliquot was 

directly assayed for translation іл vitro. The translation products were subsequently electrophoresed on 

ds cDNA Synthesis. 

Classes I and II mRNA were separately subjected to ds cDNA 

synthesis. The yields determined by radioactivity measurements 



u s u a l l y were about 80% and 50%, r e s p e c t i v e l y , for the f i r s t and 

second s t r a n d s y n t h e s i s . The products obta ined a f t e r each of the 

two s t e p s were analyzed on 1.5% agarose ge l s in the presence of 

methylmercury hydroxide (Fig. 3 ) . 

After the f i r s t r e a c t i o n , d i s c r e t e bands were observed on the 

o r i g i n a l a u t o r a d i o g r a p h s , i n d i c a t e d in Fig . 3 by arrows. Class I 

mRNA showed four ss cDNA t r a n s c r i p t s { la-4a), whereas c l a s s I I 

mRNA showed t h r e e a d d i t i o n a l bands (5a-7a) . The length of these 

FIGURE 3: Double-stranded DNA syn

thesis of rat lens mRNAs. Rat lens 

mRNAs, classes I and II, were sub

jected to first and second strand 

synthesis, and from each reaction an 

aliquot was applied on a vertical 20-

cm 1.5% agarose slab gel containing 

5 mM CH HgOH. Autoradiography reveals 

the presence of four ss transcripts 

(la-4a) after reverse transcription of 

rat lens class I mRNA (lane 1) and 

three additional ss transcripts {5а-

7a) derived from class II mRNA (lane 

3). Other lanes: 2 and 4, hairpin 

transcripts after the second reaction 

with class I and class II cDNA, res

pectively (lb-7b); 5, Waelll restric

tion fragments of bacteriophage МІЗ 

32 
replicative form DNA P-labeled at 

the 5' end, with sizes of the three 

largest fragments being (in single-

strand form) 2527, 1623, and 849 

bases; 6 and 7, full-length reverse 

transcripts from rabbit a- and ß-

globin mRNA and rat liver albumin 

mRNA, respectively. Bands designated 

4a, 5b, 7a, and 7b are minor consti

tuents only visible on the original 

autoradiograph and here indicated by 

arrows. 

4b-* 

3b— 
2b -
lb * 

4a -
За — 

S a 

ia * 

7b— 
6Ь~* 

4Ь-

3 4 6 7 



seven transcripts corresponds to 680-1200 bases, in good agree

ment with full-length transcripts derived from mRNAs of the 10S-

15S region. Our first strand conditions are not unique for 

crystallin mRNAs because similar results were obtained with rat 

liver albumin and rabbit a- and 3-globin mRNAs (fig. 3), lanes 6 

and 7). 

The isolated ss cDNAs from both mRNA classes were then subjected 

to the second reaction. About half of each ss cDNA (la-7a) was not 

transcribed. However, the other part clearly became elongated to 

the hairpin ds cDNAs (lb-7b). They may be considered to be full 

length because their size is almost twice that of ss transcripts 

that carry the S'-end hairpin loop. Next the hairpin ds cDNAs 

derived from class I and class II mRNAs were cleaved with Si 

nuclease into their open forms, which were fractionated on a 

neutral agarose gel. Three DNA bands with sizes ranging from 600-

700 base pairs (group B), 800-900 base pairs (group C) and HOO

DOO base pairs (group D) could be isolated. They represent the 

IOS-, 12S-,and 14S-specific ds cDNAs, respectively, ds cDNAs of 

less than 500 base pairs (group A) were discarded. 

Isolation and Identification of Hybrid Plasmid Containing DNA 

Complementary to Crystallin mRNA. 

After hybridization of the three dC-tailed ds cDNA groups with 

dG-tailed, Pstl-cleaved pBR322, the recombinant DNA was used to 

transform E.coli χ 1776. The transformants were screened for the 

tetracycline-resistant, ampicillin-sensitive phenotype and, by 

32 
colony hybridization with P-labeled cDNA, synthesized on rat 

lens crystallin mRNA. From approximately 100 original recombinant 



clones in each group, 40 were randomly chosen for further analysis. 

Plasmid DNA was isolated from each clone and screened for insert 

length on 0.8% agarose gels. Three clones in each group that had 

the longest DNA inserts were chosen for large-scale plasmid DNA 

isolations. Small aliquots were digested with Pst I, followed by 

electrophoresis on 1.8% agarose gels. 

Fig. 4A shows the digestion pattern of these clones. Some of the 

inserts contained internal Pst I sites resulting in two or more 

DNA fragments (Fig. 4A, lanes 4 and 8-10). In the case of the 

clone shown in Fig. 4A, lane 5, only one of the flanking Pst I 

sites was recreated after the transformation, yielding a linearized 

plasmid molecule. As estimated from representative bacteriophage 

FIGURE 4: Crystallin-specificity of 

the cDNA inserts. Recombinant Plasmids 

were digested with Pst I and applied on 

a vertical 20-cm 1.8% agarose slab 

gel. A. Ethidium bromide-stained gel. 

Faint PstI fragments are indicated by 

arrowheads. TaqI and Иран digests of 

bacteriophage M13 RF DNA, respectively, 

served as size standards (lanes 1 and 

2) for PstI digests of Plasmids Dl-11 

(lane 3), C2-11 (lane 4), C2-14 (lane 

5), Dl-15 (lane 6), C2-16 (lane 7), 

B2-12 (lane 8), Bl-11 (lane 9), and 

Bl-13 (lane 10). bp. Base pairs. 

B. Autoradiograph after hybridization 

32 

to P-labeled probes of the DNA frag

ments in lanes 1-10 transferred to DBM 

paper. The blot was cut into two 

pieces. Lanes: 1 and 2, hybridization 

32 
with P-labeled, nick-translated M13 

32 
RF DNA; 3-10 hybridization with P-

labeled cDNA made on crystallin poly 

4 8 (A)+RHA. 

1 2 3 4 5 6 7 8 9 10 
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M13 size markers, the total length of the DNA inserts was between 

660 and 870 base pairs (Table I). To ascertain that all inserted 

TABLE 1· pBR322 clones containing sequences homologous 

to rat lens crystallin mRNAs. 

Dl 

Dl 

Dl 

C2 

C2 

C2 

Bl 

B2 

Bl-

r 

-2 

I I 

pRLuA-1 

р И αΛ-2 

рНІлЛ-З 

pRLÍÍBl- l 

pRLßBl-2 

p R L I B l - 1 

pRLy 1 

pRLY-2 

pRLy-i 

I I I 

070 

040 

770 

040 

035 

025 

710 

660 

760 

IV 

ЧА + 

..A ? * 

aA 2 * 

' B l a 

( 'Bla 

rtBla 

YS 

YS 

Ys 

<iA 

<1A 

OA 

Іпч 

I n s 

I n s 

X, isolation number, II, clone nomenclature. III, 

insert length (base pairs), IV, translation products 

from hybridization-selected mRNAs. 

DNA fragments were crystallin-specific, the agarose gel shown in 

32 
Fig. 4A was blotted to DBM paper and hybridized with Ρ labeled 

cDNA derived from crystallin mRNA. The autoradiograph shown in 

Fig. 4A shows that all cDNA inserts indeed represent crystallin-

specific sequences. 

Characterization of the Clones by Hybrid-Selected Translation. 

To investigate the relationship between the cloned sequences and 

specific rat lens crystallins, mRNA was selected from total poly 

(A) RNA by hybridization to plasmid DNA immobilized on nitro

cellulose filters and subsequently translated in vitro. The 

translation products of the clones in Table I are shown in a 

fluorgraph of a NaDodSO /Polyacrylamide gel in Fig. 5. Lane 9 

shows the polypeptides encoded by the initial unfractionated mRNA. 



Figure 5: Identification of clones by 

hybridization/translation assay. 

Specifically hybridized mRNAs were 

translated in vitro and their trans

lation products were analyzed on a 13% 

NaDodSO./polyacrylamide gel. Polypep

tides encoded by hybrid-selected mRNAs 

were derived from plasmids pBR322 

(lane 1, control), Bl-U (lane 2), Bl-

13 (lane 3), B2-12 (lane 4), C2-14 

(lane 5), C2-16 (lane 6), Dl-1 (lane 

7), and Dl-2 (lane 8). Lane 9 shows 

the translation products of the 

initial unfractionated poly(A) RNA 

from rat lens. 

2 3 4 5 6 7 8 9 

As can be seen, the crystallins are the most abundant species. 

Lane I shows the background radioactivity after mock-hybridization 

to filter-bound pBR322 DNA. The translation products of mRNA that 

specifically hybridized to chimeric DNA from clones isolated 

after transformation of group-B ds cDNA can be seen (lanes 2-4). 

These polypeptides had mobilities corresponding to those of the 

γ-crystallins. Because they appeared as a smear rather than a 

sharp band, we presumably were dealing with a mixture of several 

γ-crystallins. This was sustained by two-dimensional gel electro

phoresis of the translation products. Fig. 6A shows a represent

ative analysis of a B-group clone, (Bl-11). Apparently, this 



FIGURE 6: Characterization by two-

dimensional gel electrophoresis of in 

vitro translation products from the 

hybridization/translation assay of 

crystallin-specific clones. Two-dimen 

sional gels were loaded with the V ^ 

translation products derived from the 

hybrid-selected mRNAs and analyzed by 

fluorgraphy. A. Translation products 

of mRNAs that hybridized to plasmid 

Bl-11 (Fig. 5, lane 2); a mixture of 

several γ-crystallins can be observed. 

B. Products of mRNA that hybridized 

to plasmid C2-16 (Fig. 5, lane 6); 

only one polypeptide ВВ. , the major 

characteristic component of the β -

crystallin class, is detected. 

C. Products of mRNA that hybridized 

to plasmid Dl-2 (Fig. 5, lane 8); 

both the aA and oA polypeptides 

are detected. 

. 

^т mm 

В 

/зВіа 

a f 1 5 

aA2 

plasmid DNA i s able t o h y b r i d i z e with s e v e r a l γ - c r y s t a l l i n -

s p e c i f i c mRNA s p e c i e s . Nonspecif ic h y b r i d i z a t i o n i s u n l i k e l y 

because h y b r i d i z a t i o n was c a r r i e d out under r a t h e r s t r i n g e n t 

c o n d i t i o n s (see below). S imi lar r e s u l t s were obtained with c lones 

B2-12 and Bl-13. All t h r e e c lones showed a remarkable resemblance 

with r e s p e c t t o t h e i r h y b r i d - s e l e c t e d t r a n s l a t i o n p a t t e r n s , 

d e s p i t e the f a c t t h a t they d i f f e r e d in t h e i r r e s t r i c t i o n enzyme 51 



maps. 

Translation products from two clones, which were isolated after 

transformation with group-C ds cDNA, are seen in Fig. 5, lanes 5 

and 6. Both clones selectively hybridized to mRNA that directs the 

synthesis of a polypeptide comigrating with the В subunit of ß-
1 a 

crystallin. Analysis on two-dimensional gels confirmed the iden

tity of the polypeptide with ßB (Fig. 6B). 
1 a 

Translation of hybrid-selected mFNA to the recombinant plasmids 
derived from group-D ds cDtIA yields polypeptides comigrating with the 

Ins 
two acidic rat ct-crystallin subunits A and A (Fig. 5, lanes 7 

and 8). These polypeptides were further analyzed on a two-

dimensional gel (Fig. 6C). The triple spot in the aA„ region is 

due to the presence of a nonacetylated (more basic) and a de-

amidated (more acidic) derivative in addition to otA (H. Driessen, 

unpublished data). Long exposure times of the one-and two-

dimensional gels did not reveal the presence of the ctB subunit. 

Therefore, we may conclude that the hybridization conditions used 

are stringent enough to discriminate between mRNAs that code for 
Ins 

аВ- and ctA /aA polypeptides despite the fact the aA and ав 

chains have about 60% amino acid-sequence homology (29). The 
Ins 

simultaneous appearance of the aA and aA chains, resulting 

from hybrid selection on a single clone, is not surprising, be-
Ins 

cause the amino acid sequences of aA and aA are identical ex-
Ins 

cept for the occurrence of an insertion of 22 residues in aA 

(13). Therefore, it is impossible on this level to correlate un

ambiguously the plasmid DNAs with either the aA or aA
I n s
 poly

peptide. The DNA sequence of clone Dl-2 (unpublished data) 

corresponded to an amino acid sequence that fitted exactly the 



known primary s t r u c t u r e of r a t aA c r y s t a l l i n (30) but not t h a t 

of α Α Ι η Ξ (13). 

The nomenclature of the clones i s in Table I . 

Mapping of Rat Lens Crystallin RNAs by Blot Hybridization. 

Some of the e s t a b l i s h e d cDNA clones have been used for b l o t 

h y b r i d i z a t i o n a n a l y s i s t o map the c r y s t a l l i n RNAs from which they 

o r i g i n a t e d . The presence of the expected RNAs from the 12S and 

14S c l a s s upon h y b r i d i z a t i o n with the 3B cDNA clone pRL3Bl-2 
1 a 

-18S 

-16S 

FIGURE 7: Detection of rat lens crystallin RNAs by 

blot hybridization. Un fractionated rat lens poly(A}
 + 

RNA (10 wg) was subjected to electrophoresis on a 

vertical 20-cm 1.5% agarose slab gel in the presence 

of 5 mM CH HgOH. After transfer to DBM paper, the 

blot was cut into four parts, which were then hybn-

32 
dized to P-labeled, nick-translated crystallin 

sequence probes pRLY-2 (lane 1), pRLY-3 (lane 2), 

pRL[ÌBl-2 (lane 3), and pRLaA-1 (lane 4). Arrowheads 

indicate the position of marker RNAs (18S rat lens 

rRNA, 16S E.coli rRNA, and 9S rabbit globin mRNA). 

• 

- 9S 

1 2 3 4 



and αΆ cDNA clone pRLaA-1 were clearly indicated (Fig. 7, lanes 

3 and 4, respectively). With both γ-crystallin cDNA clones pKLy-2 

and pRLy-S, RNAs were detected belonging to the IOS category (Fig. 

7, lanes 1 and 2). As expected, the bands visualized here are 

rather broad as compared to those shown in lanes 3 and 4, indicat

ing the presence of more than one RNA species coding for γ-

crystallins. 

DISCUSSION 

We constructed three distinct groups of DNAs complementary to 

IOS, 12S, and 14S crystallin mRNA, respectively. The clones 

derived from the former two groups had generally maintained the 

original offered ds cDNA insert length. However, transformation 

with full-length ds cDNAs from 14S mRNA (of about 1150 base 

pairs) resulted in an ultimate crystallin-specific DNA with a 

maximum length of only 850 base pairs. This is probably due to 

either a dC-tailing at an internal nick or a deletion in hybrid 

plasmid molecules during the transformation procedure. 

With the aid of the hybrid-selection/translation assay we were 

able to identify the crystallin-specific clones summarized in 

Table I. From the two-dimensional gel electrophoretic analysis, 

distinct characteristics with regard to the degree of homology 

among the crystallin sequences were observed. Despite the 60% 

homology in the amino acid sequence of the subunits αΑ and αΒ , 

which form the lens protein a-crystallin, the αΑ - specific 

clones did not show any cross-hybridization to the ав mRNA 

sequence. Therefore, we will be able to unequivocally recognize 



the gene(s) encoding the A /A subunits of a-crystallin, if 

comparable hybridization conditions will be applied on genomic 

DNA blots. Furthermore, DNA sequence studies to be published else

where, showed that the 3' noncoding region of aA mRNA has an un

usual length of about 500 bases. This finding excludes definitely 

a bicistronic nature of this mRNA. 

The ßB -specific clones do not show any detectable sequence 

relationship with other crystallins under the hybridization 

conditions used. In contrast, the different γ-crystallin clones 

appear to have a high degree of homology, because they do show 

considerable cross-hybridization in the hybrid-selection/transla

tion system. Each γ-specific clone is able to select several mRNAs 

coding for different γ-crystallins. 

Although amino acid sequences on different rat lens γ-crystal

lins are not available yet, sequence studies of four bovine γ-

crystallins reveal more than 85% homology (31). Our results with 

RNA-mapping on the γ-specific clones confirmed the high degree of 

homology among the γ-crystallins. 

With respect to these results, we may expect that on the genomic 

level the γ-specific chromosomal sequences will show a more 

complex pattern in comparison to the genes encoding the rat a-crys

tallin subunits and the chicken δ-crystallin polypeptide chains 

(32). 
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EXTENSIVE INTRAGENIC SEQUENCE HOMOLOGY 
IN TWO DISTINCT RAT LENS Ύ-CRYSTALLIN 

cDNAs SUGGESTS DUPLICATIONS OF A 

PRIMORDIAL GENE 

ABSTRACT 

The nucleotide sequences of two different rat lens γ-crystallin 

cDNA clones , рКЬу2 and pRLyS, have been determined. рКІ/уЗ 

contains the complete coding information for a γ-crystallin of 

173 amino acids whereas рКЬу2 is incomplete in that it lacks the 

codons for the first three amino acids of a separate but very 

homologous γ-crystallin of identical length. Both rat γ-crystal-

lins are homologous to the known amino acid sequence of bovine 

γ-crystallin II which is only a single amino acid longer. The 

length of the region downstream the coding sequence to the A-A-T-

A-A-A polyadenylylation signal sequence is 40 nucleotides in each 

clone. In pRI/f3 the poly(A) signal sequence is followed at 14 

nucleotides by a remnant of the poly(A) tail which indicates that 

this clone contains a complete 3' noncoding region. ρΗΙ<γ2 has only 

seven nucleotides following this signal sequence and no poly(A) 

tail, suggesting an incomplete 3' end. The cDNA clones show an 61 



overall nucleotide sequence homology of 85%. The mutual homology 

at the amino acid level is 73% whereas their, amino acid homology 

with bovine γ-crystallin II is about 70%. The nucleotide sequence 

of each clone also reveals a high intragenic homology and seems to 

be duplicated in itself. We suggest that the γ-crystallin genes 

have arisen by multiple duplications of a primordial gene which 

consisted of about 120 nucleotides. 

INTRODUCTION 

The transparency and high refractive index of the normal eye 

lens necessary for focusing visible light on the retina is 

achieved not only by a regular arrangement of the lens fiber cells 

during growth of the lenticular body but also by the extremely 

high cencentration and the supramolecular organization of the 

lens-specific proteins, the crystallins, within each fiber cell. 

In the mammalian lens, three major classes of crystallins are 

distinguished: a, $, and γ. The largest oligomeric protein, a-

crystallin, is composed of two primary gene products aA and aB
9 

of M 20,000 which, together with their deamidation products αA. 

and aB , associate to aggregates with an average M of 800,000 

(1-4). The ß-crystallins are an even more heterogeneous class of 

oligomeric proteins; at least five distinct polypeptides are in

volved in their association and the M s range from 20,000 to 

32,000 (5). The γ-crystallins, which contribute about 40% of 

the total protein mass in rat and mouse lens (6,7), are monomeric 

and have a M of «20,000 (8-10). At least five closely related 

γ-crystallins have been identified in the bovine (8) and rat lens 

(11). 



The γ-crystallins are rich in cysteine compared with the other 

water-soluble lens proteins a- and ß-crystallins (10,12). The most 

prominent species in the bovine lens, γ-crystallin II, has six 

free sulfhydryl groups (9). Although it was shown in the rodent 

lens that, with aging, there is an almost complete oxidation (SH 

to S—S) of lens protein (13,14), little is known of the conform

ation and intermolecular interactions of the crystallins in the 

lens fiber cells in situ. However, it has been established that 

increased light scattering of senile nuclear cataract is associat

ed with denaturation, chemical crosslinking including disulfide 

bridges, and aggregation of crystallins (15). 

Recently, the three-dimensional structure of a lens protein, 

bovine γ-crystallin II, has been determined by Blundell et al. 

(16). It turned out that the sulfhydryl groups in the highly 

symétrie two-domain β structure of this protein were found in 

positions that would allow both intra- and intermolecular cross-

linking. Disulfide bridges can be formed through some sulfhydryls 

without destabilization or denaturation of the protein, but 

denaturation would certainly result if the sulfhydryls that are 

buried in hydrophobic regions were covalently crosslinked. More

over, a large decrease in the γ-crystallin content of the lens 

has been demonstrated in hereditary cataracts (see ref. 7 and 

citations therein). 

These findings and the observations that the γ-crystallins are 

expressed exclusively in the cortical fibers (17) in which they 

are synthesized at a remarkably decreased rate upon aging (18,19) 

prompted us to a more detailed analysis of the γ-crystallin genes 

as a first step toward a better understanding of their expression 



in normal and disordered lens. Few studies have dealt with 

crystallin genes (20-22). We previously described the cloning 

and characterization of double-stranded DNA copies of various a-, 

3-, and γ-crystallin-specific rat lens mRNAs (11) and determined 

the nucleotide sequence of most of the mRNA encoding the otA -

crystallin chain (23). In this study we describe the nucleotide 

sequence of two mRNAs coding for two highly homologous rat γ-

crystallins. 

MATERIALS AND METHODS 

Enzymes and Chemicals. 

All restriction endonucleases used were purchased from either 

Boehringer Mannheim or Bethesda Research Laboratories. Poly

nucleotide kinase was from P-L Biochemicals. Calf intestine 

alkaline phosphatase and Escherichia coli DNA polymerase I (large 
32 

fragment) were from Boehringer Mannheim, [γ- РІАТР (3,000 Ci/ 

mmol; 1 Ci = 3.7 χ 10 becquerels) and [α- p]dCTP (3,000 Ci/ 

mmol) were from Amersham. The synthetic oligonucleotide primer 

5' d(G-T-A-A-A-A-C-G-A-C-G-G-C-C-A-G-T-G)3' which is complementary 

to 18 bases directly preceding the region containing multiple 

restriction sites in Ml3mp7 (24) was constructed by J. van Boom 

and co-workers (Department of Organic Chemistry, Leiden Universi

ty) . 

DNA Sequence Analysis. 

The isolation of recombinant DNA and the determination of 

nucleotide sequences by the method of Maxam and Gilbert (25) were 

carried out essentially as described (23). In some cases, ambigui-



ties in the nucleotide sequences of pRLyB could not clearly be 

solved by this way of sequence determination. Therefore, Pst I 

fragments of this clone were inserted in Pst I-linearized, 

alkaline phosphatase-treated Ml3mp7 (24) and transfected in E.coli 

JM103 (24). Single-stranded DNA from colorless plaques was sub

sequently analyzed by the chain-termination method of DNA sequence 

determination as described by Sanger et al. (26) with the 18-base 

oligonucleotide mentioned above as primer. 

RESULTS 

After restriction enzyme analysis and positive hybridization 

selection, the cDNA clones рНЬу2 and pRLyS and another one design

ated pRI/yl were selected as appropriate candidates for full-length 

transcripts (650-750 base pairs) of the IOS mRNA class in which 

the γ-crystallin mRNAs are dominantly present (11). Refinement of 

the physical maps and determination of the nucleotide sequences 

indicated that pRLyl and pRLyS were identical except for the 5' 
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FIGURE 1 Restriction map of рКЬу2 and pRLyB, showing 

the restriction sites used for sequence analysis. Hie 

thin horizontal arrows indicate the orientation and 

approximate length of sequences obtained by the 

chemical degradation method (25), the thick arrows 

indicate orientation and length of sequences deduced 

by the dideoxynucleotide method (26) "Піе cleavage 

coordinates of the HxnfI sites flanking the PstI 

site of pBR322 are indicated. Open boxes, γ-crystalli 

mRNA sequences, hatched boxes, poly (dG-dC) tracks, 

black box m pRLyS, remnant of the poly(A) track of 

the mRNA template used in cDNA synthesis, asterisk, 

a methylated Avail site. 



and 3' termini which were slightly shorter in pRLyl (data not 

shown). 

Fig. 1 shows the physical maps of рНЪу2 and pRLyB. Although 

these clones had several restriction cleavage sites in common at 

identical positions (only those used in determining the DNA 

sequence are indicated), pRLyS was distinctly different from ρΚΙ,γ2 

in that the former had one extra Pst I site and two extra Hin fI 

sites. 

It should be noted that a positive hybridization assay cannot 

discriminate between these clones because the same set of γ-

crystallins as translation products show up with each clone (11). 

From this we inferred that pBLy2 and pRLyS are different but 

highly homologous γ-crystallin-specific cDNA clones. This as

sumption is clearly sustained by the nucleotide sequences of the 

cDNAs (Fig. 2). At this level the clones show an overall homology 

of 85%. However, the homology varies in subregions; up to 

nucleotide 250 it is 90%, from nucleotide 250 to 340 it diminishes 

to 60%, and from nucleotide 340 to 580 it increases again to 80%. 

The nucleotide sequences of ρΚΙ.γ2 and рКЬуЗ contain open reading 

frames encoding polypeptides of 170 and 173 amino acids, respect

ively. The amino acid sequences indicate that, compared with 

FIGURE 2: Nucleotide sequence of the rat lens γ-crystallin cDNA inserts in pPLY2 and pRLY3 and the 

deduced amino acid sequence. For comparison, the amino acid sequence of bovine y-crystallin II (9) as 

modified by Dlundell et al. (16) is also given. Stippled area, nucleotide sequence involved in poly(A) 

addition; asterisks, differences in the nucleotide sequence between the rat γ-crystallin cDNAs, boxes, 

regions with identical amino acid sequences in both rat γ-crystallins and bovine γ-crystallin II. 
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рНІ/уЗ, ρΚΙ/γ2 lacks three amino acid residues at its NH terminus. 

pRLyS most probably comprises the complete coding information 

contained in the γ-crystallin mRNA. This is deduced from 

comparison with the known amino acid sequence of γ-crystallin II 

from bovine origin (9,16). The sequence of this protein starts 

with a glycine and is completely homologous with the first 13 

amino acids of pPLyS (Fig. 2). In contrast to earlier findings by 

Zigman et ai. (27) who reported alanine as the NH terminus, 

Wagner and Fu (12) showed by Edman degradation analysis that rat 

crystallins only have glycine at their NH terminus. In line with 

this is our finding of T-G preceding the NH -terminal glycine 

codon in pRLyS. From extended analysis of genomic clones, which 

will be presented elsewhere, it turned out that in pRLyB the A of 

the initiator ATG codon is missing. 

Comparison of the two rat clones at the amino acid level in

dicates that 60% of the changes in amino acid sequences were due 

to two or more nucleotide changes in a single codon. More or less 

nonconservative changes are apparent at amino acid position 15 

(Ser-His), 22 (Cys-His), 23 (Pro-Ser), 27 (Thr-Pro), 53 (His-Cys), 

100 (Val-Gln), 109 (Ser-Pro), 110 (Cys-His), 148 (Gln-Gly), and 

168 (Ser-Arg). The mutual homology at the amino acid level between 

the two clones is 73%. The amino acid homology with bovine 

γ-crystallin II is 66% for pRhy2 and 70% for рКІ/уЗ. The bovine 

γ-crystallin II has one extra amino acid compared to the two rat 

γ-crystallins. 

Another interesting feature is the high content of cysteine 

residues in the γ-crystallins. Although there is no evidence for 

disulfide bridges in the mature protein (10), it is known that the 



location of these residues is often highly conserved in protein. 

If the NH„-terminal glycine of pRLyS is taken as the first amino 

acid, Cys residues 18, 32, and 108 are at the same positions in 

рКЬу2, pRLyB, and bovine γ-crystallin Has well and Cys-41 is the 

same only in the two rat clones. pRLy2 has additional non-shared 

cysteine residues at positions 22, 110, and 129 whereas pRLyB has 

an extra cysteine at position 53. Bovine γ-crystallin II has two 

additional cysteine residues at positions 15 and 23. It has been 

shown (13,14) that, during the process of aging of the rat lens, 

almost all soluble protein SH is oxidized to S-S. Because the 

γ-crystallins are rich in cysteines compared to a- and 3-

crystallin (10,12,28), it is mainly these proteins that should 

undergo inter- and intramolecular crosslinking during this process. 

In the 3' noncoding regions in the rat cDNA clones we find a 

stretch of 14 A residues at 22 nucleotides after the A-A-T-A-A-A 

polyadenylylation signal sequence (29) in рКЬуЗ. The poly(A) 

stretch being a remnant of the oligonucleotide primer used in the 

synthesis of the cDNA indicates that this clone contains the 

complete 3' end of the mRNA. No poly(A) stretch was found in pRLY2. 

In this clone the poly(dC) tail used in cloning started 11 

nucleotides after the polyadenylylation signal sequence. In view 

of this and the high degree of homology between pKLy2 and рКЬуЗ, 

we anticipate that approximately 10-15 nucleotides of the mRNA are 

missing at the 3' end of this clone. The homology between the 

short (65 nucleotides for pRLyS) 3' noncoding regions is 75%, 

which is only slightly lower than the overall homology between 

these clones. This feature is in agreement with the retained 

homology in the short 3' noncoding regions of 52 and 53 nucleo-



tides, respectively, of tv/o rat preproinsulin genes (30) but 

contrasts with findings in other families of closely related 

genes like the human leukocyte interferons (31) and several human 

(32) and mouse g-globin-like genes (33) in which the 3' noncoding 

regions diverge more rapidly than the protein coding regions. 

Experiments involving in vitro translation of mRNAs with large 

3' deletions suggest that intact 3' noncoding regions are not 

needed for efficient translation of the protein encoding regions 

in the mRNA (34,35). Furthermore, we found that the aA„-crystallin 

mRNA has a 3' noncoding region of 520 nucleotides which almost 

equals the length of the coding region of this mRNA (23). However, 

no specific function could be assigned to this large noncoding 

region. These findings suggest that the length and the precise 

sequence of much of the 3' noncoding regions of these eukaryotic 

mRNAs are not essential for function. It remains to be seen, 

however, whether the 3' noncoding regions in the other not yet 

analyzed γ-crystallin genes are as conserved as those in pRLY2 

and pRLyS. If so, this might reflect a functional importance of 

these sequences in the γ-crystallin multigene family. 

DISCUSSION 

Close analysis of the two γ-crystallin cDNA sequences shows 

that they have an axis of symmetry which divides them into NH -

and COOH-terminal halves. A two-by-two arrangement of these 

halves (Fig. 3) yields regions a-a ' and b-b'; the latter reveals 

the higher homology. In order to get a higher degree of homology 

between the a and a' regions of pRJ>y2 and pRI^3, a six-



PRL-Y2 
О С «CC TTC T M GAG M C C6» G « TTC C M CGC CGC AGC TAT GHG TCC « C HX GAC TGÇ CCÇ M C CTG ÇAG «CÇ TAC TTC AGC CGC TGC AAC TCC GTC CGC 

O ' CAG «GG ATG CGT CTG TAT GAG AA« GAA GAT CAC »AA GGC GTC ATG ATG GAG CTG AGT GAA GAC TGC TCC TGC «TC CAG GAC CGC TTC C«C CIC ÄGT GAG GTG CGC TCG CTG CAC 

Thr Phe 

Qbi Arg Met Arg Іяи 

9 7 

H« Лгд » Arg Ile 

Cly Life Ile Thr Phe 

Tyr Glu 

Туг Glu 

Tyr Glu 

Туг Glu 

Aep Arg Gly Plw Gin 

Lyl Ghi Aep Ha l y t 

Arg Ohi Aep Тут Arg 

Aep Arg Gly Phe Gin 

Alt Sm Tyr 

V · ! ЯаС М И 

Gin Met Ы 

tei Hk Туг 

Cye Ser Ser 

IM im Ote 

Ile Thr Aep 

Cye Ser Thr 

τι 
A » Cy· 
Aep Cye 

107 

Aep Cy 

Pre AmjLw Gin 

Sm Cyt ΐ ϋ Ί Gin Aep Arg Phe Hie Leu 

Pro Hb 

im /m 

leu Gin 

Gin 

Tyr Phe Ser 

»m 

Asp Arg Phe Hie 

Pro I)/r Phe Ser 

Arg Cye Aan 

Glu Val Arg 

А « П я Ho 

Arg Cye Aen 

P t » Hr. 

VM Arg 

„ . . « O ' CAC AGA АТС AGG АТС TAC GAG CGA GAG GAC TAC AGA GGC CAG AT6 GTG GAG АТС АСА GAC GAC TGC CCC CAC CTG CAG M C CGC П С M C TTC AGT GAC П С CAC TCT TTC CAC 

r ' О GGG AAG АТС ACC TTC TAT GAG GAC CGC GGC П С CAG GGC CGC CAC TAT GAG TGC AGC АСА GAC CAC TCC AAC CTG CAG CCC TAC П С AGC CGC TGC AAC TCT GTG CGC 

GTG GAC AGT 

GTG СТА G«G 

Vat 

Va' 

Va' 

Val 

Э9 
Aep Str 

Uu l.Xu 
127 

MKGiu 

Aep Sm 

39 

GTG ATG GAG 

GTG GAC AGT 

pM-Y2 ь' 
GGC TGC TGG ATG 

GGC TGC TGG GTC 

T«T GAG CGC CCC AAC TAC CAG GGC CAC CAG TAC TTC CTG CGA CGC 

TAT GAG ATG CCT ÀÂc TAC CGA GGC CGG CAG TAT CTG CTG AGG CCT 

GGG GAC 

САД GAG 

TAC CCT GAC * · · » * 
TAC CGG CGC 

40 
Ol» Cy. Trp 

Gly Cy· JVp 

<;^|туГ]ггр 
« у Cyt Trp 
40 

ι ту*· оы 
ι Tyr Glu 

ι ΐ^ι* Glu 

ι Tyr 0(u 

Pre» Am Tyr 

Pro Um Туг 

Pro um Туг 

Pro Aan ft· 

O b 

Arg 

Arg 

Thr 

Gly 

Gly 

Gly 

Gly 

Gin Typ 

Gin Tyr 

Gin Tyr 

Gin Tyr 

гы 
Uu 

Uu 

ft· 

Uu Arf 

Uu Arg 

Uu Arg 

Uu Ar« 

TAC CAG CAG TGG ATG 

TAC CAC GAC TGG GGC 

ι—1 Í 1 

Arg\cly\»m 

Pro Oto Olu 

ι—И« 
Pro 

Arg 

Cly 

Gly 

Glu 

(1 

Tyr 

ТУГ 

Tyr 

Туг 

Pro А » 

Arg Arg 

Arg Arg 

Pro** 

r—1 

туг 
tyr 

ÎVr 

D/r 
1 

Ohi Gin 

Ha Aep 

Ha Aep 

Oto Gin 

ι 1 

IVp 

Trp 

Trp 

Trp 

P*L-Y3 f' 
GGC TAC TGG GTC CTC TAT GAG ATG CCC «AC TAC CGG GGG CGG CAG T«C CTG CTG AGG CCT GGA GAA TAC AGG CGC 

GGC TGC TGG ATG CTC TAT GAG CAG CCC M C П С АСА GGC TGC CAG T»T П С С П CGT CGC GGG GAC TAC CCT GAC 

TAC CAC GAC TGG GGC 

TAC CAG CAG TGG ATG 

GGT I T C AGC GAC TCC « П CGC 

GCT GTA GAT GCT AAG GCA GGC 

Gly Phe Sm Aep Ser Ile Arg 

Ala Mel Α ν Ala Lye AM Cly 

Ala Met Aen Alo Ari Val Gly 

Gly Phi S e Aep Ser Vii Arg 

GCC ATG AAT GCC AGG GTA GGC 

GGT TTC ÂGC GAC TCT GTC C « 

TCC TGC CGC CTC АТС CCC 

TCT TTG CGG AGC GCG GTA 

Sir 

Ser 

Ser 

Ser 

Cy 

Uu 

Leu 

Cye 

ι — 1 
Arg 

Arg 

Arg 

ь 

»2 
Leu Ut Irò 

Ue AM Val 

Arg 

Uu 

ι 1 " » 

II · 
Ile 

Mel 

¡Го 

82 

TCT CTG AGG AG« «TC ATG 

TCC TGC CGC CTC АТС CCC 

120 249 261 
\ / 

384 513 603 

Ь' 

FIGURE 3¡ Intragenic nucleotide sequence homology in the rat lens γ-crystallin genes. The nucleotide 

sequence of ρΜ,γ2 and ρΜ,γ3 has been divided into subregions (a, a', b, and b') as indicated below the 

sequence. Arabic numerals represent the nucleotide positions as given in Fig. 2. Region 249-261 represents 

the "connecting peptide" (see text). The subregions and their corresponding amino acid sequences have been 

arranged in such a way that a mutual coofiarison can be made between a and a· (or b and b') of either ρΜ*γ2 

or ρΜ.γ3 and also between these subregions in both γ-crystallin sequences. Nucleotide sequence homology in 

each subregion is indicated by asterisks. Amino acids in each rat γ-crystallin sequence that differ from 

the bovine γ-crystallin II amino acid sequence (c/. Fig. 2) are given in boldface. Boxed areas, amino acid 

residues that are identical in a and a' (or b and b') of both rat γ-crystallins, stippled areas, amino acid 

residues located at topologlcally equivalent positions in all subregions of rat γ-crystallin and bovine 

γ-crystallin II as well. 



nucleotide deletion was introduced following the С at 

position 83 in the a region of both cDNA sequences. For the 

same reason, a trinucleotide was deleted at position 311 in the a' 

regions of рКЬу2 and рКЬуЗ. However, this needs to be compensated for 

six nucleotides upstream in the corresponding a region by deletion 

of a trinucleotide behind the nucleotide at position 62. It is 

possible to increase homology by one base in this small region of 

pRLyS by placing the deletion in the a stretch six nucleotides 

upstream from where it is placed now. We prefer the former se

quence alignment because the other way of matching would introduce 

a deleted amino acid in the a strain of pRLyS which would be two 

positions further than the deletion in рКЬу2. This, in turn, 

should imply that the trinucleotide deletions at these positions 

in the two genes would have occurred after duplication of the an

cestral γ-crystallin gene. We favor, however, the idea that the 

deletions occurred as indicated and before duplication of the 

ancestral gene. 

The overall degree of homology, as deduced from Fig. 3, between 

regions a and a' is 44% for рЕЬу2 and 52% for рКІгуЗ. This is lower 

than the overall homology between regions b and b', 55% for pRLyl 

and 56% for pRLyS. Because the deletions introduced in regions a 

and a' only enhance the mutual homology between these regions, the 

actual homology difference between a/a' and b/b' is even higher 

and mainly due to the extremely high homology between the first 13 

codons in regions b and b'. 

The four residues tyrosine, glutamate, glycine, and serine are 

conserved at equivalent positions in all the subregions of the 

two cDNA clones (shaded boxed areas in Fig. 3). From x-ray 



о 
analysis at 2.6-A resolution, Blundell et al. (16) deduced that 

bovine γ-crystallin II shows the highest degree of intrachain 

symmetry of any protein whose three-dimensional structure has 

been elucidated so far. The protein has a two-domain g-structure 

folded into four remarkably similar Greek key motifs. These 

motifs correspond exactly with the subregions a, b, a', and b' 

as indicated in Fig. 3. The two domains are formed by a + b and 

a' + b' and are connected at b and a ' by a 12-nucleotide region, 

nucleotide positions 249-260, which codes for the so-called 

connecting peptide. 

The backbone of the intramotif structure in the protein is 

mainly formed by the four residues mentioned above. The chain 

folds between Glu-7 and Gly-13. This allows Tyr-6 to pack against 

Phe-11 which is only nonconservatively varied to His in subregion 

a' of pRLY2. The other conserved residue is Ser-34 which stabilizes 

the structure by hydrogen bonding to Phe-11 (or to a topologically 

equivalent residue). The fifth residue which participates in this 

unusual foldover feature is Arg-36 which, however, is rather 

conservatively varied to His in subregion a' of pRLy2 and ρΚΕ.γ3. 

The deletion of six nucleotides introduced in subregion a of рНЬу2 

and рКЬуЗ corresponds with hypothetical amino acids located at a 

position in the protein where Blundell et al. (16) deleted three 

amino acids in bovine γ-crystallin II. The amino acid deletions 

at position 18 and 21 are located just before and at the end of 

the second turn in motif I and motif III. It is conceivable that 

two deletions have been introduced here because of the fact that 

deletion of only a single amino acid residue would have had such 

an impact on the structure in this region that a second nearby 



deletion was necessary. Furthermore, motif II and motif IV (sub-

regions b and b') in both rat γ-crystallins are four residues 

larger than motif I (subregion a) which is exactly the same as in 

bovine γ-crystallin II. The contacts between the two domains are 

largely hydrophobic. The residues involved in packing the two 

domains together are methionine and valine at positions 43 and 

131, respectively, and phenylalanine and leucine at positions 56 

and 144. It is interesting to note that methionine and phenyl

alanine are in the reversed orientation in bovine γ-crystallin II 

(cf. Fig. 2). 

The connecting peptide which forms the covalent linkage between 

the two domains consists of four residues (positions 83-86) which 

are conservatively varied among rat and calf. However, there is a 

clear difference when the residues directly flanking the connect

ing peptide are considered. The glutamine preceding the connecting 

peptide in bovine Y-crystallin II has been deleted in both rat γ-

crystallins whereas the phenylalanine following the connecting 

peptide is rather nonconservatively varied to histidine or 

glutamine in pRLyS and pKLy2, respectively. How far this feature 

interferes with interdomain linkage is hard to say. Because these 

amino acids are next to the connecting peptide which is at the 

surface of the molecule, it is feasible that there should be some 

space for amino acid variation without dramatic effect on tertiary 

structure. It is also conceivable that the reversion of phenyl

alanine and methionine has taken place to accommodate small 

three-dimensional structural alterations that could have taken 

place. 

From the results presented in this study it is clear that the 



Υ-crystallins are well conserved among calf and rat at the struc

tural level. Moreover, the structure of the cDNA sequences 

suggests that the primordial γ-crystallin gene consisted of only 

one subdomain-say a· Duplication of this subregion then generated 

a domain-like gene which, by tandem duplication, evolved into the 

mature γ-crystallin gene described above. In this respect, γ-

crystallin is not unique and seems to resemble well-characterized 

genes-for instance, the chicken ovomucoid gene, which has three 

domains showing 40-60% of homology at the nucleotide level (36), 

or the chicken collagen gene for which it has been shown that the 

ancestral gene might have arisen by multiple duplication events 

of a single genetic unit consisting of only 54 base pairs (37). 

The occurrence of different nonallelic γ-crystallin genes was 

suggested in 1978 (10). Our recent data on restricted genomic DNA 

and subsequent molecular cloning demonstrate that there are at 

least five γ-crystallin genes in rat. This indicates that, besides 

the intragenic type of duplication, single or tandem duplications 

of mature γ-crystallin sequences also have taken place more 

recently to generate a multigene family. 
о 

A considerable increase in the resolution to 1.9 A has meanwhile 

been achieved in x-ray studies (T. Blundell and C. Slingsby, 

personal communication). This enabled them to refine further the 

previously reported (9,16) calf γΙΙ-crystallin amino acid sequence. 

Therefore, the degree of homology between the calf and rat γ-

crystallins as presented in this paper must be considered as a 

minimum. 
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IV. STRICT CO-LINEARITY OF GENETIC AND 

PROTEIN FOLDING DOMAINS IN AN 
INTRAGENICALLY DUPLICATED RAT LENS 

Ύ-CRYSTALLIN GENE 

ABSTRACT 

Two cDNA clones рКЬу-2 and pKLy-S of different rat lens γ-

crystallin mRNAs have been used to identify γ-crystallin gene 

sequences in rat genomic DNA. Subsequently, the DNA present in the 

18-20 kilobase region of the EcoRI digest, giving rise to a strong 

doublet hybridization signal, was cloned in λ phage Charon-4A. One 

of the clones, λΕ€Η-γ-3, carrying an insert of 17.5 kilobases has 

been characterized in detail. From analysis at the restriction 

enzyme level with 5
1
-, "middle" and 3'-specific subprobes of 

ρΗΙ/γ-3 it could be deduced that ХКСН-у-З contains only one γ-

crystallin gene. The coding sequences of this gene are interrupted 

by intronic DNA. The primary structure of this gene and its 

flanking regions have been established by sequencing the relevant 

regions of a subclone of λΚ€Η-γ-3, designated рКСН-уЗ-1. The 

sequence data demonstrate that the γ-crystallin gene extends over 

2.7 kilobases of rat genomic DNA. The gene is split by two introns, 81 



one of 87 base-pairs after the third translation codon and a large 

one of 1880 base-pairs after codon 84. The mosaic structure of the 

gene is strictly co-linear with the structure of the γ-crystallin 

polypeptide in that the large intron is positioned in a region of 

the DNA which specifies the so-called "connecting peptide" and 

which links the two highly symmetrical and homologous protein 

domains. Although expected from the cDNA and protein sequence (cf. 

Moormann et al., Proc. Natl. Acad. Sci. USA 79 (1982) 6876-6880) 

no introns were observed between the coding regions in the DNA 

specifying the two homologous folding motifs present in each 

protein domain. The relevance of this phenomenon in terms of the 

evolution of the mature γ-crystallin gene is discussed. 

INTRODUCTION 

The vertebrate lens is an attractive system for studying 

cellular differentiation and molecular evolution. In the adult the 

lens is a spherically shaped, avascular organ surrounded by a 

single layer of epithelial cells. The cells at the anterior 

surface, the region with the highest mitotic activity, differ

entiate into fiber cells during their movement to the equatorial 

region. The cells then elongate and displace earlier formed fiber 

cells into the lenticular body. Fiber cells represent the ultimate 

stage of cellular lens differentiation. 

Compared to most other tissues the protein concentration in the 

lens is very high. The major part of the lens proteins consists of 

a group of soluble structural proteins, called crystallins. At 

present, four classes of crystallins are distinguished: α, β, γ 

and б with б-crystallin being confined to birds and reptiles 



(Clayton, 1974; Harding & Dilley, 1976; Williams & Pitatigorsky, 

1979). The four classes of crystallins are each composed of 

multiple polypeptides that except for ßs-crystallin and the γ-

crystallins form multimeric proteins (Harding & Dilley, 1976; 

Bloemendal, 1981). 

The synthesis of the crystallins is developmentally regulated 

with respect to time and region in the embryonic lens (Piatigorsky, 

1981). Although it is known that synthesis of the γ-crystallins, 

which comprise at least 40% of the total soluble proteins in rat 

lens (Ochen et al., 1977), is restricted to the cortical lens 

fiber cells (Papaconstantinou, 1967; McAvoy, 1978), virtually 

nothing is known about the initiation and regulation of Y-crystal-

lin synthesis during lens cell differentiation. 

At least five closely related γ-crystallins heva been identified 

in the bovine (Slingsby & Croft, 1978) and rat lens (Dodemont et 

al., 1981) whereas in the mouse at least four similar γ-crystallin 

mRNAs have been found (Shinohara et al., 1982). Until recently, 

our knowledge of the primary protein structure was limited to that 

of γΙΙ-crystallin, the predominant γ-crystallin in bovine lens 

(Croft, 1972; Blundell et al., 1981). Synthesis (Dodemont et al., 

1981) and sequence determination (Moormann et ai., 1982) of two 

cDNA clones allowed the derivation of the amino acid sequence of 

two different rat lens γ-crystallins. Both crystallins not only 

showed a high homology (80%) but within each sequence a remark

ably high intragenic homology was also noted, suggesting that 

multiple duplications of a primordial gene have taken place to 

generate the present γ-crystallin gene. Furthermore, the establish

ed amino acid sequence of both rat γ-crystallins fits the three-



dimensional structure of bovine γ-crystallin II as determined by 

x-ray analysis (Blundell et al., 1981) very well, indicating that 

each rat γ-crystallin, like the bovine protein, has a highly 

symmetric two-domain structure which is folded into four similar 

motifs. 

As recent protein and DNA sequence studies have shown a distant 

homology between the γ- and ß-crystallin polypeptides (Driessen 

et al., 1981; Wistow et al., 1981; Inana et al., 1982) and in a 

murine ß-crystallin gene an intron-exon distribution was noted 

which suggests the presence of introns between the gene segments 

specifying the protein folding motifs (Inana et al., 1983), we 

have examined in the present investigation whether the protein 

domains and folding motifs of rat γ-crystallin are also co-linear 

with the genetic domains. These studies will provide valuable 

information on the molecular intra- and extragenic duplication 

events which must have taken place to generate a γ-crystallin 

gene from a primordial β-γ type gene. 

MATERIALS AND METHODS 

Enzymes and Chemicals. 

All restriction endonucleases used were purchased either from 

Boehringer, Mannheim or Bethesda Research Laboratories. Poly

nucleotide kinase was from P-L Biochemicals. Calf Intestine 

Alkaline Phosphatase and E.coli DNA polymerase I (large fragment) 

were from Boehringer, Mannheim. T4 DNA polymerase and T4 DNA 

ligase were a kind gift of Dr. P. van Wezenbeek. Proteinase-K was 

from Sigma, [γ- РІАТР (3000 Ci/mmol), [a- p]dCTP (3000 Ci/mmol) 
32 

and [a- P]dATP (400 Ci/mmol) were from Amersham. The synthetic 



oligonucleotide primer used in DNA sequencing was obtained as 

described (Moormann et al., 1982). The synthetic EcoRI linker 

molecule S'-dGGAATTCC-S' was from Collaborative Research, Waltham. 

NZamine type A was from Humko Sheffield Chemical Division of 

Kraft Inc. 

Bacteria and Bacteriophages. 

E.coli Ja221 (C600 r~ mT trpAS leu RecA
-
) was obtained from Dr. 

P. Pouwels, Rijswijk. E.coli BHB2600 : K803 (SupE SupF г^ п^ met), 

E.coli BHB2688 : N205 (Ximm434 cits ¿2 red3 Bam4 Sam7)/X and 

E.coli BHB2690 : N205 (Ximm434 cits Ь2 геаЗ Daml5 Sam7)/X were 

obtained from Dr. B. Hohn. E.coli JM103 (RecA Mac-pro thi strA 

SupE endPisbcBl5 hsdR4 [F' traD36 proAB laci
q
 ΖΔΜ15]) was 

obtained from Dr. J. Messing. Bacteriophage XCH4A was obtained 

from Dr. F. Blattner. The single-stranded phage vectors M13mp8 

and M13mp9 were a kind gift from Dr. D. Hill. 

Preparation of λ Charon4A Arms. 

Phage XCh4A (Blattner et al., 1977) was propagated in NZY broth 

after transfection in E.coli BHB2600 as described by Loenen & 

Brammar (1980). Phages were isloated as described by the same 

authors except that phage purification was performed by equilibrium 

centrifugation in CsCl (0.5 g/ml) for 16 hours at 42,000 rpm in a 

Beekman SW60TÌ rotor at 15 C. Phage DNA was extracted after 

extensive dialysis of the phage band against TNE buffer (10 mM-

Tris.HCl, pH 7.6, 100 mM-NaCl, 1 mM-EDTA) at 40C by making the 

solution 0.5% in sodium dodecylsulphate and adding 200 yg/ml of 

Proteinase K. After 30 min at room temperature the mixture was 

extracted twice with phenol and once with phenol/chloroform. 



High molecular weight DNA was isolated by alcohol precipitation 

for 1 min at room temperature followed by a quick spin (5 sec) in 

the Eppendorf centrifuge. The cos-sites of 50 pg of XCh4A DNA 

were then annealed at 42 С in 0.1 M-Tris.HCl, pH 8.0, 10 mM-MgCl^ 

at a concentration of 1 yg/yl for one hour. Subsequently, ATP 

(final concentration 0.25 mM) and T4 DNA ligase were added and the 

reaction mixture was incubated for 3 hours at 37 C. The reaction 

was stopped by phenol/chloroform extraction, the DNA was pre

cipitated with ethanol and then digested to completion with EcoRI 

endonuclease. 

The resulting 31 Kb phage fragment (over 80% of phage DNA arms 

appeared to be annealed under these conditions) was fractionated 

on a 0.5% agarose gel run in E-buffer (40 mM-Tris, 20 mM-sodium 

acetate, 1 mM EDTA, pH 8.2, containing 0.5 pg/ml ethidium-bromide) 

and electroeluted in an ISCO sample concentrator. The buffer used 

was 2xTBE (100 mM Tris-borate, 2 mM-EDTA, pH 8.3) in the electrode 

compartments and 0.2xTBE in the inner compartments. After electro-

elution the DNA was phenol/chloroform extracted and precipitated 

with ethanol. 

Cloning of Rat Lens y-Crystallin Genes. 

One milligram of rat liver DNA, isolated essentially as described 

by van der Putten et al., (1979), was digested to completion with 

a twofold excess of EcoRI enzyme for 3 hours. Digestion was checked 

for completion by codigestion of λ DNA added to an aliquot of the 

reaction mixture. The DNA digest was fractionated on a 5-30% iso

kinetic sucrose gradient in 1 M-LiCl, 50 mM-Tris-HCl, pH 7.6, 5 

mM-EDTA. Centrifugation was for 24 hours at 25,000 rpm in a Beck-



man SW27 rotor at 5 С. Aliquots of the DNA fractions were run on a 

0.5% agarose gel in Ε-buffer and then blotted to nitrocellulose 

filters. Fractions hybridizing to nick-translated pKLy-3 at about 

20 Kb were pooled and fractionated again on a 0.5% agarose gel. 

Thereafter the gel was sliced and the DNA electroeluted as 

described. Analysis of the DNA fractions with nick-translated 

рНЪу-2 and pRLy-S was as described below. DNA of positive fractions 

was pooled and ligated to the 31 Kb vector fragment in a 1:3 

weight ratio. The preparation of the in vitro packaging system 

from E.coli BHB2688 and BHB2690 was essentially as described by 

Collins & Hohn (1978). Transfection of in vitro packaged DNA was 

in E.coli BHB2600. About 150,000 plaques were screened with nick-

translated pRLY-3 after amplification of phage DNA on filters 

according to the method of Lai et al., (1979). No duplo filters 

were needed this way and all 32 initial positive plaques remained 

positive on rescreening. 

Small scale preparations of recominant phage were made from 

semi-confluent plate lysates (diameter 9 cm). Phage were eluted 

by overnight incubation at 4 С in 5 ml of 10 mM-Tris.HCl, pH 7.6, 

10 mM-MgSO.. Two milliliters of this medium were used for DNA 

isolation. After addition of 5 yl of diethyl-pyrocarbonate the 

medium was left at room temperature for 10 min. Then 0.4 ml of 

SDS-mix (0.5 M-Tris-HCl, pH 9.0, 0.25 M-EDTA and 2.5% sodium 

dodecylsulphate) was added and the mixture incubated for 10 min 

at 70 C. Subsequently, 0.5 ml of 3.0 M-potassium acetate was 

added and the mixture left on ice for 30 min. The precipitate was 

removed by two successive centrifugations in a Runne desk-top 

centrifuge (4000 rpm, 10 min, 4 С). The DNA in the supernatant 



was precipitated with ethanol and the pellets were resuspended 

in 200 yl of TE buffer (10 mM Tris-HCl, pH 7.6, 1 mM EDTA). The 

DNA was extracted twice with phenol and once with phenol/chloro

form and then precipitated with ethanol. Enzyme digestions were 

carried out in the presence of 0.2 yg/μΐ RNase A (DNase-free by 

preincubation at 100 С for 10 min). In our hands this method 

appeared to give much more reproducible yields of phage DNA than 

small scale liquid cultures. 

Preparative isolation of recombinant phage was as indicated for 

XCH4A. 

Subcloning of y-Crystallin Sequences from XRCH-y-3 in Plasmid and 

M13 Phage Vectors. 

The 4.7 Kb EcoRl/Xbal fragment of XRCH-y-S was subcloned in 

the alkaline phosphatase-treated EcoRI site of pBR328 (Soberon et 

al., 1980). For this purpose the XJbal site of the fragment was 

converted into an EcoRI site with synthetic EcoRI linker molecules. 

The cohesive ends of 1 pmol of fragment were filled in with T4 DNA 

polymerase for 20 min at room temperature in 20 у1 of a reaction 

mix containing 25 mM-Tris.HCl, pH 7.6, 10 mM-MgCl , 1 mM-DTT and 

0.25 mM of each of the four deoxynucleoside triphosphates. After 
32 

phenol/chloroform extraction and ethanol precipitation 5'- P-

labeled EcoRI linker molecules were added and ligated to the 

blunt-ended DNA fragment. Ligation was at room temperature for 30 

min followed by an incubation period of 5 hours at 17 C. The 

reaction mixture was fractionated on a 0.7% agarose gel run in 

Ε-buffer and fragments containing linker molecules were electro-

eluted from the gel. The DNA recovered was digested with a two-



to threefold excess of ECORI endonuclease, then extracted with 

phenol/chloroform and finally precipitated with ethanol. Ligation 

of 0.1 pmol of this DNA with 0.03 pmol of dephosphorylated pBR328 

was as described above except that a tenfold reduced amount of T4 

DNA ligase was used. Subsequent transformation of CaCl -treated 

E.coli JA221 was essentially as described by Dagert & Ehrlich 

(1979). 

The DNA of 20 colonies which were positive on selective media 

were isolated according to the method of Birnboim & Doly (1979) 

and digested with EcoRI endonuclease. One appropriate subclone, 

designated pRCH-yS-l, was used for further restriction enzyme and 

sequence analysis. The intronic 1.2 Kb Hindlll/xhol fragment of 

pRCH-yS-l was subcloned by ligation under conditions described 

above in a Kindlll/Sall-digested M13mp8 or M13mp9 phage vector. 

The 4.2 Kb Bglll/EcoRI fragment was subcloned in the same manner 

in a BaraHI/BcoRI-digested M13mp8 vector. Transfection and 

selection of positive clones was in CaCl»-treated E.coli JM103 

cells as described above using X-gal as a selective indicator. 

Blotting, Nick-translation and Hybridization Procedures. 

After gel electrophoresis the ethidium bromide-stained DNA 

fragments were vizualized using short-wave UV light, photographed 

and transferred to nitrocellulose filters (Schleicher & Schuil, 

BA85) according to the method of Southern (1975). The transfer of 

DNA was in 1 M-NH -acetate, 0.02 M-NaOH as this solution augments 

binding of DNA to nitrocellulose (cf. Smith & Summers, 1980). Four 

to five blots were made from the same gel when transfers concerned 

digests of subcloned DNA. The bidirectional transfer of DNA from 



5% Polyacrylamide gels run in TBE-buffer was essentially as 

described by Smith & Simmers (1980). To augment resolution 40 cm 

long-0.2 cm thick gels were used. The gels were transported on old 

x-ray films after preparation before transfer. After transfer the 

filters were washed in 2XSSC (0.3 M-NaCl, 0.03 M sodium citrate, 

pH 7.2), dried and baked in vacuo at 80 С for 2 hours. The filters 

were prehybridized at 68 С for 1-2 hours in 3XSSC, lOx Denhardt's-

solution, 20 mM-NaHPO , pH 6.5, containing 200 yg/ml of denatured 

salm sperm DNA, 0.1% sodium dodecyl sulphate, 1.0 mM EDTA. 

Hybridization was for 16 to 20 hours at the same temperature and 

in the same solution except the lOxDenhardt's was replaced by lx 

Denhardt's solution. 

Nick-translation of 0.1 yg Hindlll-linearized plasmid probes 

ρΚΙ,γ-2 or pRLy-S was performed after treatment of the probes with 

25 pg of DNase (Sigma) for 5 min at 37 C. The 526 bp PstI insert 

of рИ.у-2 and the 100 bp, 258 bp and 287 bp PstI insert fragments 

of ρΜιγ-3 were isolated by electroelution from 5% Polyacrylamide 

gels run in TBE buffer. No DNase treatment was performed on these 

DNA fragments prior to nick-translation. To obtain specific 

g 

activities ranging from 0.5 - 6x10 cpm/yg (depending on the 
32 

probe used), 40-50 yCi of [a- p]dCTP (3000 Ci/mmol) were included 

in 10 yl of a reaction mixture which further contained, 50 mM 

Tris-HCl pH 7.6, 5 mM MgCl , 1 mM dithiothreitol, 8 yM of dATP, 

dGTP and dTTP, 0.1 yg of DNA and one unit of DNA polymerase I. 

Reactions were carried out for 1.5 hours at 15 С and stopped by 

adding 20 mM-EDTA and 0.1% sodium dodecyl sulphate (final concen

trations) . The DNA was extracted with phenol/chloroform and passed 

over a one-ml Sephadex G50-Fine Penefsky column equilibrated in 



double-distilled water. 

Probes were denatured at 100 С in 30% formamide, 0.1 M-NaCl, 

10 mM Tris.HCl, pH 7.6, 1.0 mM-EDTA. Hybridizations were performed 

at 10 -10 cpm/ml in a volume of 50-100 yl hybridization mix per 
2 

cm of nitrocellulose filter. Filters were washed two times for 

30 min at 68 С in 3xSSC, 0.1% sodium dodecylsulphate, 1.0 mM-EDTA, 

once for 30 min at 68 С in IxSSC, 0.1% sodium dodecylsulphate, 

1 mM-EDTA and once for 30 min at 68 С in 0.2xSSC, 0.1% sodium 

dodecylsulphate, 1 mM-EDTA. Filters were dried and exposed to 

Kodak XAR films. Intensifying screens (DuPont Lightning-Plus) were 

used at -70 С when necessary 

DNA Sequence Determinations. 

DNA sequences were determined by the method of Maxam & Gilbert 

(1980) or, in the case of subclones in M13, by the method of 

Sanger et al., (1977) using a 18-nucleotide long synthetic primer 

(Moormann et al., (1982). 

RESULTS 

Cloning and Identidication of a Rat y-Crystallin Gene. 

We previously reported that translation of rat lens mRNA 

selected by filter hybridization to either the rat γ-crystallir 

specific cDNA clone pRLY-2 or pRLY-3 case gave rise to the 

synthesis of at least five different γ-crystallin polypeptides, 

suggesting the existence of a family of γ-crystallin genes 

(Dodemont et al., 1981). The high homology between the rat γ-

crystallin mRNAs was confirmed by sequencing two cDNA clones, 

pRLY-3(which is an extended sequence of pRLy-l) and pRLY-2. Their 



homology was 80% (Moormann et al., 1982). 

When various digests of rat liver DNA were screened for γ-

crystallin-specific sequences using either ρΜιγ-2 or pRLY-3 as a 

probe, the hybridization patterns in both screens were, as 

expected, very much alike. The complexity of the banding pattern 

(data not shown) indicates the presence of a γ-crystallin gene 

family in the rat genome. A doublet hybridization signal with 

both of the cDNA clones was observed in the 18-20 Kb area of the 

EcoRI digest. Because these two hybridization signals were also 

the most prominent and EcoRI did not cut either pKLy-2 or pRLy-S 

(Moormann et al., 1982) we chose to clone this part of the EcoRI 

digest in the λ derivative phage Charon 4A (Blattner et al., 1977). 

Prior to cloning, the EcoRI digest was preparatively fractionated 

by sucrose gradient centrifugation followed by agarose gel 

electrophoresis. Fractions which contained DNA ranging in size 

from greater than 25 Kb to about 15 Kb were screened with both of 

the cDNA clones. As shown in Fig. 1, the doublet nature of the 

hybridization signal in this area is reflected in the difference 

of the hybridization patterns observed. Whereas pRLy-2 hybridiz

ation is the strongest with fraction 6, hybridization with рИлу-З 

is the most prominent in fraction 7. Screening of about 150,000 

recombinant phages containing DNA of fraction 6 and 7, using the 

technique of Lai et al. (1979) to amplify phage DNA on filters 

(Fig. ID), yielded a total of 32 γ-crystallin clones. Four of 

these clones contained a 19.5 Kb insert DNA, 26 of the clones a 

17.5 Kb insert DNA and two clones a 13.5 Kb insert DNA. The clones 

containing the 19.5 Kb and 17.5 Kb insert were distinctly differ

ent and correspond to the doublet bands observed upon hybridizat-
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FIGURE 1: A. Visualization of 

fractions of EcoRI-digested rat liver 

DNA ranging in size from 25 Kb to 

about 15 Kb after ethidiura-bromide 

staining of the 0.5% agarose gel. 

B. After blotting the gel to nitro

cellulose filter the fractions were 

screened for γ-crystallin sequences 

with the cDNA probe ρΚΙ,γ-2 which was 

32 
labeled with Ρ by nick-translation 

{spec. act. 4*10 cpm/pg). The filter 

was hybridized and washed as described 

in Materials and Methods; autoradio

graphy was for four days at -70 С 

using an intensifying screen. 

C. Thereafter the probe was melted off 

the filter, the filter was checked for 

residual radioactivity and hybridized 

32 
with the P-labeled cDNA probe ρΜ,γ-3 

{spec. act. 2.5"10 cpm/pg) as des

cribed above. Autoradiography was for 

six days at -70 С using an intensi

fying screen, DNA of fractions 6 and 

7 were subsequently used for cloning 

in XCH4A. D. Autoradiograph of one 

filter replica. Filter replicas of 

32 
λ platings were hybridized with P-

labeled pRLY-3 (spec. act. 3» 10 cpm/ 

pg) as described above. Exposure was 

for 16 hours at -70 С using an inten

sifying screen. 

ion with the cDNA clones in the r a t l i v e r EcoKL d i g e s t . No 

h y b r i d i z i n g bands were observed a t 13.5 Kb in t h i s d i g e s t . Further 

r e s t r i c t i o n a n a l y s i s showed t h a t t h e 13.5 Kb clones were i n s e r t 

d e l e t i o n mutants of the 17.5 Kb clones (data not shown). 

In t h i s study we have r e s t r i c t e d ourse lves t o a d e t a i l e d 

a n a l y s i s of the 17.5 Kb c l o n e s . All of the 26 clones were i d e n t i c a l 

except for the o r i e n t a t i o n of t h e i r s e p a r a t e i n s e r t s in t h e vector 



molecule. The insert of a representative clone, designated XRCH--,-

has been studied in greater detail. From the hybridization 

patterns of digests of the insert DNA with either pRLy-2 or 

pRLy-S under stringent conditions of hybridization and washing we 

could not discriminate whether the 17.5 Kb insert contains one 

or more y-crystallin genes. As shown in Fig. 2.. there is a 

reversion in intensity of the signal in the two hybridizing bands 

in the EcoRI/XhoI, the EcoRI/Hinälll and the EcoRI/SstI double-

digests when using рКЬу-2 (Fig. 2B) or pRLy-S (Fig. 2C) as a 

probe whereas the intensity of the signal in the single-

hybridizing band in the EcoRI and the EcoRI/Xbal digests is 

almost egual. In view of the size of the γ-crystallin mRNAs which 
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FIGURE 2: Nitrocel lu lose b l o t analysis 

of XRCH-Y-3. A. Visualization of e t h i -

dium-bromide stained s ing le- and 

double-digests of АКСН-у-З run on an 

0.5% agarose ge l . Multiple b l o t s were 

made of th i s gel and subsequently 

hybridized with e i t h e r pKLy-2 (в) or 

pRLY-3 (C) which were labeled with 
32 

Ρ by nick-translation (spec. act. 

1-10 cpm/vjg). The blots were hybri

dized and washed as described in 

Materials and Methods with the excep

tion that a final wash was included 

for 30 min. at 68
0
C in 0.05 χ SSC, 

0.1% sodium dodecylsulphate, 1.0 mM 

EDTA. Autoradiography was for 4 hours 

at -70
o
C using an intensifying screen. 

The restriction enzymes used are: 

E = EcoRI; Xh m Xhol; Xb = Xbal; 

H « HindlII; S = Sstl. 



are about 650-750 nucleotides long (Doderaont et al./ 1981) and 

taking into account the high homology between pRLy-2 and pRLy-S, 

this suggested the possibility that more than one γ-crystallin 

gene is located on the 4.7 Kb EcoRI/Xbal fragment (note that 

none of the enzymes used cuts either of the two cDNA clones). 

To investigate this possibility we subcloned the 4.7 Kb EcoRI/ 

Xbal fragment in pBR328 after filling in the fragment terminal 

ends followed by blunt end ligation of EcoRI linker molecules. An 

analysis by blot hybridization of single-, double- and triple-

digests of the 4.7 Kb subclone, designated рКСН-уЗ-1, with the 

S'-specific, middle-specific and S'-specific PstI subprobes of 

pRLY-3 (cf. Moormann et al., 1982) is seen in Fig. 3. In all 

digests analyzed there is only one band hybridizing with the S'-

specific probe (Fig. 3B)(the weakly hybridizing 3.9 Kb band in the 

EcoRI/Xhol/SstH and the EcoRl/Xhol/ВатЯІ digests are artefacts 

due to partial digests). Although not visible in Fig. 3B, another 

weakly hybridizing fragment of only 0.25 Kb was observed in all 

the Sstll digests upon prolonged autoradiography. A similar 

single hybridizing band pattern was observed when the digests 

were hybridized with the 3'-specific subprobe (Fig. 3D). It was 

noted that, except for the EcoRI digest, none of the hybridizing 

bands in panels В and D were the same. Furthermore, except for 

Sstll which cuts pRLy-S, none of the enzymes used in this 

experiment cut either pRLY~2 or pRLy-S. Fror these results we have 

concluded that the 4.7 Kb EcoRI/Xbal fragment contains only one 

complete γ-crystallin gene. If more than one gene had been 

present one would have expected to find one or more digests in 

which the 5' and/or 3' subprobes would have hybridized to more 
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FIGURE 3: Nitrocellulose blot analysis of рКСН-уЗ-1. Л. Visualization of ethidium-brolnidG stained single-, 

double- and triple-digests of pRCH-yS-l run on a 0.8% agarose gel. Multiple blots were made from this gel 

and subsequently hybridized with three different, 'p-labeled subprobes of pRLY-3 (Hoormann et al., 1982). 

В. The 5'-specific PstI subprobe of 100 bp. (spec, act. 0.5 χ 10 cpm/vig); C. The "middle"-specific PstI 

subprobe of 258 bp. (spec. act. 1.5 χ 10 cpm/pg); D. The З'-specific PstI subprobe of 287 bp. (spec. act. 

1.8 χ 10 cpm/pg). The filters were hybridized and washed as described in Materials and Methods. Autoradio

graphy was at -70 С using intensifying screens. The exposure time varied with the specific activity of the 

subprobe used. The restriction enzymes used are: В = BamHI; К = Kpnl; SII ™ Sstll, SI = Sstl. The other 

abbreviations are identical to those used in Fig, 2. 

than one band. 

As the 5' subprobe of pRLy-B c o n t a i n s an S s t l l s i t e a t base 

p o s i t i o n 31 of i t s coding sequence (Moormann e t al., 1982) the two 

band hybr id iz ing with t h i s subprobe in S s t l l d i g e s t s suggest t h a t 

the gene contained i n t h e 4.7 Kb subclone encodes pRLy-S (see next 

s e c t i o n ) . 

The middle-spec i f ic probe of pRLy-B hybr id izes t o a l l bands 

which a l s o hybr id ize with e i t h e r the 5 ' or 3' subprobe except for 

the 0.25 Kb weakly h y b r i d i z i n g band in the S s t l l d i g e s t s observed 



with the 5' subprobe (Fig. ЗС). This finding not only sustains our 

one gene option for the 4.7 Kb EcoRI/Xbal fragment but it also 

indicates that this gene is interrupted by intronic DNA in this 

part of its coding sequence. 

Hybridization experiments at this level are insufficient to 

determine the detailed mosaic structure of the γ-crystallin gene. 

We therefore determined the nucleotide sequence of the gene. 

Nucleotide Sequence of a Rat y-Crystallin Gene. 

Restriction maps of the 17.5 Kb chromosomal insert in XRCH-y-B 

and the 4.7 Kb subclone pRCH-yS-l are shown in Fig. 4. To quickly 

identify the fragments of interest for sequence determination by 

the method of Maxam and Gilbert (1980), pRCH-yS-l was subjected to 

digestion with several tetra- and pentanucleotide-recognizing 

restriction enzymes known to be suitable for this type of sequence 

determination, and the fragments were separated on Polyacrylamide 

gels. The gels were bidirectionally blotted (Smith & Summers, 

1980) and screened with specific cDNA probes. After sequencing 

the various fragments according to the method of Maxam and 

Gilbert, no sequence overlaps were found in certain regions of 

the 1.88 Kb intron and around the single Bgill site in the 5' 

flanking region of the gene. Therefore, we subcloned the intronic 

Hindlll/Xhol fragment as well as the large Bgrlll/EcoRI fragment 

in M13mp8 and M13mp9 (Vieira & Messing, 1982). Sequences up to 

600 nucleotides from the primer recognition sites in these two 

M13 phages were determined by the dideoxy-chain termination 

method of sequencing (Sanger et al., 1977) using a synthetic 18-

nucleotide primer. 
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FIGURE 4: Restriction maps of Хрсн-у-З and рНСВ-уЗ-1. The ffcoRI site at the 3' end of рНСН-уЗ-1 was intro

duced by filling in the 4.7 Kb EcoRl-Xbal fragment sticky ends with T4 DNA-polymerase and subsequent 

ligation of £coRI linker molecules with T4 ligase. After EcoRl digestion the fragment was subcloned in 

pBR328. Open boxes indicate Introniс sequences, hatched boxes represent noncoding sequences and black 

boxes are coding sequences. For clarities sake only penta- and hexanucleotide-recognizing restriction sites, 

of which some were also used for sequence determination, are shewn. The DNA region of which the nucleotide 

sequence has been determined is underlined and is located between the 5'- BgJII site and the S'-EcoRI 

site. Nearly all sequences were determined from both strands of the DNA. Where the DNA sequence was de

termined from only one strand there is no doubt about its composition. 

The complete nucleotide sequence from the S'-BglXI to the 3 1 -

EcoRl s i t e in pRCH-yS-l i s presented in Fig. 5. Including the 5' 

and 31 regulatory sequences t h i s gene extends over 2.7 Kb of 

chromosomal DNA. The coding sequences in t h i s gene are in ter

rupted by two i n t r o n s , one of 87 basepairs positioned after codon 

3 and one of 1880 basepairs after codon 84. The coding sequences 



are identical to the cDNA sequence of pRLY-3, which indicates 

that this gene is expressed in the rat lens. In the 5'-flanking 

region of the gene we find a TATATATAGA sequence or Hogness box at 

position -30 to -19. This sequence contains the consensus sequence 

TATATAT proposed by Corden et al. (1980) and thought to be 

required for precise initiation of transcription by RNA polymerase 

II. From comparative studies on a large number of genes Corden et 

al. (1980) have proposed the sequence PyCAPyPyPyPyPy as the con

sensus seauence for the transcription start points in eucaryotes. 

This sequence is less obvious in the γ-crystallin gene but can 

tentatively be assigned to bases -2 to +6. A transcriptional start 

at this position is in agreement with the standard rule that the 

distance between the first base of the Hogness box and the RNA 

start-site is 30 +̂  1 bases. In several eucaryotic genes (Benoist 

et al., 1980; Efstratiadis et al., 1980) and additional consensus 

sequence GGCCAATCT which includes the so called CAAT box has been 

found at about 80 residue 5' to the capping site. The only 

sequence in this region of the γ-crystallin gene showing resembl

ance with the CAAT box is the underlined sequence GGGCCCCTTT 

starting at position -74 from the putative cap-site. In the 3' 

untranslated region of the gene we find the AATAAA polyadenylation 

signal sequence (Proudfoot & Brownlee, 1976) which is followed 22 

nucleotides later by the boxed trinucleotide where the poly(A) 

addition site is located (Moormann et al., 1982). 

The intron-exon junction sequences of the γ-crystallin gene 

closely resemble the consensus sequence suggested by Mounts (1982) 

and no exceptions to the GT-AG rule proposed by Breathnach et al. 

(1978) were observed. Furthermore, the splice sites are between 



-V>2 -404 

tctqccctctaatcccccacccccgccagcctctgLctccaqagtacaggacaaaggegaaccctattggacttccatcatcctacggeqaaaqtacat 

-403 -305 

tcactccggtgccgccaccaccaccttttcaggactgttaattggattgcgttattagtcatatacacattgttttgaaactgtcaaagggcggctaaa 

-304 -206 

acatttcattacagatgttaacgagttaaacgtctttgccctatttcagtttttcccaaatcagcttcatttaaaggctgaagcggcatcaagtgaccc 

-205 -ДО? 

ttttagccaggtcagtgattcgtcatccattcgaaagctctggagagtaagagaaaacatacaataacccacacctcccccacagtcat^tatatagaa 

-106 -8 
agagagagaaaaaacgtgccctgtccccccgcgggcccct t t tg tgctgt tcctgccaacgcagcagacctcctg<^tatata ta taga^cctgctccca 

- ' »l 88 
qcccta^aca |accaacagcaccatcccatccgacctgcaaacaacaqcc АТС GGG AAG gtgagcccagagcatcctcagtcagggaagggacctg 

eL gly lys I »^ 

99 174 
ccctggggtccaggccacatcaggcctctqacccctgccttgccttacag ЛТС ACC TTC TAT GAG GAC CGC CGC TTC CAG GGC CGC 

ile thr phe tyr glu asp arg gly ohe gin gly arg 

175 249 
CAC TAT GAG TGC AGC АСА GAC CAC TCC AAC CTG CAG CCC TAC TTC AGC CGC TGC AAC TCT GTG CGC GTG GAC AGT 
hi· tyr glu cys ser thr asp hls ser asn leu gin pro tyr phe aer arg cys asn eer val arg val aip ser 

250 324 
GGC TGC TGC ATG CTC TAT GAG CAG CCC AAC TTC АСА GGC TGC CAG TAT TTC GTT CGT CGC GGG GAC TAC CCT GAC 
gly cys trp met leu tyr glu gin pro asn phe thr gly cys gin tyr .phe leu arg arg gly asp tyr pro asp 

Î» E ' ' 'E 404 
TAC CAG CAG TGG ATG GGT TTC AGC GAC TCT GTC CGC TCC TGC CGC CTC АТС CCC CAC gtgagtcttttcctagggcccct 
tyr gin gin trp met gly phe ser asp ser val arg ser eye arg leu lie pro his 

405 503 

acccactttcagttatgcaatcctgaccagctagtaacatctgtggccggctcaagtcctggagtggcagccaccttctgctggttctgtgtcctctat 

E 
504 602 
yttactaaqttctccaa^ijtttcctcaaaaacatgtctgaaagtaaaattctccactggacettttcatttacttggctaaaatcaaataacaagaac 

60] 701 

atggtttagttcagagcctctgggccacggtttgaacaccaagaggctqcctqatggtttgaggttgttcatccatgttccttgactttatttacatca 

A — Г 
702 Β β00 
agcettgtcacccgcggttgagccgataggtgtagctgaattatggttatacgtgccaaggggtggagaagtgggattctaaagcttccagaacatcaa 

SOI В 899 

ctgtaacccaaaggaagccccagcagcctggatcccattaattgtctaataacccacttcagaaattagctgctgcçtççtcctccctcctcctcctct 

900 99В 

cttccctctgtgtcccatccctcctccccctcctcçttcccctcctcctcctcctccccctcctcçtçtttçtcctcct« 

999 D О 1097 

tcctctacctagccaccccacccgcttccaagtccttctcctttctacagactcaaagcattggcctttccttttctcttaaaagaacatcttgtcata 

109· 1196 

agggctctgtgtgacaagctgtcctgagqatcaaatttgtctgcacacatgtgagtccttttcaaagagcaggacactgacccctcaggggctgcctcc 

1197 1295 

tgagcggcaggttgtgcctgtagacagttgctgggagaccccttcctccagtaggtttcgaggatagaagaaagaccctgagccaagagctcttgctgg 

1296 1394 

gaaggaqcagggacagtaaaagcagaagaqaaggtttacctaggacaagetqcctgacctttcattgtgttacagcaagggttctcaacctgtgggccg 

1395 1493 

cgacccctttagagtcttatatcaqatatcctgcatatcagatatttacattacagttcacaacagtagcaaaattacagttatgaaatagcaaggaaa 

1494 1592 

taatttcatqqttggqgqtcaccacaccatqaqqaqctqtattaaaqqatcqcaqcattaqqaaqtttqagaccccactgctctaaaggtttgcaggcc 

A 
1593 1691 
tqatccacacaggtctcctcaggatctcaaacattcaattttgqcqttqcccaqacctgatttatcagagcatgcattagaqctgagagctqaacctca 

1692 С 1790 

atctttqaqctatccttqctttacaatgcttgaqgttqtaaaggacccgagqcqgcaaaqaaaggtgqaggqatatctgggttgagagcgttttccctg 

1791 С 1'·' 

atttggcccaatactcttcctgtggaaqatqacaattcgacttctctccctctactttcttgctaaagatacatttggattttcactgtaataccaaat 

1890 1986 

taattttataccttctaaagaqaacctcagatcaccaagaatctagggggttgattagqqqaqactaaacaaataaacagaaaactaqttgtttaaaat 



1989 2087 
gctgctgaggagggccagtatgtsggtggtaggtaattccageaaactccacagagcacacggtctatgtcaaaggascggtgggtggtgatgatctcg 

В 
2088

 w
 2186 

agtttcactgtgaacaacctcctaaatcatgcagtgttcctggtgttttcaatttaatcaccttccttatagaaaagataggaagtgcaccccctqgaq 

в * * 
2187

 0
 2289 

ggcagcatgtgctgggtttccaagttcaggtcaggttttctgacatcctcttgtctgctgttctcccgacacacagTCC AGC T C T CAC AGA ATC 
ser ser ser his arg ile 

2281 ?з-.5 
AGG АТС TAC GAG CGA GAG GAG TAC AGA GGC CAG ATG GTG GAG АТС АСА GAC GAC TGC CCC CAC CTG CAG GAC CGC 
arg lie tyr glu arg glu asp tyr arg gly gin met val glu ile thr asp asp cys pro his leu gin asp arg 

2356 2430 
TTC CAC TTC AGT GAC TTC CAC TCT TTC CAC GTG ATG GAG GGC TAC TGG GTC CTC TAT GAG ATG CCC AAC TAC CGC 
phe hl* phe ser aep phe hls ser phe hls val met glu gly tyr trp val leu tyr glu met pro asn tyr arg 

2431 E ' * гыь 
GGG CGG CAG TAC CTG CTG AGG CCT GGA GAA TAC AGC CGC TAC CAC GAC TGG GGC CCC ATG AAT GCC AGG GTA GGC 
gly arg gin tyr leu leu arg pro gly glu tyr arg arg tyr hie asp trp gly ala met asn ala arg val gly 

2506 . 254b 
TCT CTG AGG AGA АТС ATG GAT TTC TAT tgaaatatttttactctaccattttctccatctggacattjaataaajatatttcctgtgtgttt 
ser leu arg erg ile met asp phe tyr .̂ ^ 

2596^ 2694 
catgpa^taacagagtcctctgttcctttcgccttccatggaagggcacagcaaagaaaggatgtgactggtctcaaacttgtgggtaggtgggaaggg 

2695 2793 
aaaagcagaaaagaaaacgtgcaacttaagacaaaagcacagatgctgggggaaaccaaaagtgggggcttgtctttgtaagagccgaccctcttgact 

2794 2892 
gcttgctagctggggtggtttaagctttggggagagaaaggggtcgaaaagtttccctttgaggcccacagttggccattactaggagcaaccattaag 

289Э 2928 
gactcagtttaagagcatcaggtgatctaggaattc 

FIGURE 5: Cooplete nucleotide sequence of the 3.43 Kb Bgrlll-EcoRI fragment of рНСН-уЭ-І which contains 

a complete rat γ-crystal l in gene. The TATA sequence in the 5' flanking region of the gene and the CACA 

sequence in which the putative transcription start s i t e of the γ-crystal l in gene i s located are boxed. 

The broken line under the CACA sequence indicates the transcription start consensus sequence (Corden e t 

ai./ 1980). Another consensus sequence in this region (see Discussion) starts at nucleotide position 

-74 and i s underlined in bold face. Additional putative regulatory sequences in the 5' region are indicated 

by broken l ines or a dotted box. The underlined repeat-like sequences and their bold faced termini are a l l 

extensively discussed in the text . The broken l ines at the termini of repeat В indicate regions of lower 

homology which are located between the 13 bp and 11 bp inverted repeats. The extra underlined TT dinucleo-

tide and the С residue marked with an asterisk within the terminus of the 3 ' - В repeat Indicate an in

sertion and a transversion« respectively, when compared to the terminus of the 5 ' - В repeat. The sequences 

belonging to repeat E are located between the indicated arrows. The bold-faced l ines indicate the homolo

gous 14-nucleotide 3'-termini of these repeats. The 28 bp insertion in repeat E positioned at the junction 

of the large intron and the third exon i s underlined by dots. The simple CT-rich sequence in the large 

intron i s denoted with a broken l ine. Several short direct- and Inverted repeats and a palindromic sequence 

in the 3' flanking region of the gene are Indicated with arrows. The polyadenylation signal sequence 

AATAAA and the putative polyadenylation s i t e CAA are boxed. 



and not within codons. 

In the large intron multiple simple and repeat-like sequences 

are noted. The most prominent simple sequence extends from nucleo

tide position 870 to 1040 and is mainly composed of CCT trinucleo

tides. The most prominent repeat-like sequences are a direct 

repeat A of approximately 150 nucleotides, an inverted repeat В of 

about 150 nucleotides, a small inverted repeat С of 10 nucleotides 

ano -ι small 18 basepairs direct repeat D (Fig. 5). 

Repeat A is flanked at its 5' enr1 by a perfect 7 bp direct 

repeat and at its 3' end by a perfect 12 bp direct repeat with 

the sequence GTTTGAGGTTGT. The inverted repeat В is flanked on 

one side by a 13 bp inverted repeat TTGAACACCAAGA having only one 

mutual mismatch and an insertion of two Τ residues in the 3' 

flanking sequence. This sequence is followed at 16 less homologous 

nucleotides later by a perfect 11 bp inverted repeat GAGGTTGTTCA 

(both sequences are of + strand DNA). 

Another interesting direct repeat E, varying in length of 210 

to 260 bp, covers part of both introns as well as the 5' and 3' 

coding regions of the gene. These sequences are flanked at their 

3' end by a stretch of 14 nucleotides CTGGGTCCTCTATG which are 

almost completely homologous between the three repeats. Also 

noteworthy are a perfect inverted repeat of 10 bp comprising part 

of the TGA stop codon and part of the AATAAA polyadenylation 

signal sequence in the 3' noncoding region of the gene, and a 

true palindrome of 14 nucleotides which is embedded between a 7 

bp perfect inverted repeat at about 25 nucleotides after the poly 

(A) attachment site in the 3' flanking sequence of this γ-crystal-

102 u n gene. 



DISCUSSION 

Cloning of size fractionated rat liver DNA of about 18-22 Kb in 

size yielded two distinct sets of γ-crystallin clones containing 

17.5 and 19.5 Kb DNA inserts, respectively. 

Clone АКСН-у-З, which is representative for those clones con

taining a 17.5 Kb chromosomal DNA insert, was shown to contain 

only one γ-crystallin gene. The exact nature of this gene could 

not be determined unequivocally by simple hybridization using γ-

crystallin cDNA specific sub-fragments because of the high 

homology between γ-crystallin coding sequences (Moormann et al., 

1982). Only after elucidation of the complete rucleotide sequence 

of this gene it became evident that its coding sequences were 

completely homologous with the cDNA sequence in pRiyy-3. 

Upon analysing its 5' flanking sequence we not only found a 

TATA box at position -30 but also at position -115. The latter 

TATA sequence is also preceded at 25 bases by an ACAAT sequence 

which contains the CAAT box consensus sequence whereas 30 bases 

downstream at position -85 a sequence TGTCCCCC is found. Except 

for the TG dinucleotide this sequence nicely fits the cap-site 

consensus sequence. Its striking homology with the known regulatory 

sequences involved in RNA synthesis in vivo (Mellon et al.,1981; 

Dierks et al., 1981; Grosveld et al., 1982a,1982b) suggests a 

second possible transcriptional start point at this position. 

Whether both TATA sequences initiate γ-crystallin gene transcript

ion, similar to the ovalbumin gene family where several redundant 

TATA-like sequences in fact promote transcription initiation 

(Heilig et al., 1982), has still to be ascertained. 



In the 3' flanking region directly following the γ-crystallin 

gene we noted a very Α-T rich inverted repeat GAAATATTTT (+ strand 

sequence) which has the potential to form a hairpin structure. 

Whether this structural feature has functional importance, 

for transcription termination, is unknown. Further analyses of 

the conservation of this hairpin structure among other 

γ-crystallin genes and expression studies of deletion mutants 

in this area might answer this question. 

From Fig. 5 it is apparent that the central 1.88 Kb intron is 

largely composed of sequences which resemble eucaryotic trans-

posable elements. The direct repeat A could be analogous to the 

long terminal repeat sequences of a retrovirus, or of copia in 

Drosophila and Ty-1 elements in yeast (Finnegan, 1981), while the 

inverted repeat В resembles the Drosophila foldback elements 

described by Potter (1982). 

We previously demonstrated that the two rat γ-crystallin cDNA 

clones pRI^-2 and ρΚΙιγ-3 are highly homologous at the amino acid 

level as well as at the structural level with bovine γ-crystallin 

II (Moormann et al., 1982). From x-ray diffraction studies at 

2.6 A Blundell et al. (1981) showed that this bovine γ-crystallin 

II has a highly symmetric two-domain ß-structure folded into four 

similar motifs. In fact this γ-crystallin has the highest internal 

symmetry of any protein studied so far. From the nucleotide se

quence presented here a clearcut colinearity between the protein 

domains and the genetic domains (i.e. exons) can now be establish

ed. The central 1.88 Kb intron is located between the codons 

specifying amino acids 84 and 85 of the protein. These amino acids 

104 form part of the so called "connecting peptide" which extends from 



amino a c i d s 84-87 and which l i n k s t h e two s t r u c t u r a l l y homologous 

p r o t e i n domains (Fig. 6 ) , Such a s t r i c t r e l a t i o n s h i p between 

g e n e t i c and f u n c t i o n a l - or s t r u c t u r a l domains as found here for 

the r a t γ - c r y s t a l l i n gene has only been observed i n genes where 

t h e r e has been i n t r a g e n i c a m p l i f i c a t i o n and d ivergence, l i k e the 

mouse α - f e t o p r o t e i n gene (Eiferman e t a i . , 1981), the genes 

speci fy ing immunoglobin heavy-chain c o n s t a n t reg ions (Cough e t 

a i . , 1980; Ear ly e t a i . , 1979; Calarne e t a i . , 1980; Honjo e t a i . , 

1979), t h e r a t growth hormone gene (Barta e t a i . , 1981) and the 

domains: 

motifs 

TATA - box —I 1—. cap 

FIGURE 6: Correlation between the protein structure of γ-crystallln as predicted frem x-ray diffraction 

studies (Blundell et ai., 1981) and the structure of the γ-crystallin gene as deduced from its nucleotide 

sequence. The two-domain/four-motif structure of the protein is schematically indicated. The schematical 

structure of the {"Greek-key") motifs has been taken from Blundell et al.,(1981). The symbols for the first 

five and last five amino acid residues of the protein and those representing the connecting peptide are 

indicated. The correspondence of the protein folding motifs with the subrogions a, £», a' and b' of the 

coding sequences of the gene has been described previously {Moormann et ai., 1982). Intronic DNA sequences 

are drawn with thick lines. Their position within the coding sequences when these are translated into amino 

acid sequences are also indicated by thick arrows. Exonic sequences are represented by broad bars whereas 

thinner bars represent non-coding sequences. The positions of the relevant regulatory sequences of the 

gene are denoted by thin arrows. 105 



chicken ovomucoid gene (Stein et al., 1980). In contrast, the 

small 5' intron cannot be accounted for on the basis of colinear-

ity between genetic and protein domains. Such an intron, however, 

has been found in several genes at this position where it links 

the signal peptide exon and/or the regulatory regions involved 

in expression to the body of the gene (Efstratiadis et al., 1980; 

Jones & Kafatos, 1980; Bell et al., 1980; Stein et al., 1980; 

Nishioka et al., 1980; Barta et al., 1981; Eiferman et al., 1981; 

Woo et al., 1981). 

The degree of homology between subregions a and b (44%) and a' 

and b' (39%) suggests that b arose from a by duplication and that 

the second duplication of a + b then generated the present gene. 

The subregions a, b, a' and b' correspond with the four motifs 

within the protein (Fig. 6). There is less structural homology 

between the motifs than between the two domains. These findings 

are consistent with the model of gene evolution proposed above. 

However this model is not sufficient to account for the presence 

of repeat E. The structure of repeat E shows that intronic se

quences are partially homologous to the coding sequences : the 

small 5' intron and the 3' end of the large intron are partially 

homologous to motif sequence a. However the boundaries of repeat 

E do not coincide with those of the a + b regions of the γ-

crystallin gene. Repeat E is thus superimposed on and partially 

out of phase with the a + Jb partition of the gene. The a + b 

partition of the gene and the presence of repeat E show that the 

γ-crystallin gene contains four exonic- and three intronic seg

ments derived from a primordial motif sequence. Clearly the γ-

106 crystallin gene has originated from a process of gene multipli-



cation and fusion. Such a process may introduce introns between 

structural motifs as suggested by Gilbert (1978) (see also above). 

Indeed in the murine 3-23 crystallin gene the sequences coding 

for the protein structural motifs are separated by introns (Inana 

et al., 1983). We have shown here that the γ-crystallin gene 

lacks an intron between the regions coding for motifs a and b. 

In our opinion such an intron was present here initially, but was 

lost before duplication of the a + b region. 

The close structural homology between the β- and γ-crystallin 

proteins suggests a common evolutionaly origin. They could both 

be derived from an ancestral gene which already contained the four 

protein motifs or they could have separately evolved from an an

cestral motif sequence. Our results taken together with those of 

Inana et al. (1983) support the latter possibility. They suggest 

that the evolutionary pathways leading to the $- and γ-crystallin 

genes have diverged before duplication of the a + b region en

coding one protein domain of the γ-crystallin polypeptide. 

Abbreviations used: 

Kb, 10 bases or base-pairs where appropriate 

bp, base-pairs 107 
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V.ISOLATION AND CHARACTERIZATION OF β AND 
Ύ-CRYSTALLIN GENES FROM RAT GENOMIC 
COSMID LIBRARIES 

ABSTRACT 

g 
Two libraries, together containing about 10 colonies, have 

been constructed by cloning different size fractions of a partial 

Sau3A digest of rat genomic DNA in the cosmid vector pTM. Upon 

screening with two cDNA clones, one containing aA2-crystallin and 

one containing ßBla-crystallin sequences, fourteen cosmid clones 

were isolated which were Звіа-crystallin-specific, none were 

found which contained aA2-crystallin sequences. The inserts of 

the ßBla clones, which range from 35-45 kilobases in length, 

contain overlapping DNA segments covering more than 60 kilobases 

of rat genomic DNA. The composite BamHI restriction map of this 

region shows a single $Bla-crystallin gene which is interrupted 

by several intronic sequences. Five recombinants hybridizing with 

two different rat lens γ-crystallin cDNA clones were also isolated 

from these libraries. Four of these contain DNA inserts 31 to 41 

kilobases long, whereas the fifth recombinant contains an insert 115 



of only 12.2 kilobases. Hybridization analysis with 5' and 3' 

specific cDNA fragments indicate that altogether these inserts 

contain six γ-crystallin genes three of which are located on one 

insert of only 31 kilobases. Factors which affect the complexity 

and stability of a cosmid library of higher eukaryotic DNA are 

discussed. 

lie 

INTRODUCTION 

In the mammalian eye lens three major classes of soluble 

structural proteins are distinguished: α, β and γ-crystallins 

(Clayton, 1974; Harding and Dilley, 1976). Studies on the 

crystallin polypeptides have indicated a high degree of conser

vation of these lenticular proteins (de Jong et al., 1981), 

making them of interest also from an evolutionary viewpoint. 

The α and ß-crystallins are oligomeric proteins encoded by 

families of more or less related genes (de Jong et al., 1975; 

Driessen et al., 1981; Inana et al., 1982; Berbers et al., 1983). 

The largest oligomeric protein, α-crystallin (Mr 800,000) is 

built up out of two primary gene products, aA2 and aB2, which 

exhibit about 57% of amino acid sequence homology (van der Ouderaa 

et al., 1974). In the heterogeneous class of ß-crystal]ins, compri

sing various oligomers ranging from Mr 40,000 to Mr ?50,000, at 

least five to six primary gene products have been observed 

(Ramaekers et al., 1982; Berbers et al., 1983). Their homology 

is about 40%. In contrast, the γ-crystallins are closely homolo

gous, monomeric proteins (Mr 20.000). Four to five different γ-

crystallins have been found in calf and mouse (Slinqsby and Croft, 

1978; Shinohara et al., 1982), while in rat lens six different 



f-crystallins are synthesized (Ramaekers et al., 1982) indicating 

the existence of a family of six γ-crystallin genes in rat. 

Recently, the nucleotide sequences of several rat γ-crystallin 

cDNAs have been elucidated (Moormann et al., 1982). The predicted 

rat γ-crystallin amino acid sequences not only showed a close 

homology with that of calf γΙΙ-crystallin but also a partial 

homology with that of the calf and murine ß-crystallins ßBp and 

ß23 (Driessen et al., 1980; Wistow et al., 1981; Inana et al., 

1982). Moreover, these proteins showed intragenic sequence 

homologies, suggesting that a duplication occurred of an ancestral 

β-γ crystallin gene which ultimately gave rise to the present 

β and γ-crystallin genes. 

A more detailed study of the organization of the γ-crystallin 

gene family and the divergent pathways in evolution of the β and 

γ-crystallin genes requires genomic cloning of these genes. For 

this purpose we constructed rat genomic libraries in cosmids, 

enabling the isolation of specific genomic DNA fragments as large 

as 45-50 Kb. 

Though cosmids share with phage λ the selective advantage of a 

high transduction efficiency which facilitates the production of 

the large number of recombinants needed to cover the entire genome 

of higher eukaryotes a number of practical problems initially 

limited their general use for library construction. A number of 

procedures have now been publi shed which largely overcome these 

problems (Ish-Horowicz and Burke, 1981; Grosveld et al., 1981, 

1982) and have been applied in this study. The efficiency of the 

procedures followed and some of their drawbacks are illustrated 

with the isolation of various cosmids containing rat β and γ- 117 



crystallin genes. 

MATERIALS AND METHODS 

Enzymes and Materials. 

Restriction endonucleases, T4 DNA ligase and SI nuclease were 

from Bethesda Research Laboratories, New England Biolabs or 
32 

Boehringer, Mannheim, (a- P)dCTP (spec.act. 3000 Ci/mmol) was 

purchased from the Radiochemical Centre, Amersham. Formamide was 

from Fluka, Nitrocellulose filters (grade HATF or HAWP) were from 

Millipore, NZamine (type A) was from Humko Sheffield Chemical 

Division of Kraft Inc. 

Sector and Bacterial Strains. 

The cosmid vector used was pTM (Grosveld et al., 1982). It is a 

derivative of pMCS, kindly provided to us by Dr. Frank Grosveld, 

in which a 1.0 kb Hindlll fragment containing the SV40 origin of 

replication was deleted. 

The bacterial strains used for transduction were obtained from: 

K. Murray (E.coli ED8767), D. Hanahan (E.coli DH-1), H. Boyer 

(E.coli HB101) and G. van Ommen (E.coli 1046). Prior to trans

duction the RecA genotype of these hosts was tested by confirming 

their sensitivity to irradiation with a short-wave high-intensity 

U.V. lamp. No noticeable difference in transduction efficiency was 

observed between these four strains, although a 50% higher 

efficiency has been reported for 1046 vs. ED8767 (G. van Ommen, 

report of Cold Spring Harbor Course, 1981). We did not observe 

that anyone of these strains maintained recombinant sequences 

118 significantly better than any other. Similar amounts of deleted 



and/or vector-like recombinants were found in each strain. 

The E.colJ strains BHB2688 and BHB2690, which were used to 

prepare the λ in vitro packaging extracts, were provided by Dr. 

В. Hohn. 

Preparation of Vector Arms. 

Cosmid vector DNA (25 pg) was digested with Sail and another 25 

pg with Hindlll, extracted with phenol/chloroform and alcohol 

precipitated. Both DNA samples were then treated with 100 units 

of SI nuclease in 100 μΐ reaction buffer containing 0.25 M NaCl, 

0.03 M sodium acetate, pH 4.6, 2mM ZnSO , 5% glycerol for 1 hr at 

37 С The reaction was stopped by phenol/chloroform extraction 

and the DNA was precipitated with ethanol. The extent of the 

reaction was determined by checking each vector DNA for its 

inability to relígate. The ligation reaction was performed in 5 

μΐ of buffer containing 25 mM Tris-HCl, pH 7.6, 10 mM MgCl , 1.0 

mM dithiothreitol, 0.25 mM ATP and 0.2 yg of DNA for 3 hrs at 

15 С. T4 ligase was added in an amount sufficient to relígate the 

above quantity of DNA under sticky end ligation conditions. Each 

sample was then digested with a two-fold excess of BamHI, phenol/ 

chloroform extracted and alcohol precipitated. Finally, the 

vector DNAs were checked for their ability to relígate at the 

BamHI site under the conditions described above. 

Preparation of Genomic DNA Fragments for Cloning. 

The isolation of DNA from a liver from one Wistar rat was as 

described previously (Moormann et ai., 1983). The size of this 

DNA was estimated to be over 100 kb. To determine the SauЗА enzyme 

activity required for partial digestion of genomic DNA a series цс 



of small-scale reactions were performed at different enzyme 

concentrations and incubation times with a fixed amount of DNA. 

DNA (12 yg) was digested in a volume of 40 μΐ using 12, 1, 0.5 and 

0.25 units of Sau3A, respectively. 10 μΐ fractions were withdrawn 

after 15, 25, 35 and 45 min and the reactions stopped by adding 

1 yl of 0.25 M EDTA and heating for 10 at 65 C. The digests were 

analysed in a 0.5% agarose gel run in TBE buffer (50 mM Tris-

borate, pH 8.3, 1 mM EDTA). The reaction using 0.25 units of 

Sau3A was scaled up to digestion of 300 pg of DNA and at the times 

indicated above one-fourth of the reaction mix was withdrawn. The 

reactions were stopped by adding EDTA and extraction with phenol/ 

chloroform, then combined and the DNA precipitated with ethanol. 

The DNA was dissolved in 10 mM Tris-HCl, pH 7.6, 1 mM EDTA and 

fractionated on a linear 1.25-5 M NaCl gradient (Grosveld et al., 

1982). Centrifugation was for 4 hrs at 39,000 rpm at 15 С in an 

IEC SB41 rotor. Fourteen fractions were collected, ethanol-pre-

cipitated and their DNA analysed by agarose gel electrophoresis. 

Fractions containing DNA of 35-45 kb in length which were used 

for the construction of cosmid clones, were tested for their 

capacity to relígate and for packaging efficiency. 

Preparation of λ In Vitro Packaging Extracts. 

The procedure of Scalenghe et al. (1981) was essentially follow

ed with the following modifications. Induction of λ prophages was 

initiated by heating the cultures with continuous shaking in a 

waterbath at 90 С until the temperature reached 45 С (about 1 min). 

Incubation at 45 С was continued for 20 min with gentle shaking 
о 

120 followed by vigorous shaking for 2 hrs at 37 C. During preparation 



of freeze-thaw lysates, buffer Ml was replaced by Ql-mix, as 

suggested by Grosveld et al. (1982). For the preparation of the 

sonicated extract a Branson type B12 was preferentially used. 

g 

Packaging extracts prepared in this way yielded up to 8.10 

plaques per pg of λ DNA packaged. 

Ligation, Packaging, Transduction, Plating and Screening of 

Cosmids containing Rat Genomic DNA. 

The ligation of size-fractionated DNA was in a 2:1 weight ratio 

of this DNA versus each vector arm at a total DNA concentration of 

250 pg/ml, essentially under the conditions described above. After 

heating for 10 min at 65 C, the ligated DNA was packaged by mixing 

in the following order: 7 yl of buffer A (20 mM Tris-HCl, pH 8.0, 

5 mM MgCl
2
, 0.05% mercaptoethanol, 2.0 mM EDTA, 1.0 μΐ of ligated 

DNA (up to 0.25 yg of total DNA), 1.0 μΐ of Ql-mix (6.0 mM Tris-

HCl, pH 7.5, 60 mM spermidine, 18 mM MgCl-, 15 mM ATP, 0.2% mer

captoethanol), 4.5 yl of sonicated extract and 5.0 yl of freeze-

thaw lysate. The mixture was incubated for 1 hr at 25 С and 

diluted with 230 yl of 10 mM Tris-HCl, pH 7.4, 10 mM MgCl , 100 mM 

NaCl, 0.05% gelatin. 

Transduction and plating of packaged cosmids on nitrocellulose 

filters as well as replica plating was carried out according to 

the procedures described by Grosveld et al. (1981). With small 

filters (15 cm diameter) a quantitative transfer of colonies was 

routinely obtained. Large filters (23 χ 23 cm) are less easy to 

handle and care was taken to get proper contact between the 

master- and replica filter over their total area to get more than 

95% transfer of colonies. After replica plating colonies on the 121 



master filters were regrown for another 1-2 hrs at 37 С Subse

quently, the filters were transferred to NZY agar plates contain

ing 30% (v/v) glycerol. After 30 min at room temperature the 

plates + filters were sealed in plastic bags and stored at - 20
O
C. 

Replica filters were grown for 4-5 hrs at 37 С and then dried in 

the air until the colonies were shrunken. The filters were then 

layered on sheets of Whatmann 3 MM paper which were saturated with 

the following solutions: 0.2 M NaOH, 1.0% SDS until colonies 

became glazy (+ 30 sec); 0.5 M NaOH, 1.0 M NaCl for 3 min; 1.0 M 

Tris-HCl, pH 7.4 for 5 min. The filters were transferred to 0.5 M 

Tris-HCl, pH 7.4, 2.0 M NaCl and washed thoroughly by gentle 

shaking for 15 min. To remove all cell debris filters were wiped 

in 2 χ SSC, 0.1% SDS as described by Grosveld et al. (1982) and 

washed twice in 2 χ SSC (10 min each). Finally, filters were 

dried and baked at 80 С in vacuo for two hours. 

Pre-hybridization of the filters was for 2-3 hrs at 42 С in 50% 

formamide, 5 χ SSPE, 5 χ Denhardt's, 0.1% SDS, 100 yg/ml of 

denatured salm sperm DNA. Hybridizations were performed in the 

same solution at the same temperature for 40 hrs except that 5 χ 

Denhardt's was replaced by 2 χ Denhardt's and 10% dextran sulphate 

(final concentration) was added to the hybridization mix (Wahl 

et al./ 1979). After hybridization, filters were washed two times 

for 15 min at room temperature in 2 χ SSPE, 0.1% SDS, once for 30 

min at 55 С in the same solution and once for 30 minutes at 55 С 

in 0.4 χ SSPE. Filters were then dried and autoradiographed using 

Kodak-XAR films. When necessary intensifying screens (DuPont) 

were used. 
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Isolation and Characterization of Recombinants from Rat Genomic 

Libraries. 

Positive colonies were picked from the library and replated for 

a second round of screening directly on selective agar plates. The 

colonies were transferred to nitrocellulose filters (Ish-Horowicz 

and Burke, 1981) which were pretreated for hybridization essential

ly as described above. Colonies on master plates were regrown for 

5-6 hrs at 37 С and stored at 4 C. Small-scale DNA preparations 

were made from a 10 ml o/n culture of a single colony according to 

Ish-Horowicz and Burke (1981). 

The characterization of gene-specific sequences in recombinants 

and genomic DNA after transfer of restricted DNA to nitrocellulose, 

by hybridization with nick-translated probes was as 

described previously (Moormann et al., 1983), except that the 

hybridization conditions were as indicated above and that dextran 

sulphate was omitted in the hybridization mix. 

RESULTS 

Construction of the Rat Genomic Library. 

The general strategy followed here to construct a rat genomic 

library in cosmids is essentially that described by Ish-Horowicz 

and Burke (1981). In this scheme (Fig. 1) the number of illegiti

mate recombinants due to vector-to-vector ligation is minimized 

by preparing left- and right vector arms with only one ligatable 

site (see Materials and Methods). 

Random genomic DNA fragments of about 35-45 Kb in size, which 

can be ligated to such vector arms, can be prepared in a number 

of ways. Homopolymer tailing or addition of linker molecules to 
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FIGURE 1. Scheme of the cloning procedure followed 

to construct a genomic library of rat liver DNA in 

cosmid pTM. The relevant restriction enzyme recog

nition sites are indicated on the physical map. COS 

refers to the phage λ cohesive end sites, AMP to the 

6-lactamase gene of pBR322 and AGPT to the amino-

glycosyl-S'-phosphotransferase gene of Tn5. The black 

bars m the linearized cosmid preparations indicate 

the phage λ cos-sites. 
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sheared genomic DNA decreases the efficiency of transduction when 

compared to the use of partially digested genomic DNA (Meyerowitz 

et al., 1980). On the other hand, partial digestion may cause an 

unequal representation of specific genomic sequences in a size-

fractionated DNA preparation. This problem can be alleviated by 

digesting the genomic DNA with a restriction enzyme recognizing a 

tetranucleotide sequence. Mbol- or Sau3A-digested genomic DNA 

and BamHI-digested vector DNA has proven upto now the most 

attractive combination (Grosveld et al., 1981, 1982) and has been 

used here. 

A further problem with the use of partially digested genomic 

DNA in cloning is that ligation of genomic fragments can occur, 

thus giving rise to recombinants that contain non-contiguous 



segments of the genome. This problem can be circumvented by treat

ing the genomic digest with phosphatase. In our hands, this 

markedly reduced the ligation efficiency and we therefore size-

fractionated the partial Sau3A genomic digest by centrifugation 

on a NaCl gradient (Grosveld et al., 1982). The size of the DNA 

fragments in each fraction was then determined by electrophoresis 

in an agarose gel, followed by testing the relevant fractions for 

their ability to be transduced after ligation to the vector arms 

and in vitro packaging. An efficiency of plating of chimeric 

molecules of approximately 2 χ 10 /Vg of genomic DNA was obtained. 

Two different cosmid libraries were prepared. In the first one, 

genomic DNA of average size 35-45 Kb was used. It contains б χ 

5 2 2 

10 colonies plated at a density of 2 χ 10 /cm filter. In the 

second, genomic DNA of slightly lower molecular weight (30-40 Kb) 

5 2 2 

was used. It contains 3 χ 10 colonies plated at 1 χ 10 /cm 

filter. Duplicate filters of each library were prepared by replica 

plating and screened for aA2, ЗВІа and γ-crystallin sequences by 

hybridization with the corresponding cDNA probes as described in 

Materials and Methods. 

Isolation of QBla-Crystallin-Specific Recombinants. 

To isolate the aA2- and ßBla-crystallin genes, the two cosmid 
32 libraries were screened with a mixture of the P-labeled Pstl-

excised cDNA inserts of pRLaA-1 and pRLßBl-3 (Dodemont et ai., 

1981), which contain aA2-crystallin (Moormann et ai., 1981) and 

ßBla-crystallin (den Dunnen et ai., 1983) sequences, respectively. 

Fourteen strongly positive clones were detected. Upon probing 

with the separate inserts from each cDNA clone, it appeared that 125 



a l l of t h e s e 14 clones were ЗВІа-spec i f ic , none of them was aA2-

s p e c i f i c . A r e - s c r e e n i n g of the l i b r a r i e s , us ing the i n s e r t of 

pRLaA-1 as probe, a l s o f a i l e d t o y i e l d c lones of a A 2 - c r y s t a l l i n 

sequences. 

The 14 ßBla clones were fu r the r examined by BamHI d ige s t i on 

and by h y b r i d i z a t i o n a n a l y s i s with the P s t l - e x c i s e d cDNA i n s e r t 

of pRLßBl-З. The i n s e r t s i z e s in the cosmids vary from 35 t o 45 

Kb with a mean i n s e r t s i z e of 39 Kb (Fig. 2A). From a comparison 

23 5 _ 

96-

66_ 

4 5_ 

2 3-

1 9-

A В 

FIGURE 2: A. ВаліНІ digestion patterns of the DNA of 14 ßBla-crystallin-specific cosmid clones run in a 

0.5% agarose gel. The DNA was visualized after EtBr staining by irradiation with short-wave U.V. light. 

Lane 14 represents the digestion pattern of a recombinant which contains sequences of another ß-crystallin 

gene. This clone was isolated after prolonged autoradiography of the library filters and cross-hybridized 

weakly with pRLßBl-3. 
32 

В. Autoradiograph of the hybridization of the P-labeled Pstl-excised cDNA insert of pRLßBI-З with a 

nitrocellulose blot of the gel depicted under A. The DNA fragments of 10.5, 5.6 and 3.8 Kb of clone 14 

1 2 6 hybridize weakly upon prolonged autoradiography (data not shown). 
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of the h y b r i d i z a t i o n p a t t e r n s obtained (Fig. 2B), and the occur

rence of severa l i d e n t i c a l l y migra t ing bands between the se cosmids, 

a BaraHI r e s t r i c t i o n map could be cons t ruc ted of the r a t ßBla gene 

region (Fig. ЗА). The d i f f e r e n t З в і а - c r y s t a l l i n DNA c o n t a i n i n g 

cosmids, depicted in Fig . ЗА, conta in over lapping DNA segments 

which cover a region of more than 60 Kb of r a t genomic DNA. Within 

t h i s region the contiguous SamHI fragments of 8.2, 6.3 and 0.95 Kb 

are l o c a t e d which h y b r i d i z e with pRLßBl-З. These t h r e e fragments 

B H E H E EBHH B B 
I U p j ; 14 ι I 9 , 2 7 „,ο;, 53 i Ç ^ 

0 95 0 85 
B B B B В BBB B B В 

И 0 | 35 , 70 | І 9 | 8 2 , 6 3 , , , 79 , 2 7 , 5 5 , 

Η pRcoi-РВЬ-ІЗ 

Η pRcos-ßBla-3 

- • 19 k b ^ ^ pR cos f i lo - 4 

Η pRcos ßBla- 9 

1 pRco*-pBla-10 

i pRcoi BBla-n 
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FIGURE 3; A. A composite SamHI restriction map of the ßBla-crystallin gene region as determined from the 

digestion and hybridization patterns of the cosmid clones shown in Fig. 2. The restriction map of six 

of the overlapping cosmids are shown in this figure. The bold line indicates the position of the contiguous 

BajTjHI fragments which hybridize with the cDNA fragment of pRLBBl-3. The upper line represents a more de

tailed map of this ßBla gene region. The direction of transcription is indicated. E = EcoKli Η = //indili; 

В • BamHI. 

32 
В. Autoradiograph of the hybridization pattern of the P-labeled cDNA insert of pRL8Bl-3 with 20 pg of 

SamHI digested rat chromosomal DNA. Electrophoresis was in a 0.5% agarose gel followed by blotting to nitro

cellulose filters and hybridizations as described in Materials and Methods. Autoradiography was for 16 hrs 

at -70 С using an intensifying screen. 127 



are also the only fragments which hybridize with this probe in a 

BaroHI digest of rat chromosomal DNA (Fig. 3B). Hybridization of 

digests of these cosmids with another 3-crystallin cDNA probe 

(pRLf5B3) containing the ßB3-crystallin sequence did not show the 

ßB3 hybridization pattern expected from genomic digests but only 

showed a weak cross-hybridization with the partially homologous 

ßBla sequence (data not shown), indicating that there is no close 

linkage between this gene and the 3Bla gene. 

As mentioned above, the cDNA clone pRL3Bl-3 hybridized to three 

contiguous BamHI fragments with a total length of 15.5 Kb. Con

sidering the length of the ßBla-mRNA of about 900 nucleotides (den 

Dunnen et al., 1983), this region could easily contain more than 

one copy of the ßBla gene, or other closely related (pseudo)genes. 

Therefore, a more detailed restriction map has been constructed 

(Fig. ЗА) and multiple restriction enzyme digests of this region 

have been analysed with the 5'-specific Pstl/EcoRI fragment (160 

bp) and the 3'-specific EcoRI/PstI fragment (640 bp) of pRLßBl-3 

(den Dunnen et al., 1983). Hybridization to the 5'-specific probe 

was confined to the 2.1 Kb Hindlll and the 3.3 Kb EcoRI fragment. 

The 4.8 Kb tfindlll/BaniHI fragment hybridized to both the 5'- and 

3'-specific cDNA fragments, whereas hybridization to only the 3'-

specific probe was observed with the 6.3 Kb and 0.95 Kb BamHI 

fragments. These data unambiguously demonstrate that only one 

ßBla-crystallin gene is present in the 60 Kb of cloned genomic 

DNA and establish its direction of transcription as shown (Fig. 

ЗА). The rat ßBla gene thus is a single-copy gene which is not 

flanked by other closely related ß-crystallin genes. 

128 Since the ßBla cDNA insert does not contain either BamHI or 



ЯілсіІІІ sites and only contains a single EcoRI site (den Dunnen 

et al., 1983), the composite restriction map also indicates that 

several intronic sequences interrupt the coding information in the 

rat $Bla gene. The detailed mosaic structure of this gene awaits 

however precise mapping and sequence studies. 

Several of the ßBla cosmid clones isolated only partially fit 

the BamHI restriction map shown in Fig. 3. These clones presumably 

arose from ligation of non-contiguous genomic fragments during 

the cloning procedure (see also Discussion). 

Isolation of y-Crystallin-Specific Recombinants. 

To isolate genomic γ-crystallin sequences, duplicate filters of 

the 6 χ 10 colony library were screened with a mixture of the 

32 

P-labeled Pstl-excised cDNA inserts of pRby-2 and pRLy-S 

(Moormann et al., 1982). Several possibly positive colonies were 

found, but, unexpectedly, only one yielded positive clones in the 

second screening. The hybridization signal of these clones was 

rather weak. The hybrid cosmid DNA of three of these colonies was 

analysed by digestion with EcoRI (Fig. 4A). The bands observed in 

the digests at 4.9 and 2.2 Kb are vector bands whereas the small 

0.8 Kb EcoRI fragment is most probably a remnant of an insert 

linked to the remainder of the vector. No significant hybridiza

tion signal was observed after blotting and hybridization of 

these digests with the cDNA probes (data not shown). Since the 

total size of the cosmid DNA bands in each digest is too small 

to be packageable, we suspected that the initial transformant 

was unstable and that the minor bands reflect intermediate 

segregants which already lost the γ-crystallin DNA-containing 
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FIGURE 4: A. EcoRl digestion patterns of the DNA of 

three weakly positive γ-crystallin cosmids (lane 1 to 

3). Lane 0 represents the EcoRI digestion pattern of 

the cosmid present in a randomly picked colony of the 

library. By adding the sizes of the DNA fragments this 

cosmid contains an insert of about 41 Kb. 

B. EcoRI digestion pattern of the DNA of a γ-crystal

lin recombinant (lane 1) which could be generated 

after repackaging and transduction of the DNA of the 

segregant presented in A (lane 4). Lane 2 represents 

32 
the hybridization pattern of the P-labeled Pstl-

excised cDNA of pRLy-S with a nitrocellulose blot of 

the gel depicted in lane 1. Lane M represents phage λ 

EcoRI and Hindlll fragments as size markers. Their 

s i z e s a r e 2 3 . 5 , 2 1 . 5 , 9 . 6 , 7 . 7 , 6 . 6 , 5 . 9 , 5 . 5 , 4 . 8 , 

4 . 5 , 2 . 3 and 1.9 Kb. 

i n s e r t s . 

In an e f f o r t t o recover t h e o r i g i n a l recombinant, the DNA p r e 

p a r a t i o n was repackaged іл v i t r o . This s t e p s i z e - s e l e c t s again 

for recombinants in the 37-52 Kb range. Transduction of t h i s 

packaging mix y ie lded many c o l o n i e s of which most r e a c t e d s t rongly 

p o s i t i v e upon f i l t e r h y b r i d i z a t i o n with the cDNA probes . As judged 

from t h e EcoRI d i g e s t i o n p a t t e r n , a l l p o s i t i v e c lones contained 

the same type of recombinant molecule. The KcoRI-pattern of one 

r e p r e s e n t a t i v e c lone, des ignated pRcos-γ-Ι, i s depic ted in Fig. 



4B. It has an insert of about 38 Kb of which an 18 Kb EcoRI band 

hybridized strongly with the cDNA insert of pRLy-S. 

5 

The detection of only one positive clone amonst 6 χ 10 recom

binants is much less than expected considering the occurrence of 

six homologous γ-crystallin genes in rat. Therefore we also 

screened the 3 χ 10 colony library with the cDNA inserts of 

pRLY-2 and pRLy-S. Four positive duplicate signals were found, 

the colonies of which remained positive in the second screening. 

These colonies are designated pRcos-y-2 through pRcos-y-S. 

The EcoRI pattern of the five recombinant cosmids containing γ-

crystallin sequences are shown in Fig. 5A. Whereas the insert 

sizes of pRcos-γ-Ι through pRcos-Y-4 vary from 31 to 41 Kb, it 

appears that the insert of pRcos-y-S (12.2 Kb) is far below the 

minimum size needed for packaging. This suggests that rearrange

ments might have taken place during propagation with concomitant 

loss of DNA. An effort to regain the intact recombinant molecule 

by іл vitro repackaging of DNA isolated from the original colony 

on the master plate yielded only positive colonies with the same 

restriction pattern as described for pRcos-y-S. Apparently the 

original chimeric DNA is very unstable upon propagation and re

arranges very soon after transduction. 

For all of these cosmid clones single- or multiple hybridizing 

bands were observed upon hybridization with the Pstl-excised 

fragments of pRLy-S. From the hybridization patterns obtained 

with the 5'-, "middle
11
 and 3'-specific subfragments of pRLy-S 

(Fig. 5B) it became evident that pRcos-γ-Ι contains the γ-crys

tallin gene which is identical to the one present in XRCH-Y-3, 

the complete sequence of which has been elucidated earlier 131 
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FIGURE 5: A. Analysis of the DNA of five γ-crystallin-specific recombinant cosmids. Lanes 1 to 5 show the 

EcoRl digestion patterns of pRcos-γ-Ι through pRcos-y-S, respectively. Lane 0 represents a mixture of phage 

λ ЯіпаІІІ and EcoRI fragments, the sizes of which are indicated in Fig. 4. Electrophoresis was in a 0.5% 

agarose gel and visualization of DNA fragments was after staining the gel with EtBr. 

B. Hybridization pattern of nitrocellulose blots of the gel depicted under A with three different Pstl-

excised subfragments of pRLy-S, representing the 5' end (100 b p ) , the middle region (258 bp) and the 3' end 

(287 bp) of the γ-crystallin mRNA (Moormann et ai., 1982). 

32 

C. Autoradiograph of the hybridization pattern of a mixture of the P-labeled cDNA inserts of pRLY-2 and 

pRLY-3 with 20 ug of EcoRI digested rat chromosomal DNA. Electrophoresis was in a 0.5% agarose gel. Blotting 

and hybridization conditions are described under Materials and Methods. Autoradiography was for 48 hrs at 

-70 С using an intensifying screen. 
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(Moormann et al., 1983). рКсоз-у-2 only h y b r i d i z e s with the 

middle- and 3 ' - s p e c i f i c subfragments of рКЬу-З i n d i c a t i n g t h a t 

t h i s cosmid only c o n t a i n s t h e 3' p a r t of a γ - c r y s t a l l i n gene. The 



hybridization pattern of pRcos-y-S suggests that this clone also 

contains only one γ-crystallin gene, whereas рЕсоз-у-4 which has 

an insert of only 31 Kb most probably contains three γ-crystallin 

genes. Finally, pRcos-y-S also seems to contain only one γ-crys

tallin gene. 

When compared to the hybridization pattern of genomic EcoRI 

digests (Fig. 5C), it is clear that the five cosmid clones isolat

ed comprise most or all γ-crystallin sequences present in rat 

genomic DNA. Unfortunately, and in contrast to the cosmid clones 

from the ßBla gene region, the γ-crystallin gene-containing 

cosmids have few restriction fragments in common. A genomic map 

of these γ-crystallin genes thus awaits a more detailed analysis 

of these clones and probably chromosome walking studies. 

DISCUSSION 

Cosmid libraries of rat genomic DNA have been constructed which 

enabled us to isolate large genomic DNA fragments containing (3-

and γ-crystallin genes. The total number of cosmids screened 

(about 10 ) was 11-12 times the rat genome if we assume an average 

insert size of 35 Kb. Five γ-crystallin and 14 ß-crystallin-speci-

fic clones were isolated whereas from statistical calculations at 

least 25-30 γ-crystallin positives and only 5-6 ß-crystallin 

positives were expected. The exact reason for the disproportion

ate representation of these single- and multicopy genes in the 

libraries constructed in unclear. Analysis of 20 randomly selected 

colonies from each library showed that the average insert was 35 

Kb. Only 10% of these clones contain either vector-like molecules 133 



or have an insert which is clearly undersized. Deletions have 

been noted in cosmid recombinant DNA (Meyerowitz et al., 1980; 

Ish-Horowicz and Burke, 1981), a problem which can be minimized 

by using recA E.coli hosts (Ish-Horowicz and Burke, 1981). 

Therefore we regularly checked the recA genotype of the recipient 

cell before transduction and preparative plating. As far as the 

vector-like molecules are concerned, it is highly improbable that 

these have arisen by packaging of concatemers of vector DNA. 

First, we did not observe recombinants with more than one vector 

molecule and secondly, the construction of vector arms certainly 

minimizes such a side reaction under the ligation conditions used. 

The vector-like molecules are most probably formed by an almost 

complete deletion of their inserts, as examplified by pRcos-γ-Ι. 

The latter cosmid initially deleted its insert forming a vector

like molecule (cf. Fig. 4), despite the fact that the recA 

genotype of its host was maintained. Upon repackaging and trans

duction of the DNA several colonies were found which contained a 

pRcos-γ-Ι like insert but also colonies which had deleted the 

insert again. Similarly we observed that after a few rounds of 

propagation pRcos-y-S and pRcos-y-4 tended to delete their inserts 

but that the original insert could again be stably propagated 

after repackaging and transduction. Although the recA genotype 

of the recipient host is certainly important, additional factors 

such as the nature of the cloned DNA sequence itself and probably 

the distribution of repeats in these sequences also influence the 

stable propagation of cosmid inserts. 

However, deletion of the genomic sequences cannot solely 

account for the underrepresentation of γ-crystallin genes in the 



libraries constructed. We think it likely that an unequal distri

bution of Sau3A sites in the genomic segments containing these 

genes has caused an underrepresentation of γ-crystallin genes in 

the DNA fractions used to construct the libraries. Consequently, 

if the present stategy of cosmid cloning is applied, it may not 

be sufficient to optimalize the SauЗА digestion conditions for 

total genomic DNA. Instead, these should be optimalized for each 

gene sequence desired. 

A further problem encountered in our libraries is the presence 

of recombinant clones containing non-contiguous DNA segments. 

Their presence must be caused by ligation of smaller genomic 

fragments during the cloning procedure. Apparently, the resolution 

of the salt gradient used to size-fractionate the genomic DNA was 

insufficient to exclude smaller fragments. 

Our data show that the rat ßBla gene, like the murine $23 gene 

(Inana et al., 1983), is interrupted by several introns. This is 

in contrast to the rat γ-crystallin genes which contain a single 

intron separating the exons specifying the two highly summetrical 

and homologous protein domains (Moormann et al., 1983). Since the 

three-dimensional structure of the $-and γ-crystallins are very 

much alike and their intragenic sequence homologies suggest that 

a duplication occurred of an ancestral β-γ crystallin gene, the 

number and positions of introns in the ß-crystallin gene(s) 

might provide valuable information on the evolutionary pathways 

which led to the present β- and γ-crystallin genes. 

Our data further show that the ßBla gene is a single-copy gene. 

We found no evidence for the presence of other $-crystallin-like 

sequences in the DNA region covered by the ßBla cosmid clones. 135 



Since we recently established that the homology between several 

rat ß-crystallin cDNAs is about 50% (den Dunnen et al., 1983), 

some cross-hybridization would have been expected (and was found) 

with either the ßBla or the ßB3 cDNA probe. Thus the ßBla is not 

closely linked to any other 3-crystallin gene, eventhough the 

various ß genes must be evolutionary related and in that sense 

constitute a gene family. In contrast, one of the γ-crystallin 

inserts, namely pRcos-Y-4, contains three γ-crystallin genes in 

only 31 Kb of genomic DNA, indicating that at least these three 

genes are closely linked. Further study on the γ-crystallin 

clones should show whether all six rat γ-crystallin genes are 

linked and whether all of the γ-crystallin sequences cloned here 

are expressed. 

Abbreviations; SDS, sodium dodecyl sulphate; SSC, 0.15 M NaCl-

0.015 M sodium citrate; EtBr, ethidium bromide; SSPE, 0.18 M 

136 NaCl-0.010 M sodium phosphate pH 7.4 - 1 mM EDTA. 
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ABSTRACT 

The genes encoding rat lens γ-crystallin polypeptides were 

isolated either from cosmid libraries of rat genomic DNA partially 

digested with Sau3A or from λ clones containing size fractionated 

EcoRI digested rat DNA. A contiguous DNA region, 65 kb in length, 

containing five different γ-crystallin genes was identified. The 

five genes designated γΐ-l, γ1-2, γ2-1, γ2-2 and γ3-1 are located 

in this order with respect to the 5' end of the gene cluster and 

are transcribed from the same DNA strand. A sixth gene,designated 

γ4-1, could not be linked to the gene cluster with the present set 

of cosmid- and λ phage clones. Mapping experiments using single 

copy sequence probes flanking the terminal genes in the gene 

cluster, γ 1-1 and γ3-1, indicates that the γ4-1 gene is located 

at least 25 kb away from these genes if it is located on the same 

chromosome. Preliminary characterization of the genes by hybrid

ization with fragments of the two cDNA clones рКЬу-2 and pRLy-S, 

described previously (Moormann et al., Proc. Natl. Acad. Sci. USA 



79, 6876-6880 (1982)), indicates that they can be divided into 

two groups of three genes, one group, comprising the γ 1-1, γ 1-2, 

and γ2-1 genes, being ρΚΙιγ-2 like and one group, comprising the 

γ2-2, γ3-1 and γ4-1 genes, being pBLy-3 like. These studies also 

indicate that all of the genes have an intron which, within the 

limits of detection, is located at the same place as the central 

intron in the γ3-1 gene, the nucleotide sequence of which has been 

described elsewhere (Moormann et al., J. Mol. Biol. 171, 353-368 

(1983)). We also mapped the repetitive sequences around and 

between the γ-crystallin genes. Further mapping with cloned 

repeat sequences indicates the presence of three families of 

repeats designated A, B, and C. the intron of the γ4-1 gene 

contains a member of repeat family C. A repeat region 3' to the 

γ3-1 gene may be composed of entities of each of the reneat 

families А, В and C. 

INTRODUCTION 

144 

The crystallin genes encode a group of structural proteins that 

together constitute about 90% of the water soluble lens protein 

(Bloemendal, 1977; Harding and Dilley, 1976). Four classes of 

crystallins can be distinguished: α, β, γ and δ crystallin. Each 

class contains multiple related polypeptides but uncertainty 

exists whether each polypeptide represents a primary gene product 

or whether some of them are post-translationally modified products. 

Studies of the crystallin genes would solve this question and 

shed light on the evolutionary relationships between and within 

each crystallin class. The first step towards such studies has 

been the isolation of cDNA clones from each crystallin class 



(Bhat and Piatigorsky, 1979; Inana et al., 1982; King et al., 1982; 

Shinohara et al., 1982; Dodemont et al., 1981), thus allowing the 

isolation and characterization of the corresponding genes. 

The first report of the cloning and characterization of crystal-

lin genes concerned the chicken δ-crystallin genes (Bhat et al., 

1980). Two genes appear to be present in this species each con

taining multiple, 13-15, intervening sequences (Jones et al., 

1980; Yasuda et al., 1982). Both genes are transcribed in the 

embryonic lens (Jones et al., 1981), but it remains to be shown 

whether both transcripts are processed to functional mRNAs and 

encode the two different δ-crystallin polypeptides of Mr 50.000 

and Mr 48.000 which compose the tetrameric protein (Reszelbach 

et al., 1977). 

The murine aA gene has been studied in more detail. It was 

shown that there is only one aA crystallin gene in this species. 

Sequence analysis of this gene indicated that the presence of a 
Ins 

minor aA2 crystallin polypeptxde, αΑ , in the rodent families 

Muridae (rat, mouse) and Cricetidae (hamster, gerbil) can be 

accounted for by the presence of protein coding information 

within the 5' intron of the gene. Thus the murine aA crystallin 

Ins 

gene encodes both the aA2 and the aA mRNAs by way of alterna

tive splicing pathways (King and Piatigorsky, 1983). 

Also well characterized at the structural level are a murine 

(3-crystallin gene (Inana et al., 1983) and a rat Ύ-crystallin gene 

(Moormann et al., 1983). Recent protein and DNA sequence studies 

have shown sequence homology between β- and γ-crystallins (Inana 

et al., 1982; Driessen et al., 1981). Furthermore the predicted 

tertiary structure of the murine $23-crystallin is very similar 145 



to the known crystallographic structure of bovine γ-crystallin II, 

both consist of four "Greek key" motifs (Blundell et al., 1981; 

Wistow et al., 1983; Inana et al., 1983). The murine B23-

crystallin gene is interrupted by introns between all of the exons 

encoding a protein motif whereas in the rat γ-crystallin gene 

there is an intron in between the gene segments encoding the 

two protein domains but not between the gene regions encoding the 

two structural motifs within each domain. The number and positions 

of the introns in the 3- and γ-crystallin genes taken together 

with the internal duplications in the amino acid seguence 

suggests that both genes arose by duplication of a common 

ancestral motif-like sequence but thereafter followed different 

evolutionary pathways in which a second duplication event occur

red in both cases. Besides apparent intragenic duplications 

which led to the present γ-crystallin gene there must also have 

been duplications of the mature gene because several studies 

have shown the the γ-cryΞtallin class consists of a number of 

highly homologous monomeric proteins which suggests that they are 

coded for by a family of closely related genes. Recent studies by 

Ramaekers et al. (1982) which discriminate between primary gene 

products and their post-translationally modified derivatives, 

have indicated the presence of only six different γ-crystallins 

in rat. A number of reports have also indicated the differential 

synthesis of γ-crystallin polypeptides in the lens (Kabasawa et 

al., 1977; Piatigorsky, 1981), suggesting that the genes are 

differentially expressed during lens development. 

To further investigate γ-crystallin gene multiplicity and to 

146 facilitate later studies of expression we have cloned the complete 



γ-crystallin gene family of the rat and determined its genetic 

organization. In addition we identified and mapped repeat se

quences within the gene cluster and describe the existence of 

three families of repeats. 

MATERIALS AND METHODS 

Isolation of y-Crystallin Clones and Preparation of Recombinant 

DNA. 

The isolation of γ-crystallin sequences from cosmid libraries of 

rat genomic DNA partially digested with Sau3A has been described 

in the previous chapter. The isolation, but not the characteriz

ation, of XRCH-Y-2 after molecular cloning of EcoRi digested, 

size fractionated, rat liver DNA in λ phage CH4A has also been 

reported previously (Moormann et al., 1983). The preparative 

isolation of cosmid or plasmid DNA was essentially as described 

by Ish-Horowicz and Burke (1981). Plasmid DNA was subsequently 

purified by equilibrium CsCl centrifugation. Cosmid DNA was 

quickly purified from all residual salts (which inhibits digestion 

with some restriction enzymes) by dissolving the DNA in 200-500 yl 

doubly distilled water on which an equal volume of iso-propanol 

was layered carefully. The high molecular weight DNA was recovered 

by spooling. The procedure was repeated twice or trice (until 

mixture is clear), whereafter the DNA was ethanol precipitated at 

room temperature and collected by centrifugation for 15 seconds 

in an Eppendorf centrifuge. The pellet was washed with 70% ethanol, 

dried and dissolved in an appropriate volume of TE
n
 „ (10 mM Tris-

HC1 pH 7.6, 0.2 mM EDTA). In our hands the DNA is readily 

digestable with all restriction enzymes hereafter and recoveries 147 



are quantitative. Recombinant DNA from λ phages was isolated from 

plate lysates as described (Moormann et al., 1983). 

Mapping Restriction Enzyme Cleavage Sites. 

DNA (25 yg) was digested with restriction enzymes purchased from 

either Boehringer Mannheim GmbH, New England Biolabs or Bethesda 

Research Laboratories (BRL). The enzymes were used under the 

conditions specified by the manufacturer. Digests were fractionated 

in 0.5% low-melting-point agarose (BRL) gels run in TBE buffer 

(50 mM Tris-borate, 1.0 mM EDTA). The DNA bands were excised from 

the gel after staining with ethidium bromide (0.5 ygr/ml) and 

visualization with short wave U.V. light, and brought into 

solution by heating at 65 C. Aliquots were subsequently digested 

(partially or completely) with a second restriction enzyme under 

the appropriate conditions and fractionated again in 0.7% agarose 

(BRL) gels. When necessary these gels were blotted to nitro

cellulose and the filters hybridized with the appropriate nick-

translated probes (see below). 
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Blotting and Hybridization Procedures. 

Restriction enzyme digests were fractionated in agarose gels 

run in TBE buffer. DNA bands were visualized as described above, 

photographed and transferred to nitrocellulose filters (Schleicher 

and Schuell, BA 85) as described previously (Moormann et al., 

1983). The conditions of (pre)hybridization and washing were as 

indicated in the previous chapter, unless otherwise noted. The 

dried filters were exposed to Kodak XAR films at -70 с with Du 

Pont Lightning-Plus intensifying screens. 



Preparation of DNA Fragments and Nick-Translation of Probes. 

Digests of cosmid-, plasmid-, or λ phage DNA were fractionated 

in agarose (Seakem) gels run in TBE buffer. After visualization 

the desired DNA bands were excised from the gels and isolated 

by electroelution in an ISCO sample concentrator as described 

(Moormann et al., 1983). The purification of fragments of the 

cDNA clones рНЬу-2 and pRLy-S from 5% Polyacrylamide gels was 

accomplished in the same manner. The nick-translation of probes 

was essentially as described (Moormann et al., 1983). A specific 

g 

activity of 0.5-5.10 cpm/yg was obtained depending on the probe 

used. 

Subcloning of Cosmid and λ Phage DNA Fragments. 

The subcloning of a 4.7 kb Xbal fragment containing the γ3-1 

gene in the plasmid vector pBR328 has been described previously 

(Moormann et al., 1983). This subclone was designated рКСН-уЗ-1. 

The other genes or flanking region fragments were all subcloned in 

the plasmid vector pBR327 (Soberon et al., 1980). After digestion 

the vector was treated with Calf Intestinal Alkaline Phosphatase 

(Boehringer) in cases where a single enzyme was used to prevent 

religation of the vector stickey ends. The conditions for ligation 

with T4 ligase (BRL) of the vector with the donor DNA fragments 

and the subsequent transformation of E.coli JA221 to ampicillin 

resistance were as described previously (Moormann et al., 1983). 

The following DNA fragments were subcloned to obtain the six 

γ-crystallin genes (for identification compare Fig. 8) : γΐ-ΐ., 

6.9 kb BamHI; γ1-2, 4.0 kb Ahoi; γ2-1, 3.5 kb BcoRI/HindlII; y2-2, 

5.4 kb BamHI; γ4-1, 8.2 kb .EcoRl/HindlII. The subclones were desig- 149 



nated in order of d e s c r i p t i o n : p R c o - γ Ι - Ι , ρΚαο-γ1-2, рКСН-у2-1, 

рКСН-у2-2, and pRco-Y4-l. 

K e s t r i c t i o n Maps of the Rat y-Crystallin cDNA Clones pRLy-2 and 

pRLy-3. 

The Л аІІ and PstI restriction maps 

of pKLY-2 and ρΜ.γ-3 are taken from 

Hoormann et ai. (1982) and are shown 

here to enable the identification of 

the probes used for isolating and 

mapping of the rat γ-crystallin 

genes. A* indicates an Avail site 

which is not cut be the enzyme due 

to hemimethylation of а С residue in 

the recognition sequence. The sub-

regions of the cDNA clones which are 

under- or overlined were used as 

hybridization probes. They are a 97 

bp (basepair) 5' PstI fragment, a 

526 bp M (middle) + 3' PstI fragment 

and a 320 bp 3' Avail fragment (which 

contains 111 bp of pBR322 flanking 

sequences) of ρΜ.γ-2 and a 

100 bp 5' PstI fragment, a 258 bp M 

Psti fragment and a 287 bp 3* PstI 

fragment of ρΜ,γ-3. 
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RESULTS 

C h a r a c t e r i z a t i o n of y-Crystallin Clones from a Cosmid Library of 

Rat Genomic DNA. 

The Psfcl-excised i n s e r t s of t h e two γ - c r y s t a l l i n cDNA clones 

ρΚΙ*γ-2 and рКЬу-З (Moormann e t a l . , 1982) were used as probes for 

t h e d e t e c t i o n of γ - c r y s t a l l i n sequences in r a t genomic DNA as 

wel l as for the i s o l a t i o n and c h a r a c t e r i z a t i o n of γ - c r y s t a l l i n 



genomic c l o n e s . Hybr id izat ion a n a l y s i s of d i g e s t s of r a t genomic 

DNA with the cDNA i n s e r t of pRLy-2 (Fig. 1A) or a mixture of the 

P s t I excised cDNA i n s e r t s in pRLy-2 and рКЬу-З (Fig. IB) r e v e a l s 

a complex banding p a t t e r n , which could e a s i l y by a t t r i b u t e d t o 

f ive or s ix homologous γ - c r y s t a l l i n genes. Only s l i g h t d i f f e r 

ences in h y b r i d i z a t i o n e f f ic iency are observed between the two 

p r o b e s . For i n s t a n c e in the EcoRI d i g e s t (Fig. 1A and IB, lanes 1] 

t h e 4.3 kb DNA fragment i s hard ly d e t e c t a b l e when рКЬу-2 i s used 

as a probe, whereas the 10.5 kb fragment shows a s l i g h t l y r e -

1 2 3 4 2 3 4 

FIGURE 1: Identification of γ-crystallin sequences 

in rat genomic DNA. DNA (20 îig) , isolated from the 

liver of a Wistar rat, was digested with EcoRl (lane 

1), BamHI (lane 2), ЯілаІІІ (lane 3), or Xbal (lane 4) 

and electrophoresed in a 0.5% agarose gel. After 

transfer of the DNA to nitrocellulose, filters were 
32 

hybridized with the P-labeled Pstl-excised cDNA 

32 
insert of ρΜνγ-2 (A) , or with a mixture of the P-

labeled Pstl-excised cDNA inserts of pKLy-2 and рРЬу-З 

(Β), under the conditions as indicated in Materials 

and Methods, except that hybridizations were performed 

over a temperature gradient starting with 48 С (16 

hrs), to 40
O
C (16 hrs), to 32

0
C (16 hrs), and that the 

final wash of the filters was in 0,4 χ SSPE (SSPE, 

0.18 M NaCl, 10 mM sodium phosphate pH 7.4, 1 mM EDTA) 

at 55 С for 30 minutes. Autoradiography was for 48 

hrs at -70 С using an intensifying screen. The 

genomic Kindlll digest in this figure is slightly 

partial because a complete digest only shows fragments 

of: 18.5, 9.3, 9.0, 5.3, 4.5, 2.55, 2.0, and 1.4 Kb. 

The lengths in Kb (Kilobases) of representat ive size 

markers are shown in (A) . 
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duced hybridization intensity with this probe compared to the 

hybridization with a mixture of the cDNA probes. Since the homolo

gy between the cDNA inserts of рКЬу-2 and рКЬу-З is 85% at the 

nucleotide level (Moormann et al., 1982) these hybridization data 

confirm the high degree of homology between probably all of the 

γ-crystallin genes (Dodemont et al., 1981). 

To study the structure of a rat γ-crystallin gene we initially 

cloned rat genomic DNA in λ phages. Two clones containing y-crys-

tallin sequences were isolated: >РСН-у-^, the y-crystallin gene 

sequence of which has been elucidated (Moormann et al., 1983) 

and XRCH-Y-2. To study the remaining γ-crystallin genes, we 

constructed a rat genomic library in cosmids (previous Chapter). 

From this library five recombinants were obtained which contain 

sequences hybridizing with the two cDNA clones pRI/y-2 and pRI^-3. 

These cosmid clones were named pRcos-γ-Ι through ρΕοο3-γ-5. The 

Hindlll digests of these five clones are shown in Fig. 2A (lane 

1-5),respectively. In these digests only pRcos-γ-Ι and ρΚοοΞ-γ-2 

share a number of Hindlll fragments. Hybridization of the digests 

with the cDNA clones shows labeling of two DNA fragments of 

14.6 kb and 2.0 kb in pRcos-γ-Ι, of one DNA fragment of 1.5 kb in 

pKcos-y-l, of a 9.0 kb DNA fragment in pRcos^-3, and of three 

DNA fragments of 9.3 kb, 5.3 kb and 4.5 kb in pRcos^-4. Finally 

an 18.3 kb DNA fragment is labeled in the digest of pB.cos-y-5. A 

comparison of these bands with those found in a Hindlll digest of 

genomic DNA (Fig. 1, lane 3) shows that the following bands 

correspond directly to those found in the genome: the 2.0 kb 

fragment of pRcos-γ-Ι, the 9.0 kb fragment of pRcos^-3 and the 

152 9.3-, the 5.3-, and the 4.5 kb fragments of pRcos^-4. The other 
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FIGURE 2: Analysis of five clones isolated from 

a cosmid library of rat genomic DNA partially 

digested with Sau3A. 

A. Lane 1-5 show the Kindlll digestion patterns of 

pRcos-y-l to pRcos-y-S after electrophoresis in a 

0.5% agarose gel and staining with ethidium bromide. 

B. DNA was transferred to nitrocellulose and the 

32 
filter was hybridized with a mixture of the P-

labeled Pstl-excised cDNA inserts of рН1/у-2 and 

pRLY-3, under conditions as indicated in Materials 

and Methods. Autoradiography was for 2 hrs at -70 С 

using an intensifying screen. It should be noted that 

upon prolonged exposure two extra Hindlll bands of 

2.55 and 1.4 Kb are observed in the digest of 

pRcos-"y-4. The lengths in Kb of representative size 

markers are shown in A. The sizes in Kb of hybridi

zing fragments are shown in B. 
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bands labe led in the cosmid d i g e s t s e i t h e r conta in p a r t of the 

v e c t o r molecule (pRcos-γ-Ι and pRcos-y-S) or are due t o c loning 

a r t e f a c t s (pRcos-Y-2, see below). 

As w i l l be shown below our c o l l e c t i o n of γ - c r y s t a l l i n genomic 

c lones i . e . two λ c lones and f ive cosmid clones conta ins a l l of 

t h e r a t y - c r y s t a l l i n genes d e t e c t e d by h y b r i d i z a t i o n of the cDNA 

clones t o genomic d i g e s t s . 

The у3-1 Gene Region: Characterization of pRcos-y-1 and pRcos-y-2; 

Comparison with \RCH-y-3. 

We have prev ious ly c h a r a c t e r i z e d a 17.5 kb EcoRI fragment, 

cloned in ARCH-y-B, which c o n t a i n s the γ - c r y s t a l l i n gene des ig- 153 
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nated γ3-1. The insert of this phage contains Hindlll fragments of 

the same size as those found in pRcos-γ-Ι and pRcos-Y-2. The 

homology between these three clones was confirmed by hybridization 

of Hindlll digests of pRcos-γ-Ι and pRcos-Y-2 with ХВСЕ-у-З (data 

not shown). Hence we conclude that pRcos-γ-Ι, рКсоз-у-2 and 

АКСН-у-З contain DNA sequences from the γ3-1 gene region. The 

restriction maps of these three clones aligned at common restric

tion sites are shown in Fig. 3D. 

i'o determine the location and the direction of transcription of 

the region coding for this γ-crystallin gene, digests of these 

clones were probed with three different Pst I fragments of the 

cDNA clone pRL-y-S: a 100 bp fragment containing the 5' end, a 

258 bp fragment containing the middle region, and a 287 bp 

fragment containing the 3' end of the gene (see Materials and 

Methods). For example, in a BamHl/FcoRI double digest of pRcos-y-l 

(Fig. ЗА, lane 1) a 2.6 kb fragment hybridizes with both the 

5' end and the middle region of the cDNA insert (Fig. 3B, lane 1) 

and must thus contain the 5'end of the gene. The 3' end and also 

the middle region hybridize to a 6.2 kb fragment, which therefore 

contains the 3' end of the gene. The same hybridization pattern 

is obtained when these three probes are hybridized to a BaraHI/ 

FIGURE 3: Analysis of pRcos-γ-Ι, XRCH-Y-3 and pRcos-Y-2. 

A. Lane 1-3 show the EcoRI/BamHI digestion pattern of pRcos-γ-Ι, XRCH-Y-3 and pRcos-Y-2 respectively after 

electrophoresis in a 0.5% agarose gel and staining with ethidiun bromide. Only that part of the gel which 

was of interest for blot analysis is indicated in this figure. The lengths in Kb of representative size 

markers are indicated. 

32 
B. Four blots were made of this gel , three of which were hybridized with the P-labeled S' , M and 3' sub-

32 probes of pRLY-3 (see figure Materials and Methods). The fourth blot was hybridized with a P-labeled 3.4 

№ Bglll fragment derived from the 3* end of XRCH-Y-3. The s izes in Kb of the hybridizing fragments are 

indicated. The conditions for hybridization and washing were as indicated in Materials and Methods. 
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genomic DNA (compare legend to figure 1) with a P-labeled 0.8 Kb Bglll fragment derived from the region 

3' to the γ3-1 gene in pRcos-Y-2 (compare figure 3D). The conditions for hybridization and washing were as 

indicated in Materials and Methods. Autoradiography was for 20 hrs at -70
O
C using an intensifying screen. 

Representative size markers (lengths in Kb) are indicated to the left, whereas the size in Kb of the 

hybridizing band is indicated to the right. Additional hybridizing bands are partial digests. The BamHI, 

Scolti« ífindIII and Xbal restriction maps of the rat DNA inserts in pRcos-γ-Ι, АКСН-у-З and pRcos-Y-2 are 

shoWn in D. Broken lines indicate DNA regions not belonging to the γ3-1 gene region. For clarities sake 

the Hindlll sites in these regions of pRcos-γ-Ι and pRcos-Y-2 are not indicated. The black bars above the 

maps show the location of probes described in the text. 155 



EcoRI double digest of λΚ0Η-γ-3 (Fig. ЗА and В, lane 2). These 

data also establish the direction of transcription as indicated 

in Fig. 3D. When a similar SamHI/EcoRI double digest of pRcos-y-2 

(Fig. ЗА, lane 3) was probed with the same fragments of the cDNA 

clone, only the middle region and the 3' end hybridized, both to 

a 7.6 kb EcoRI/BamFI fragment. No hybridization of the 5'fragment 

of the cDNA clone to рЕсоз-у-2 is seen (Fig. 3B, lane 3). 

Apparently, pRcos-Y-2 contains only the 3' half of the γ3-1 

crystallin gene. However, as shown in the restriction map in 

Fig. 3D, the truncated γ3-1 gene in pRcos-Y-2 is separated from 

the vector molecule by 25 kb of DNA. The restriction pattern of 

this region upstream from the γ3-1 gene does not correspond to 

that of pRcos-γ-Ι or XRCH-y-S. We therefore conclude that the 

insert of pRcos-Y-2 arose from ligation of two non-contiguous 

genomic DNA fragments: one of approximately 16 kb containing the 

3' end of the γ3-1 gene and flanking region, the second being 

another rat genomic fragment of 25 kb. Further restriction 

analysis has shown that ligation has taken place at an introniс 

SaulA site (see also Fio. 3D). 

A comparison of the restriction maps of the three different 

clones downstream from the γ3-1 gene suggests that pRcos-γ-Ι 

might also be composed of two different genomic regions (of 21,5 

kb and 16.0 kb respectively), which have been ligated within the 

2.6 kb BamHI fragment. Part of this fragment should then still 

hybridize with the homologous region of XRCH-y-3. Accordingly, an 

EcoRI/SamHI double digest of these three clones was hybridized 

with the 3.4 kb Bglll fragment derived from the 3' end of XRCH-Y-3 

156 (see Fig. 3D, black bar). As shown in Fig. 3B, this Bglll fragment 



hybridizes, as expected, to the same 6.2 kb BamHI fragment in all 

three clones, and, in the case of ХЕСН-у-З (lane 2) and pRcos-Y-2 

(lane 3) also to a 2.75 kb BamHl/EcoRI fragment, while in clone 

pRcos-γ-Ι (lane 1) this fragment hybridizes to the 2.6 kb BamHI 

fragment. The Sau3A site, at which illegitimate ligation occurred 

during the cloning procedure to yield pRcos-γ-Ι, is thus located 

within this 2.6 kb BamHI fragment. 

To show that the region upstream from the γ3-1 gene in pRcos-γ-Ι 

does reflect the genomic organization, a single copy sequence 

EcoRl/Bglll fragment was isolated from the 2.6 kb FcoRI/BamHI 

fragment (Fig. 3D) at the 5' end of the gene. This fragment 

hybridizes to a 9.0 kb Xbal fragment of genomic DNA, the same size 

as present in pRcos-γ-Ι (Fig. 3D). A 9.0 kb Xbal fragment is also 

found when genomic digests are probed with the cDNA clones (see 

Fig. 1). 

The demonstration that the region 3' to the γ3-1 gene in pRcos-Y-2 

properly reflects the genomic organization, is complicated by 

the fact that this region contains highly repetitive sequences. 

However, the 8.2 kb Xbal fragment contains a single copy sequence 

0.8 kb Bglll fragment (see Fig. 3D, black bar) . This fragment hybri

dizes also to an 8.2 kb Xbal fragment in genomic digests (Fig. 3C). 

These data demonstrate that the organization of the genomic DNA 

flanking the γ3-1 region is preserved in the 5' half of pRcos-γ-Ι 

and the 3' half of pRcos-Y-2. Together these two clones allow the 

study of the whole region. 
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The yl-1, yl-2, γ2-1 and y2-2 Genes: Characterization of pRcos-y-4, 

\RCH-y-2 and pRcos-y-5. 

The r e s t r i c t i o n map of pRcos-Y-4 i s shown i n F ig . 4C. The s i z e 

of i t s i n s e r t i s only approximately 31 kb. Yet t h e h y b r i d i z a t i o n 

p a t t e r n of fragments of the cDNA clone рКЬу-З i n d i c a t e t h e p r e 

sence of t h r e e y - c r y s t a l l i n genes in t h i s DNA fragment a l l arranged 

i n t h e same o r i e n t a t i o n with r e s p e c t t o t r a n s c r i p t i o n . For example, 

in an EcoRI/Hindll l double d i g e s t of pRcos-Y-4 (Fig. 4A, lane 1) five 

bands are found which hybr id ize with e i t h e r or both t h e 5' or t h e 

3' end of the cDNA i n s e r t of pRLy-S (Fig. 4B, lane 1) . A 3.5 kb 

EcoRl/Hindlll fragment h y b r i d i z e s with a l l t h r e e subfragments of 

the cDNA i n s e r t of pRLy-S (Fig. 4B, lane 1) and t h i s fragment" t h u s 

c o n t a i n s a complete γ - c r y s t a l l i n gene which we named the γ2-1 

gene. 

The 5 ' and middle region of the cDNA clone pRLy-S a l s o h y b r i d i z e 

t o a 4.2 kb EcoRI/Hindl l l fragment (for t h e h y b r i d i z a t i o n of the 

4.2 kb and 1.1 kb fragments with the 3' p robe, see legend t o F i g . 

4 ) . F u r t h e r mapping s t u d i e s showed t h a t the 1.4 kb H i n d l l l fragment 

FIGURE 4. Analysis of XRCH-Y-2, pRcos-Y-4 and pRcos-f-S. 

A. Lane 1+2 respectively show the EcoRI/Rinaill digestion patterns of pRcos-Y-4 and XRCH-v-2, lane 3+4 

respectively show the ВаліНІ digestion patterns of XRCH-Y-2 and pRcos-Y-5 and lane 5+6 respectively show 

the BamHI/flglll restriction patterns of XRCH-Y-2 and pRcos-Y-5, after electrophoresis in a 0.5% agarose 

gel and staining with ethidium bromide. Only that part of the gel which was of interest for blot analysis 

is shown in this figure. The lengths of representative size markers are indicated in Kb. 

32 

B. Four blots were made of this gel, three of which were hybridized with the p-labeled 5', M and 3' 

fragments of pFILY-3 and one of which was hybridized with the 3' Л а и fragment of pRLY-2. The conditions 

for hybridization and washing were as indicated in Materials and Methods. Autoradiography was for 2-6 hrs 

at -70 С using an intensifying screen. The sizes m Kb of the hybridizing bands are indicated. Hybridizing 

fragments which are not indicated are due to vector hybridization with pBR322 sequences which contaminate, 

or are part of the probes (3* Avail, compare Materials and Methods). The hybridization to a ВалШІ fragment 

of 12.2 Kb in the BamHI digest of XRCH-Y-2 is not discussed in the text but is due to the γ2-1 gene which 

is located on this fragment. Furthermore it should be noted that the hybridization of the 3' probe of 
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pRLy-S to the 4.2 Kb EcoRi/HinàllI and the 1.1 Kb EcoRi fragment of рНсоз-у-4 (lane 1) is due to contami
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C. Line drawings of the EcoRI and Windlll restriction maps of the rat DNA inserts in рКсоз-у-4, the EcoRI, 

Вавті, MindIII and Agili restriction map of the rat DNA insert in RCH-y-2 and the Ватт and Bglii 
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indicated, e.g. the 3.5 Kb EcoRi/HinâlII fragment in ρΗοο5-γ-4 contains of course the same Bgiii restriction 

sites indicated in the map of λΗ0Η-γ-2. The broken line under the map of pRcos-y-S indicates a DNA region 

of which the origin is unknown, but which probably results from a rearrangement event. 159 



which hybridizes with the 3' subprobe of pRLy-S contains the 3' end 

of this gene called the γ 1-2 gene. The presence of a third gene, 

the γΐ-ΐ gene, is indicated by the hybridization of the 5' (only 

apparent after prolonged exposure) and middle region of the cDNA 

clone pRLy-S to the 1.1 kb EcoRI fragment and the hybridization of 

the 3' end to a 2.55 kb Hindlll fragment. These and other mapping 

data (see below) locate the three genes and establish the direction 

of transcription as shown in Fig. 4C. The size of the EcoRI and 

Hindlll fragment, containing the γ-crystallin coding regions in 

pRcos-Y-4, are the same as those observed when genomic digests are 

probed with the cDNA clone pRLY-3 (see Fig. 1). The insert in this 

cosmid thus has not been altered during cloning. 

The 3.5 kb EcoRI/tfindlll fragment of pRcos-Y-4, which contains 

the γ2-1 gene, is the only fragment of pRcos-Y-4 that hybridizes 

strongly with the 3' Л аІІ fragment of the cDNA insert in pRLY-2 

(Fig. 4B, lane 1). Strong hybridization of this 3' Л аІІ fragment 

is also found with a 3.5 kb EcoRI/Hindlll fragment present in 

XRCH-Y-2 (Fig. 4B, lane 2). Apparently, this clone also contains 

the γ2-1 gene and thus the inserts of pRcos-Y-4 and XRCH-Y-2 

contain partially overlapping DNA fragments. The restriction map 

of XRCH-Y-2 is also shown in Fig. 4C aligned with the map of 

pRcos-Y-4 at common EcoRI and Hindlll restriction sites. 

The insert of ARCH-Y-2 must contain, besides the γ2-1 gene, a 

second Y-crystallin gene, since not only its 3.5 kb EcoRl/fíindIII 

but also its 16.0 kb EcoRI/Hindlll fragment hybridizes will all of 

the three fragments of the cDNA clone pRLY-3 (Fig. 4B, lane 2). 

Further mapping experiments indicated that this second gene, 

called the γ2-2 gene, is located within a 5.4 kb BamHI fragment 



(Fig. 4B, lane 3). This BamHI fragment does not hybridize with the 

3' Avail fragment of рЕЬу-2. A 5.4 kb BamHI fragment with the 

same characteristics, namely hybridization with all of the three 

fragments of the cDNA clone ρΚΙ·γ-3 but not with the 3' Л аІІ 

fragment of the cDNA clone рКЬу-2, is also found in a BamHI digest 

of pRcos-y-S (Fig. 4B, lane 4). This suggests that pRcos-y-S also 

contains the γ2-2 gene and the sequence cloned in pRcos-y-S 

partially overlaps the one cloned in ХКСН-у-2. The restriction 

map of pRcos-y-S, aligned with the map of ARCH-Y-2 is shown in 

Fig. 4C. 

The exact location and direction of transcription of the γ2-2 

gene within the 5.4 kb BamHI fragment of XRCH-Y-2 or pRcos-y-S was 

further defined by restriction mapping. For example, as shown in 

Fig. 4B, lane 6, in a BamHI/Bglll double digest of pRcos-y-S, the 

5' end and the middle region of the cDNA clone pRLy-S hybridizes 

to a 1.7 kb Bglll fragment. The 3' region of the cDNA clone 

pRLy-S also hybridizes to this fragment and further hybridizes to 

a 1.5 kb BamHI/Bgrlll fragment. The same fragments are found when a 

BamHI/Bglll digest of XRCH-Y-2 was probed with the various frag

ments of the cDNA clone pRLy-S (Fig. 4B, lane 5). The 1.4 kb 

Bglll band and the 2.7 kb Bglll band, seen in the digest of 

ARCH-Y-2, are due to hybridization of the probes with fragments of 

the γ2-1 gene. These data not only show the exact homology 

between the γ2-2 region of the inserts of XRCH-Y-2 and pRcos-y-S, 

they also indicate that the γ2-2 gene can be distinguished from 

the other γ-crystallin genes by the presence of Bglll site in the 

3' region. Sequencing studies (J.T. den Dunnen, unpublished data) 

meanwhile have shown that this site is located in the 3' coding 



region of the gene and not in an intron. 

Although the γ2-2 gene region of pRcos-y-S corresponds to the 

same region of λΚ0Η-γ-2 inspection of the restriction map of 

pRcos-y-S upstream from this region shows it to be quite different 

from that of XRCH-Y-2. This is not unexpected since the insert of 

pRcos-y-S is much too small (only 12.2 kb) to be packagable as 

such during the cloning procedure. Hence a large region of DNA 

must have been deleted from this clone during propagation. 

The y4-1 Gene Region: Characterization of pRcos-y-3. 

The fifth cosmid clone containing γ-crystallin sequences is 

pRcos-Y-3. As shown by its restriction map (see Fig. 5D), the 

insert of this clone has a length of 35 kb. When an Aval digest 

of pRcos-y-S (Fig. 5A) is probed with the three fragments of the 

cDNA clone pRLY-3, a 1.7 kb fragment is found hybridizing with 

the 5' and the middle region of the cDNA clone, while the 3' end 

and also the middle region hybridize with a 9.0 kb fragment 

(Fig. 5B). The location of this gene, named γ4-1, and the direction 

of transcription, as deduced from these and other data, is in

dicated in Fig. 5D. To establish whether the insert of pRcos-Y-3 

does reflects the genomic organization, additional genomic 

restriction sites were mapped around the γ4-1 gene using a 1.8 kb 

BglJl/SstI fragment (see Fig. 5D, black bar) located directly 

upstream from the 5' end of the γ4-1 gene as a probe. As shown 

in Fig. 5C, this probe hybridizes with a genomic EcoRI fragment 

of 10.5 kb (lane 1), with a 19.0 kb genomic BamHI fragment 

(lane 2), with a 10.5 kb genomic ЯраІ fragment (lane 3) and with 

162 a 10.3 kb genomic Xbal fragment (lane 4) (the same fragments are 



FIGURE 5: Analysis of pRcos-Y-3. 

A. An Aval digest of pRcos-Y-3, electrophoresed in 

a 0.5% agarose gel and stained with ethidium bromide 

is shown. The lengths of representative size markers 

are indicated. 

B. Three blots were made of this gel and hybridized 

32 
with the P-labeled 5', M and 3' subprobes of pRLY-3 

as indicated in the legend of figure 3. 

C. Verification of the region 5' to the Y4-l gene. 

Hybridization of ECORI (lane 1), flamm (lane 2), Hpal 

(lane 3) and Xbai {lane 4) digests of rat genomic DNA 

32 
(see legend to figure 1) with a P-labeled 1,8 Kb 

Bglll/Sstl fragment located 5' to the Y4-1 geneisee 

figure 5D). The conditions for hybridization and 

washing were as indicated in Materials and Methods. 

Autoradiography was for 16 hrs at -70 С using an 

intensifying screen. 

D. The Aval, BamHI, EcoRI, Wpal and JCbal restriction 

maps of the rat DNA insert in pRcos-Y-3 are shown. 

The black bar indicates the location of the 1,8 Kb 

Bglll/Sstl probe. The broken line indicates the DNA 

region 5' to the γ4-1 gene not located there in the 

rat genome. The valid γ4-1 gene region may extent 

beyond the 5' Xbal site, but we were not able to map 

this position more precise because of reasons discus

sed in the text. 
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d e t e c t e d when genomic d i g e s t s were probed with the cDNA clone 

pRLy-S (Fig. 1; ЯраІ d i g e s t not shown)). The s i z e of these genomic 

fragments i s the same as those found in pRcos-y-S and t h e r e f o r e 

the region around the γ4-1 gene from the 5' Xbai s i t e to the 3' 

ЯраІ s i t e corresponds t o the genomic o r g a n i z a t i o n . Since the 

1.8 kb Bglll/Sstl fragment of pRcos-Y-3 c o n t a i n s a ЯраІ s i t e , a 

second fragment bes ides the 10.5 kb Яра I fragment mentioned above, 

should be d e t e c t e d in genomic ЯраІ d i g e s t s . Indeed, a 22.0 kb 

band i s seen. These da ta i n d i c a t e the presence of a ЯраІ s i t e 163 



22.0 kb upstream from the Hpal site 5' to the γ4-1 gene. No such 

site is present in pRcos-y-S, in spite of the fact that the insert 

extends 24.5 kb upstream from the 5' Hpal site. Similarly, in a 

BamHI genomic digest, a fragment of 19.0 kb hybridizes with the 

1.8 kb Bglll/SstI fragment of pRcos-y-3 (or with the cDNA clones 

pRLY-2 and рНЬу-З, Fig. 1) yet the minimum size of the BamHI frag

ment of pRcos-Y-3 is 22.0 kb (the distance between the BamHI site 5' 

to the γ4-1 gene and the junction of the insert with the vector). 

Hence we conclude that the region upstream from the γ4-1 gene in 

pRcos-y-S does not correspond to the region flanking the γ4-1 

gene in the genome. Again the insert of pRcos-y-S probably 

results from illegitimate ligation during the cloning procedure. 

The ligation site must be to the left of the Xbal site 5' to the 

γ4-1 gene but is difficult to map exactly since the region 

flanking the 1.8 kb Bglll/SstI fragment en the 5' side is higly 

repetitive and we have been unable to identify other suitable 

single copy sequence fragments which could be used as probes in 

this region. 

Preliminary Characterization of the y-Crystallin Cenes. 

The data presented above indicate that the γ-crystallin genes 

are closely related, although some differences between them can 

be detected: the γ2-1 gene is the only gene that hybridizes 

strongly with the 3' Л аІІ fragment of the cDNA clone ρΒΙίγ-2 

(presumably the γ2-1 gene encoded the mRNA copied in that clone) 

while the γ2-2 gene is exceptional in that it contains a Bglll 

site in the 3' coding region. To investigate the homology between 

164 the genes more systematically subclones of the appropriate λ or-
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FIGURE 6: Preliminary characterization 

of Y-crystallin genes. 

A. The PstI digests of subclones of 

each of the γ-crystallin genes are 

shown, after electrophoresis in a 

0.7% agarose gel and staining with 

ethldium bromide. Lane 1, pRco-"Yl-l; 

lane 2, рКсо-у1-2; lane 3, pRCB-y2-í; 

lane 4, рКСН-у2-2; lane 5, рКСН-уЗ-1; 

and lane 6, pRco-Y4-l. The lengths in 

Kb of representative size markers are 

indicated. 

B, Multiple blots were made of this 

gel, one of which was hybridized with 

32 
the P-labeled 5' fragment of 

pRLY-2 and one of which was hybridized 

32 
with the P-labeled 5' fragment of 

pRLY-3, The conditions for hybridiza

tion and washing were as indicated in 

Materials and Methods. Autoradio

graphy was for 5 hrs at -70 С using 

an intensifying screen. 

cosmid clones, each containing one of the γ-crystallin genes 

(see Materials and Methods), were digested with PstI (Fig. 6A), 

since mapping studies have indicated that all y-crystallin genes 

have a PstI site in an identical position in the 5
1
 coding region. 

(This PstI site was used to prepare the 5* fragment of the cDNA 

clones (see Figure in Materials and Methods)). The digests were 

hybridized with the PstI fragments of the cDNA clones pRLY~2 and 

pRLY™3. As shown in Fig. 6B, the 5
1
 region of pRLY-2 hybridizes 

strongly with the 5
1
 region of the γΐ-l, γ1-2 and γ2-1 genes, 

while the hybridization is much weaker with the 5
1
 region of the 

у2-2, γ3-1 and γ4-1 genes. The reverse situation is seen (Fig. 6B) 

when the 5
1
 region of pRLy-S is used as a probe. Similar results 

are obtained with the other PstI fragments (one containing the 



M+3 ' region of рКЪу-2, one c o n t a i n i n g t h e M reg ion of pRLy-S and 

one c o n t a i n i n g the 3 ' region of pRLy-S). With one except ion t h e 

γ 1-1, γ1-2 and γ2-1 genes h y b r i d i z e more s t r o n g l y with the 

fragments of pRLY-2 than with those of pRLy-S. The exception i s 

the 0.18 kb fragment of the γ ΐ - ΐ gene which h y b r i d i z e s equal ly 

wel l with fragments from both pRLY-2 and pRLy-S (see Table I ) . 

The γ2-2, γ3-1 and γ4-1 aenes show t h e r e v e r s e behaviour: they 

TABLE ι 

Pst digest 

of subcloned 

gene 

γΐ-ΐ 

y 1-2 

У2-1 

У2-2 

уЗ-1 

γ4-1 

Extent of hybridization with 

pRLY-2 

5' 

2.15 kb (+++) 

2.50 kb (+++) 

1.30 kb (+++) 

1.10 kb (+) 

1.25 kb (+) 

1.10 kb (+) 

М+З' 

0.18 

2.20 

4.65 

5.40 

0.20 

3.15 

1.75 

2.10 

0.30 

1.70 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

(++) 

(++) 

(+++) 

(+++) 

(++) 

(++) 

(++) 

(++) 

(+) 

(++) 

the 

2 

2 

1 

1 

1 

1 

following cDNA fragment 

5' 

15 kb (+) 

50 kb (+) 

30 kb (+) 

10 kb (+++) 

25 kb (+++) 

10 kb <+++) 

рМЛ-З 

0.18 

2.20 

4.65 

5.40 

0.20 

3.15 

2.10 

1.70 

Л 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

kb 

(++) 

( + ) 

(++) 

(++) 

(+++) 

( + ) 

(+++) 

(+++) 

3' 

2.20 kb 

4.65 kb 

5.40 kb 

3.15 kb 

1.75 kb 

0.30 kb 

(++) 

(++) 

(++) 

(++) 

(+++) 

(+++) 

TABLE 1: Nitrocellulose blots of the PstI digests of subclones, each containing a single y-crystallin gene 

as described in the legend to figure 6, were hybridized with the tragments of pfíLy-2 and pRI/y-ì (see figur« 

in Materials and Methods). The sizes in Kb of the DNA fragments hybridizing followed by the designation 

+++ (strong), ++ (medium) or + (weak), indicating the extent of hybridization, are shown in the panels 

below the descriptions of the probes. It should be noted that, except for the γ2-1 gene, the hybridization 

of the М+З' probe to the γ-crystallin genes must mainly be due to the extent of homology with the M part 

of this probe, since the 3' Л аІІ probe of pRLY-2 does not hybridize significantly (compare figure 4B). 

The latter probe, however, does not exactly correspond to the 3* probe of pRLy-i, it is about 60 nucleo

tides shorter (compare figure in Materials and Methods). 



hybridize better witn the M and 3' fragments of рКІ/у-З than with 

the M+3
1
 fragment of рКЬу-2. In this case the exception is the 

γ2-2 gene, of which the 3.15 kb fragment hybridizes better with 

the M+3' region of pRLy-2 than with the M region of pRLy-S. Never

theless, the γ-crystallin genes can grossly be divided into two 

groups: the рКЪу-2 like group comprising the γΐ-ΐ, the γ1-2 and 

the y2-1 genes and the pRLy-S like group formed by the γ2-2, the 

γ3-1 and the γ4-1 genes. 

The γ3-1 and γ4-1 genes are more closely related to each other 

than to the γ2-2 gene. Not only does the γ2-2 gene show an 

aberrant hybridization behaviour with the middle region of the 

pRLY-3 cDNA clone, when compared to γ3-1 and γ4-1, the latter 

genes also contain a PstI site in the middle of the coding region 

which is absent in the other four genes. 

The γ-crystallin mRNAs are only about 700-750 nucleotides long, 

yet inspection of our mapping data indicates that the genes occupy 

significantly more DNA and suggest that all of the γ-crystallin 

genes contain intron(s). Sequencing studies of the γ3-1 gens have 

shown that this gene is interrupted by two introns: one of 87 bp 

after the third translation codon and one of 1.88 kb located in the 

middle of the gene (Moormann et al., 1983). To determine whether 

all γ-crystallin genes have this structure, the regions containing 

the γ-crystallin genes were further analyzed by restriction 

mapping and hybridization with fragments of the two cDNA clones. 

These experiments showed that all six genes have an intron 

located, within the limits of detection, at the same place as 

the large intron of the γ3-1 gene. The exact size of these introns 

cannot be determined from these experiments, but varies from 1.88 167 



kb in the γ3-1 gene to about 0.9 kb in the γ2-2 gene. No introns 

were detected in the 3' region of the γ-crystallin genes. Whether 

all genes also contain the 87 bp intron found in the 5' region of 

the γ3-1 gene cannot be established from these studies; the 

longest cDNA clone, рКЪу-З, contains only 8 bp 5' to the first 

splice site. The hybridization signal of these 8 bp is too low to 

allow the detection of the first exon. The presence or absence of 

the first small intron will therefore have to be established by 

the sequencing studies currently in progress. 
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Linkage of the y-Crystallin Genes and Structure of the Gene 

Cluster. 

It is evident from the structure of рКсоз-у-4 and \RCE-y-2 that 

at least four of the γ-crystallin genes, namely γΐ-l, γ1-2, γ2-1 

and y2-2, are closely linked. We therefore asked whether the 

other two γ-crystallin genes, the γ3-1 gene and the γ4-1 gene, are 

also part of this gene cluster or whether they are located else

where in the genome. Inspection of the restriction maps of 

λΕ€Η-γ-2 and pRcos-γ-Ι suggested that the 3' region of λΚΟΗ-γ-2 

might be homologous to the 5' region of pRcos-γ-Ι: they both con

tain an 4.3 kb BcoRl/Xbal fragment (see Fig. 7A). A single copy 

sequence probe isolated from this fragment of XRCH-y-2 indeed 

hybridizes also with the 4.3 kb EcoRI/Xbal fragment of pRcos-γ-Ι 

(Fig. 7B). Hence the inserts of λΡ0Η-γ-2 and pRcos-γ-Ι contain 

partially overlapping DNA fragments. The γ3-1 gene is thus part 

of the γ-crystallin gene cluster, and is located downstream of the 

γ2-2 gene (see Fig. 8). 

If the γ4-1 gene is also part of this cluster, it must be 

file:///RCE-y-2


FIGURE 7: Linkaqe of the γ 3-1 gene with the four-gene 

cluster. 

A. Lane 1 and 2 show the EcoRI/Xbal digestion patterns 

of ARCH-Y-2 and pRcos-Y-1 respectively after electro

phoresis in a 0.5% agarose gel and staining with ethi-

dium bromide. The lengths in Kb of representative size 

markers are indicated. 

B. DKA was transferred to nitrocellulose and the filter 

was hybridized with a
 32
P-labeled 1.2 Kb Xbal/Sstl 

probe derived from the 3' flanking region of the γ2-2 

gene in \KCB-y-2 (compare figure 8). The conditions 

for hybridization and washing were as indicated in 

Materials and Methods. Autoradiography was for 2 hrs 

at -70
O
C using an intensifying screen. The size of the 

hybridizing fragment is indicated. 
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B 

l o c a t e d upstream from t h e γ 1-1 gene or downstream from the γ 3-1 

gene (see Fig . 8 ) . However, a comparison with the r e s t r i c t i o n 

map of the 5' end of рКсоз-у-4 or the 3' end of pRcos-Y-2 with 

the map of pRcos-y-S shows no obvious o v e r l a p . We t h e r e f o r e 

extended the BaraHI r e s t r i c t i o n map of the genome 5' t o the γ 1-1 

gene by h y b r i d i z i n g t h e 0.9 kb KcoRl/SamHI fragment der ived from 

the 2.6 kb EcoRI fragment, loca ted a t the 5' end of рКсоз-у-4 

(compare Fig, 8) t o a BamHI d i g e s t of genomic DNA: a band of 
169 
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17.5 kb was l a b e l e d . The γ4-1 gene however i s loca ted on a 19.0 

kb BamHI fragment (see F i g . 5C). Thus, i f t h e γ4-1 gene i s l o c a t e d 

upstream from the γ 1-1 gene, i n t h e same o r i e n t a t i o n as t h e o t h e r 

γ - c r y s t a l l i n genes, they a r e s e p a r a t e d by a t l e a s t 27 kb (17.5 kb 

p l u s t h e d i s t a n c e of the γ ΐ - ΐ gene t o i t s 5 ' BamHI s i t e p l u s t h e 

d i s t a n c e of t h e γ4-1 gene t o i t s 3 ' j u n c t i o n with t h e v e c t o r ) . I f 

t h e o r i e n t a t i o n of t h e γ4-1 gene i s in t h e oppos i te d i r e c t i o n t o 

t h e γ1-1 gene, t h e s e genes a r e s e p a r a t e d by a t l e a s t 25 kb. 

S i m i l a r l y , t o extend the genomic map a t t h e 3' end of the γ-gene 

c l u s t e r , t h e 0.8 kb B g l l l fragment, l o c a t e d a t the 3' end of 

XRCH-Y-3, was hybr id ized t o a Hpal/Xhol double d i g e s t of genomic 

DNA. Hybr id izat ion was found with a 19.0 kb DNA fragment. This 

fragment cannot be der ived from t h e 22.0 kb ЯраІ fragment l o c a t e d 

d i r e c t l y upstream from t h e γ4-1 gene s i n c e pRcos-y-S does not 

c o n t a i n a Xhol s i t e 3 kb upstream from t h e 5' ЯраІ s i t e . Hence, 

i f t h e γ4-1 gene i s l o c a t e d a t t h e 3' end of t h e γ-gene c l u s t e r and 

i s o r i e n t e d in t h e same d i r e c t i o n as t h e o t h e r γ - c r y s t a l l i n genes, 

i t must be loca ted a t l e a s t 47 kb (22.0 kb p l u s 19.0 kb p l u s t h e 

FIGURE 8: Linkage map of five rat γ-crystallin genes and a map of the unlinked γ4-1 gene. The map of nine 

restriction enzyme sites within the 65 Kb segment of rat DNA containing five γ-crystallin genes is pre

sented in the top part. No Aval restriction sites were mapped in this DNA segment. The sizes of the 

fragments generated by five restriction enzymes are given in Kb. The locations and direction of trans

cription of the γΐ-l, γ1-2, γ2-1, γ2-2 and γ3-1 crystallin genes are indicated. The rat DNA inserts in the 

set of overlapping clones are indicated. Only those regions which were shown to belong to a γ-crystallin 

gene region are indicated in the maps of pRcos-γ-Ι, ρΚσο3-γ-2 and pRcos-y-5. The lower part of this figure 

shews the map of ten restriction enzyme sites within the 35 Kb DNA insert in ρΒοο5-γ-3. The location and 

direction of transcription of the γ4-1 gene is indicated. The region indicated with a broken line repre

sents a DNA region not located next to the γ4-1 gene in the rat genome. It is indicated here because the 

actual junction between this fragment and the gene containing fragment could not yet be mapped. In the 

maps of the EcoKI and Hindlll restriction sites the regions where these sites are present in a highly 

repetitive order are indicated with "repeats". 1 7 1 



distance of the γ3-1 gene to its 3' Hpal site) away from the γ3-1 

gene. If the γ4-1 gene is oriented in the opposite direction 

to the γ-crystallin genes and is located at the 3' end of the gene 

cluster, then the distance from the γ3-1 gene must be at least 

32 kb. In summary, if the γ4-1 gene is located at the 5' end of 

the γ-crystallin gene cluster, then the distance to the γ 1-1 gene 

is at least 25 kb, if it is located downstream from the gene 

cluster, then the distance from the γ3-1 gene is at least 32 kb. 

Clearly, if the γ4-1 gene is linked to the other γ-crystallin 

genes, then it is relatively much further away than the distance 

seperating the other genes (the largest intergenic distance 

found is 11.5 kb, between the γΐ-ΐ and γ1-2 gene). 
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Repetitive DNA Sequences in the y-Crystallin Gene Cluster. 

During the analysis of the inserts of the cosmid and λ clones 

it was noted that several cloned DNA fragments hybridized not 

only to their homologous genomic counterparts but to several other 

genomic DNA fragments as well. Some of these fragments even yiel

ded a smear which indicated that these fragments contain sequences 

which are highly repeated in the rat genome. To determine the 

number and location of the repetitive sequences in the γ-gene 

cluster and the γ4-1 gene region, we hybridized digests of the 

32 
cloned DNA with Ρ labeled rat genomic DNA (Fig. 9A). The results 

of these experiments are summarized in Fig. 9C where the regions 

containing repetitive sequences are indicated in the Bglll 

restriction map of the γ-gene cluster and the γ4-1 gene region. 

Several of these genomic repetitive sequences also occur more than 

once in the γ-gene region since some of the restriction fragments 



which contain such a sequence cross hybridize with other restric

tion fragments. For example, when the 0.7 kb Bglll/Xhol fragment 

(indicated by an arrow, Fig. 9C, line C) which contains the 

repetitive element designated С was used to probe digests of 

cosmid or phage DNA, several bands were labeled besides the 

homologous fragment. In the EcoRI/Hindlll digest of pRcos-Y-4 

(Fig. 9B, lane 1) two bands are labeled, one of 4.2 kb (weakly) 

and one of 3.5 kb (the third band seen, 4.9 kb long, is a vector 

band and its hybridization is due to a contamination of the 

probe with vector sequences). Since the 3.5 kb EcoRl/Hindlll 

fragment of pRcos-Y-4 contains the γ2-1 gene, the location of 

repetitive element С was defined further by probing a BamEI/Bglll 

digest of λΗ€Η-γ-2 (which also contains the у2-1 region). Several 

bands are found labeled in such a digest (Fig. 9B, lane 2),-

hybridization is found to the 1.4 kb Bglll fragment which contains 

the 5' end of the gene and part of the large intron, to its 

neighbouring 2.7 kb Bglll fragment which also contains part of 

the large intron and the 3' end of the gene, and to the adjoining 

2.1 kb Bglll fragment (these fragments are indicated in Fig. 9C, 

line C). The three other fragments hybridizing with repeat element 

С in the BamEI/Bglll digest of λΚ0Η-γ-2 are also found in a 

similar digest of pRcos-y-S (Fig. 9B, lane 3) and thus originate 

from the γ2-2 region of the gene cluster as indicated in Fig. 9C, 

line C. 

Analysis of an EcoRI/ХЬдІ digest of pRcos-γ-Ι (Fig. 9B, lane 4) 

shows the strong hybridization of a 6.2 kb Xbal band from which 

repeat С was derived. This 6.2 kb Xbal fragment was subcloned and 

a Xhol/ВдІІі/ВатгіНІ digest of this subclone was again hybridized 173 
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FIGURE 9: Analysis of repetitive sequences around and between the γ-crystallin genes. 

A. Mapping of repeats with total rat genomic DNA. The panels below pRcos-Y-1, pRcos-y-S and pRcos-Y-4 

show the EcoRI/Bglll digests of these clones in lame 1, after electrophoresis and staining with ethidium 

32 
bromide. The hybridization patterns of the digests after transfer to nitrocellulose with P-labeled total 

rat genomic DNA are shown in lane 2. The left panel below \RCH-y-2 subclones shows the digests of four 

subclones in the plasmid vector PBR322, which cover the whole 19.5 Kb rat DNA insert in ARCH-Y-2, after 

electrophoresis in a 1.0% agarose gel and staining with ethidium bromide. Lane li EcoRI/Hindlll/Xbal/BamHI 

digest of a subclone of the 7.1 Kb EcoRI/Xbal fragment containing the γ2-1 gene, lane 2: BamHI digest of 

a subclone of the 0.8 Kb BamHI fragment neighbouring the 7,1 Kb fragment, lane 3: Bgill/EcoRI digest of a 

subclone of the 5.4 Kb BamHI fragment containing the γ2-2 gene which neighbours the 0.8 Kb fragment, 

lane 4: EcoRI/PstI/SstI/ВалзНІ digest of a subclone of the 6.2 Kb BamHI/EcoRI fragment neighbouring the 

5.4 fragment. In the right panel the hybridization patterns of these digests after transfer of DNA to 

32 
nitrocellulose with P-labeled total rat genomic DNA are shown. The lane numbers here correspond with 

those in the left panel. All hybridizations were performed under the conditions indicated in Materials and 

Methods. The final wash was in lx SSPE at 55 С for 30 minutes. Autoradiography was for up to two days at 

-70 С using an intensifying screen. The lengths in Kb of representative size markers are indicated next to 

the ethidium bromide stained agarose gels. 

file:///RCH-y-2


with r e p e a t element C. As shown i n F i g . 9B, lane 5 t h i s fragment 

h y b r i d i z e s not only t o i t s e l f b u t a l s o weakly with the neighbou

r ing 1.55 ь xhoI/Bglll fragment. The l a r g e r e p e t i t i v e sequence in 

which r e p e a t element С i s l o c a t e d t h u s c o n t a i n s o t h e r sequences 

which are r e l a t e d t o r e p e a t element C. 

The r e p e a t element С a l s o h y b r i d i z e s t o the 2.7 kb S s t I fragment 

of a subclone of pRcos-y-B d e s i g n a t e d ρΚοο-γ4-1 which c o n t a i n s the 

γ4-1 gene (Fig. 9B, lane 6 ) . F u r t h e r r e s t r i c t i o n mapping showed 

t h a t the h y b r i d i z a t i o n of r e p e a t element С i s confined t o i n t r o n i c 

sequences, as shown i n F ig . 9D, l i n e C. 

S imi la r experiments have shown t h e e x c i s t e n c e of two o t h e r 

f a m i l i e s of r e p e a t sequences, which were des ignated A and B. Their 

l o c a t i o n w i t h i n t h e γ-gene c l u s t e r i s shown i n F ig . 9C l i n e A and 

B. Analysis of repeat sequences with a highly repetitive 0.7 Kb Bglll/xhol fragment located 3' to the γ3-1 

gene (repeat C). First panel: DNA digests were fractionated in a 0.5% agarose gel and stained with ethidium 

bromide. Lane 1: EcoRI/Hindlll digest of pRcos-Y-4, lane 2: BçlZl/BamBI digest of λΚ0Η-γ-2, lane 3: 

flglII/ВаиНІ digest of pRcos-y-S, lane 4: EcoRI/Xbal digest of pRcos-γ-Ι. Third panel: DNA digests were 

fractionated in a 1.0% agarose gel and stained with ethidium bromide. Lane 5: Bglll/Xbal/BamHI digest of a 

subclone of the 6.2 Kb Xbal fragment located 3' to the γ3-1 gene. This subclone was prepared in the same 

manner as described previously for the γ3-1 gene (Moormann et αϊ., 1983). Lane 6: icoRI/BglII/Sstl/HindlII 

digest of pRco-Y4-l. In the second and fourth panel the hybridization pattern of the digests after transfer 

of DNA to nitrocellulose filters with the p-labeled probe fragment are shown. The hybridiiatlons were 

performed linder conditions as indicated in Materials and Methods over a temperature gradient starting at 

48 c, to 40 c, to 32 C, each for 16 hrs. The final wash was in Ix SSPE at 55
0
c for 30 minutes. Autoradio

graphy was for up to two days at -70
o
C using an intensifying screen. 

С Ihe map of BçlZl restriction sites in the 65 № DNA region containing the γ-gene cluster shown in 

figure β is presented plus the map of the DNA region around the γ4-1 gene in рНсоз-у-З. The remainder 

of the insert of this clone is emitted because it appears to be highly repetitive throughout this region 

(compare panel 2, pRcoe-Y-3). Black bars indicate highly repetitive sequences, whereas open bars Indicate 

regions of a moderate repetitive character. The probes which were used to Identify repeat families A, В 

and С are indicated with arrows. Closed lines indicate regions of high homology, broken lines indicate 

regions of moderate homology. The hybridization of the repeat С probe in areas where we did not map 

repetitive sequences with total rat genomic DNA may be due to the use of a temperature gradient during 

hybridization with the repeat probe, whereas the hybridization with total rat gencmic DNA was at a fixed 

temperature of 42 C. 



В. It is worth noting that the large repetitive region 3' to the 

γ3-1 gene contains sequences hybridizing with all three repeat 

families and apparently is a composite repeat sequence. 

DISCUSSION 

A comparison of the hybridization pattern of restriction enzyme 

digests of rat genomic DNA, using the two γ-crystallin cDNA clones 

as probes, with those of similar digests of the inserts of the 

two λ clones and the five cosmid clones, shows that we have cloned 

all of the γ-crystallin sequences present in the rat genome. We 

have thus identified six γ-crystallin genes. Five of these genes 

are closely linked and constitute the γ-crystallin gene cluster. 

All the genes in this cluster are oriented in the same direction 

with respect to transcription. The intergenic distances between 

these genes are: 11.5 kb between the γ1-1 and γ1-2 gene, 7.2 kb 

between the γ1-2 and the γ2-1 gene, 7.8 kb between the γ2-1 and 

the γ2-2 gene and 9.3 kb between the γ2-2 and the γ3-1 gene. The 

sixth gene, the γ4-1 gene, could not be linked to the gene cluster 

If it is located on the same chromosome, then, as we have argued 

above, its distance to the next γ-crystallin gene must be at 

least 25 kb which is much more than the intergenic distance 

between the other γ-crystallin genes. Alternatively, the γ4-1 gene 

could be located on another chromosome, a possibility which is 

currently under investigation. 

The close homology between the γ-crystallin genes suggests that 

they arose by successive duplications of an ancestral γ-crystallin 

gene. The fact that they can be divided into two groups on the 

basis of the extent of cross hybridization with the two cDNA 



clones, namely the γ-2 like group and the γ-З like group, further 

suggests that, after the first duplication of the ancestral 

γ-crystallin sequence, one of the genes duplicated further to yield 

the γ-2 like group while the second gene, by a similar process, 

gave rise to the γ-З like group. This suggestion is supported by 

the fact that the γ-2 like genes are located at one(the 5') end 

of the gene cluster while the γ-З like genes (except for the γ4-1 

gene) are located at the other (3') end of the gene cluster. The 

close relationship between the γ3-1 gene and the γ4-1 gene 

indicates that they originated from the same ancestral gene. The 

removal of the γ4-1 gene from the gene cluster may have been 

caused by insertion of DNA between the γ-gene cluster and the 

γ4-1 gene. Alternatively the γ4-1 gene may have been transposed 

to another genomic site, an event possibly mediated by 

repetitive sequences as has been shown to occur in Drosophila 

(Paro et al., 1983). Our data show that the six γ-crystallin genes 

are highly homologous and that they all have the same organization, 

as far as detectable with cDNA hybridization, which means that 

they all are interrupted by a large intron in the middle of the 

gene. Whether all six genes are expressed cannot be determined 

from our data. We know that at least two of these genes, namely 

the γ2-1 and the γ3-1 gene are transcribed in the eye lens since 

DNA copies of the transcripts of these genes have been cloned. 

Furthermore Ramaekers et al. (1982) have shown that rat lens 

γ-crystallin mRNAs yield six products in in vitro translation 

experiments, indicating that all six genes may be expressed. 

However, Shinohara et a2. (1982) have suggested the possibility 

that multiple γ-crystallin mRNAs are generated from only a few 177 



γ-crystallin genes by differential splicing. In a similar way the 

murine aA crystallin gene yields two mRNAs (King and Piatigorsky, 

1983). However, the complete nucleotide sequence of the γ3-1 gene, 

does not show obvious features which might indicate alternative 

RNA splicing. Further sequence analysis will show whether other 

γ-cyrstallin genes are liable to differential RNA splicing or 

whether there are any structural constraints which might preclude 

their expression, as has shown to be the case with pseudogenes 

(Little, 1982; Wilde et al., 1982). 

Several reports indicate the differential synthesis of γ-crys

tallin polypeptides in the lens (Kabasawa et al., 197'1 ; Piatigors

ky, 1981). Kabasawa et al. (1977) have shown that in the cortical 

fibers of the cattle lens the calf lens γ is almost absent. In its 

place the cattle lens γ is found, which is different in immuno

logical properties, in charge and in molecular size. Furthermore 

age related differences in γ-crystallin content of the rat lens 

were observed by Ramaekers et al. (1982) . VThether all of these pheno

mena are due to differential expression of the γ-crystallin genes 

remains to be seen. Investigations at the RNA level with gene 

specific probes are now possible and should answer this question. 

We have also determined the location of repeat sequences between 

and around the γ-crystallin genes and shown that three different 

repeat families, namely А, В and С are present in the γ-crystallin 

gene cluster. The С repeats are located in the γ2-1 and γ2-2 gene 

region and in the intron of the γ4-1 gene. Repeat A flanks the 

γ2-1 gene on either side and is also found twice in the region 3' 

to the γ3-1 gene, where, in one case, it is part of a composite 

178 repeat which also contains В and С like sequences. The occurrence 



of repeats in introns or close to unique coding sequences has been 

found in other systems as well and appears to be quite common. The 

significance of their presence remains unclear, however. They may 

be remnants of transposition events but a number of functions 

have also been proposed: for example, they could be involved in 

chromosome pairing, in DNA replication or in control of gene 

expression. The function of the repeats in the γ-crystallin region, 

if any, remains to be elucidated. 

179 
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ABSTRACT 

The six rat γ-crystallin genes, the genomic organization of 

which has been described in the previous Chapter have been 

studied in more detail. Here we present the nucleotide sequences 

of the 5' regulatory region, the exons and the small (5') intron 

of the six genes. 

The nucleotide sequence data show that the mosaic structure 

of these six genes is an invariant feature. Each gene has three 

exonic regions which are separated by introns, one of which is 

located after the third translation codon and one which is found 

after the eighty-fourth translation codon. The γ1-2 gene product 

is exceptional in that it has an extra amino acid residue encoded 

by the third exon. This mutation is probably due to a slide of 

the original splice junction. Furthermore, in the 5' flanking 185 



region and the 3' noncoding region of each gene the presence of 

regulatory signals needed for efficient transcription has been 

noted, indicating that all of the six genes may be expressed. For 

two of the genes, namely γ2-1 and γ3-1, this is actually proven 

by the presence of cDNA clones which are completely homologous to 

the gene coding sequences. The sequence data indicate that the rat 

γ-crystallin genes constitute two groups which have a different 

evolutionary history. Evidence is provided that the second group, 

comprising γ2-2, уЗ-1апау4-1, have diverged more recently f rom one 

another than the γΐ-l, γ1-2 and γ2-1 genes, the genes in the first 

group. The sequences between the first two exons of the genes 

are much better conserved than those between the third exons. 

This sequence heterogeneity of the third exon results mainly 

in amino acid changes in the third (a') motif of the protein 

sequence, but does not affect the amino acid residues which are 

involved in intramotif backbone structure. The conservation of 

these amino acid residues in each of the four protein motif se

quences of six rat γ-crystallins as well as in calf γ-crystallin 

II and in frog γ-crystallin shows the conservation of structure 

between the γ-crystallins throughout species, and indicates the 

functional importance of γ-crystallin protein structure. 

INTRODUCTION 

In the previous chapters we have described the isolation and 

characterization of six rat γ-crystallin genes. One of these genes, 

the γ3-1 gene, was sequenced and shown to be completely homologous 

to the cDNA clone pRI^-3 indicating that this gene is expressed. 

186 The comparison of the γ3-1 gene sequence with that of its mRNA 



shows that the coding sequence is interrupted by two introns. The 

first intron is found close to the 5' end; the second intron 

separates the regions encoding the two domains of the protein. 

Analysis of the other five γ-crystallin genes by restriction 

mapping and hybridization with various fragments of the cDNA 

clones indicated that these genes are structurally similar to the 

γ3-1 gene: they all contained a large intron in the middle of the 

gene. Analysis at this level is too crude, however, to show 

identity of structure. Furthermore we wished to determine whether 

all genes have an open reading frame and whether the 5' flanking 

and 3' non-coding regions of all genes contain the regulatory 

sequences known to be necessary for transcription. This question 

is especially relevant in the case of the γ4-1 gene which was 

shown to be located outside the cluster which contains the five 

other γ-crystallin genes: such a dispersed gene could well be a 

pseudogene. We therefore determined the nucleotide sequence of 

the coding and non-coding regions the 5' flanking region and the 

small 5' intron of the other five γ-crystallin genes and have 

compared these sequences with that of the γ3-1 gene reported in 

Chapter IV. 

MATERIALS AND METHODS 

Sequencing Strategy. 

Except for the γ3-1 gene (see also Chapter IV of this thesis) 

all of the DNA sequences were determined exclusively by the di-

deoxysequencing method as described by Sanger et al. (1977) using 

a synthetic oligonucleotide, described previously (Chapter III), 

as a primer on templates of subclones in M13mp8 and M13mp9 (Vieira jg? 



and Messing, 1982). 

The general Strategy for Subcloning of Gene Specific Sequences in 

M13mp8 or M13mp9. 

DNA (5 yg) of subclones of the genes in the plasmid vector 

pBR327, described in the previous Chapter, were partially digested 

with the restriction enzymes Rsal, Alul, Haelll or Sau3A. Each 

digest was extracted with phenol/chloroform and the DNA precipi

tated with ethanol. Subsequently the DNA was ligated to Smal or 

BaroHI digested M13mp8 and transfected into CaCl treated E.coli 

JM103 cells under the conditions described in Chapter IV. To 

obtain the γ-crystallin sequences of interest out of the pool of 

clones obtained, nitrocellulose filter replicas were made from 

agar plates containing sufficient white plaques. The absorption 

of phage to the nitrocellulose filters was essentially as descri-

bed previously (Chapter IV), except that the amplification step was 

omitted. Phage DNA was subsequently fixed by treating the filters 

exactly as described in Chapter V for the fixation of DNA from 

transformed colonies. The filters were hybridized with either the 

32 

P-labeled cDNA inserts of pKLy-2 or pRLy-S (see previous 

Chapter), or with a cloned genomic fragment of interest. The 

conditions for (pre)hybridization and washing of the filters were 

as described in Chapter V except that dextran sulphate was omitted 

from the hybridization mix. In some cases no overlapping clones 

were obtained, whereas from certain DNA regions only clones were 

found which had their insert in one orientation only. In such 

instances the DNA fragments concerned were doubly digested with 

the appropriate enzymes and subcloned either in M13mp8 or M13mp9. 



RESULTS 

The nucleotide sequence of the five γ-crystallin genes was 

determined following the sequencing strategy described under 

Materials and Methods. The sequences of these five genes, together 

with that of the γ3-1 gene, are shown in Fig. 1. Comparison of 

these sequences with that of the cDNA clone рКЬу-2 (see Chapter 

III), indicates that the γ2-1 gene is the one which encodes the 

mRNA whose copy was cloned as pRLY-2*. The sequence of the γ2-1 

gene is colinear with that of pKLy-2 but is interrupted, as is 

the sequence of the γ3-1 gene, by an intron in the middle of the 

gene. The cDNA clone ρΚΕ.γ-2 is too short to show the presence of 

the small 5' intron, however, a comparison with the γ3-1 gene 

sequence suggests that this intron is also present in the γ2-1 

gene. In all of the four other γ-crystallin genes coding sequences 

containing an open reading frame can be identified which are high

ly homologous to the ones found in the γ2-1 and γ3-1 genes (see 

below). At positions identical to those in the γ2-1 and γ3-1 

genes these coding sequences are interrupted by introns indicating 

that the mosaic structure of all of the six γ-crystallin genes is 

likely to be the same, namely three exons separated by two introns. 

The 5' intron is small (86 to 100 bp long) and is located after 

the third translation codon. The second, large (0.9 to 1.88 kb) 

intron is located in the middle of the gene, after the 84th trans-

* Wo te 

The nucleotides at position 64, 250, 263, 506 and 508 in the 

coding sequences of pRI^-2 (Chapter III) differ when compared to 

the sequence of the γ2-1 gene. Reexamination of the sequence of 

the cDNA insert of pRI/y^ showed that these differences were due 

to sequencing errors of this clone (see also Discussion). 



CAAT box ATA box 

TTCTTGCCAACACAGCAGCCATCCTGCTG ^ А Т А Т А Т А Т З А О С Т О С С А С Т С С Т О Т С С 

tl 

CAP 

CCAT ЕАсДсТСА 1 ACACATTACCCCCCA GGCCCCTTTTGT 

2 TCACTGGAAT 3GG CCCTTTTOTCJ TGATTTCCTGTGGAGGCAGCAGTCATGA CAGdTATATATACCftGA GGCGCTCCCCTAGAGCC Τ |САСАСГТС 

1 TCCCT CAGCCCGGA SGGCCCCTTTTOTC CAO TTCC GCTAACACAGCAACAACCCTCCTGC TATATA GA CCGGC CCCGCTCTGCC тфАСАІГТСА 

2 GCCCTG CCCCCCGC 3GGCCCCTTTTGTC CTG TTCCTGCCAACGCAGCAG ACCTCCTGC ГАТАТАТАТАІ GATCCCGC CGCGCCCAGCCCTATАГАІСТСА 

X GCCCTGTCCCCCCGC SGGCCCCTTTTGTC : T G TTCCTGCCAACGCAGCAG ACCTCCTGC ГАТАТАТАТА GACCC TGCTCCCAGCCCT^TACAlACCA 

1 GCCCTGTCCCACCGC 3GGCCCCTTTTGTC CTG TTCCTGCCAACGCAGCAG ACCTCCTGC ГАТАТАТАТА GACCC TGCTCCCAGCCCTítACAIArrA 

AC TGACCATTTGCTGTCA ACAAC G 

CCAGGGC ATCTCTTACTATCAGC GAG 

ACT CACCA CGGGTCAGC CAGCC 

ACTGAACCCTCCCATCCGACCCGCAAACAACAGCC 

ACAGCACCATCCCATCCGACCTGCAAACAACAGCC 

ACAGCACCATCCCATCC GCAAACAACAGCC 

50 

ATG GGA AAG 

ATG GGA AAG 

ATG GGG AAG 

ATG GGG AAG 

ATG GGG AAG 

ATG GGA AAG 

GTGAGCCAAGGGCGAACCCTCCAGGTC TGT TGAG TG CCCCCTCTGTGTGOGO 

GTAAGTCCCGGA ACCCTGACCTTT GCCCTCAAGCA GCATCCTT O 

GTGAGCAGAACGCAAACT A AAC GAAAAGTCAGAC TGAACCGCCTT G A T 

GTGAGCCCAGGGCA CC CAGAACGTGGGGAGG GACTT AC TCCT GGTC 

GTGAGCCCAGAGCATCCTCAG TCA GGGAAGG GACCTG CCCT GGGGTC 

GTGAGCCTAGGGCG CC CAGAACGTGGGGAGG GACTT AC TCCT GGGTC 

GATGCGGCTTCCGGTTAACCATGTGT TGTTACCCCT TCT CCTTTACAG'АТС ACC TTC TAC GAG GAC CGA GGC TTC CAG GGC CGC TGC 

CTGGCAGAAATCAATTA TTTGTCTGGT CCCCT CT CCCCTTACAG 

CAAGGAGCAAAAGATC TCAT TCAG AATTGCTCTT CCTTTACAG 

CAGGCCACATCAGGCC TCTG ACCCCTGC CTTGCC TTACAG 

CAGGCCACATCAGGCC TCTG ACCCCTGC CTTGCC TTACAG 

CAGACCACATCAGGCC TCTG ACCCCTGC CTTGCC TTACAG 

АТС ACC TTC TTC GAG GAC CGA GGC TTC CAG GGC CGC TGC 

АТС ACC TTC TAC GAG GAC CGA GGC TTC CAG GGC CGC TGC 

АТС ACC TTC TAT GAG GAC CGC GGC TTC CAG GGC CGC CAC 

АТС ACC TTC TAT GAG GAC CGC GGC TTC CAG GGC CGC CAC 

АТС ACC TTC TAT GAG GAC CGA GGC TTC CAG GGC CGC CAC 

TAT GAG TGC AGC AGC GAC TGC CCC AAC CTG CAG ACC TAC TTC AGC CGC TGC AAC ТСС АТС CGC GTG GAC AGT GGC TGC TGG 

TAT GAG TGC AGC AGC GAC TGC CCC AAC CTG CAG ACC TAC TTC AGC CGC TGC AAC TCC GTC CGC GTG GAC AGT GGC TGC TGG 

TAT GAG TGC AGC AGC GAC TGC CCC AAC CTG CAG ACC TAC TTC AGC CGC TGC AAC TCC GTC CGC GTG GAC AGT GGC TGC TGG 

TAT GAG TGC AGC АСА GAC CAC TCC AAC CTG CAG CCC TAC TTC AGC CGC TGC AAC TCT GTG CGC GTG GAC AGT GGC TGC TGG 

TAT GAG TGC AGC АСА GAC CAC TCC AAC CTG CAG CCC TAC TTC AGC CGC TGC AAC TCT GTG CGC GTG GAC AGT GGC TGC TGG 

TAT GAG TGC AGC АСА GAC CAC TCC AAC CTG CAG CCC TAC TTC AGC CGC TGC AAC TCT GTG CGC GTG GAC AGT GGC TGC TGC 

ATG CTC TAT GAG CGA CCC AAC TAC CAG GGC TAC CAG TAC TTC CTG CGA CGC GGG GAC TAC CCT GAC TAC CAG CAG TGG ATG 

ATG CTC TAT GAG CGA CCC AAC TAC CAG GGC CAC CAG TAC TTC CTG CGA CGC GGG GAC TAC CCT GAC TAC CAG CAG TGG ATG 

ATG CTC TAT GAG CGC CCC AAC TAC CAG GGC CAC CAG TAC TTC CTG CGA CGC GGG GAC TAC CCT GAC TAC CAG CAG TGG A T G 

ATG CTC TAT GAG CAG CCC AAC TTC АСА GGC TGC CAO TAC TTC CTT CGT CGC GGG GAC TAC CCT GAC TAC CAG CAG TGG A T G 

ATG CTC TAT GAG CAG CCC AAC TTC АСА GGC TGC CAG TAT TTC CTT CGT CGC GGG GAC TAC CCT GAC TAC CAG CAG TGG A T G 

ATG CTC TAT GAG CAG CCC AAC TTC АСА GGC TGC CAG TAT TTC CTT CGT CGC GGG GAC TAC CCT GAC TAC CAG CAG TGG A T G 

GGT TTC AGC GAC TCC ATT CGC TCC TGC CGT TCC ATT CCC TAT 

GGT TTC AGC GAC TCC ATT CGC TCC TGC CGC CTC АТС CCC CAA 

GGT TTC AGC GAC TCC ATT CGC TCC TGC CGC CTC АТС CCC CAT 

GGT TTC AGC GAC TCT GTC CGC TCC TGC CGC CTC АТС CCC CAC 

GGT TTC AGC GAC TCT GTC CGC TCC TGC CGC CTC АТС CCC CAC 

GGT TTC AGC GAC TCT GTC CGC TCC TGC CAC CTC АТС CCC CAC 

GTGAGTATTGCTGCAGCCGTGCTGGATGTGAGAACACTG Intron 

GTGAGTTTGGCTCTGTCCTCATTATTGGTCTCTGGAAAC Intron 

GTGAGTCCTGTTTTGAGTTCATTTCTTGCTGCCGAGGGG Intron 

GTGAGTCTAGATTCTCGTTAAGACGGGAGGGCACTGGGG Intron 

GTGAGTCTT TTCCT AGGGCCCCT Τ Intron 

GTGAGTCCC TACCT AGGGCCCCCTGG Irtron 

1.55 kb 

1.35 kb 

1.35 kb 

0.90 kb 

1.88 kb 

1.40 kb 

TCCTCTTCTGTCTTC 

CAACTGCTCTTTTCTCATCCTTTCTTT GTGT GAC AAGCAG 

CATTAGAACTGCT TCATCGTTGCTTTTCTCCTTTTCTGGACTTGC CAG 

GGTCAGGTTTTCTGACATCCTCTTGTCTGCTGTTCTCCCGAC АСА CAG 

GGTCAGGTTTTCTGACATCCTCTTCTTTACTGTTCCTTGGAC GCA CAG 

CTCACAACAG | ACC AGC TCT CAC AGG ATA AGG CTG TAC GAG AGA 

CACCCCCAGJ CAC TCG GGC ACT TAC AGA ATG AGG АТС TAC G АЛ AGA 

АСА GGT ТСС CAC AGG ATG CGT CTG TAT GAC AAA 

GCC GGC TCC CAC AGG АТС AGA CTG TAC GAG AGG 

TCC AGC TCT CAC AGA АТС AGG АТС TAC GAG CGA 

AGC TCT CAC AGA АТС AGG АТС TAC GAG CGA 

• TCC , 

|TCC , 



GAT GAC TAC CGG GGC CTT GTG TCT GAG CTC ACG GAA GAC TGT TCC TGC АТС CAC GAC CGC TTC CGC CTC ААС GAG АТС TAC 

GAT GAC TTC AGA GGA CAÁ ATG TCA GAO АТС АСА GAC GAC TGT CTC TCT CTT CAG GAT CGC TTC CAC CTC AGC GAG ATT CAC 

GAA GAT CAC AAA GGC GTC ATG ATG GAG CTG ACT GAA GAC TGC TCC TGC АТС CAG GAC CGC TTC CAC CTC AGT GAG GTG COC 

GAA GAT TAC AGA GGC CAG ATG GTA GAG TTC ACT GAG GAC TGC CCC TCT CTC CAG GAC CGA TTC CAC TTC AAT GAG АТС TAC 

GAG GAC TAC AGA GGC CAG ATG GTG GAG АТС АСА GAC GAC TGC CCC CAC CTG CAG GAC CGC TTC CAC TTC AGT GAC TTC CAC 

GAG GAC TAC АСА CGC CAG ATG GTG GAG АТС АСА GAC GAC TGC CCC CAC CTG CAG GAC CGC TTC GAC TTC AGT GAC TTC CAC 

TCC ATG CAT GTG СТА GAA GGC AGC TGG GTC CTC TAT GAG ATG CCC AAC TAC CGA GGC CGC CAG TAC CTG CTC AGG CCT GGA 

TCC CTC AAT GTA ATG GAG GGC TGC TGG GTC CTC TAT GAG ATG CCT AGC TAC AGA GGG CGC CAG TAC CTG CTG AGG CCG GGA 

TCG CTG CAC GTG СТА GAG GGC TGC TGG GTC CTC TAT GAG ATG CCT AAC TAC CGA GGC CGG CAG TAT CTG CTG AGG CCT CAA 

TCC CTC AAT GTG CTG GAG GGC TGC TGG GTC CTC TAT GAG ATG ACC AAC TAC AGG GGG CGA CAG TAC CTG CTG AGG CCC GGG 

TCT TTC CAC GTG ATG GAG GGC TAC TGG GTC CTC TAT GAG ATG CCC AAC TAC CGG GGG CGG CAG TAC CTG CTG AGG CCT GGA 

TCC TTC CAC GTG ATA GAG GGC TAC TGG GTC CTC TAC GAG ATG CCC AAC TAC CGG GGG ACG CAG TAC CTG CTG AGG CCC AGA 

GAC TAC AGG CGC TAC CAC GAC TGG GGC GCC ATG GAT GCC AAA GTC GGC TCT CTG AGA CGG GTC ATG GAT TTC TAC TAA 

GAG TAC AGG AGA TAT CTT GAC TGG GGG GCT OCA AAC GCC AAA GTT GGC TCT TTT AGA AGA GTC ATG GAT TTT TAC TGÍ 

GAO TAC CGC CGC TAC CAC GAC TGG GGC GCT GTA GAT GCT AAG OCA GGC TCT TTG CGG AGG GTG GTA GAT TTA TAC TAA 

GAG TAT AGG CGC TAC CAC GAC TGG GGC GCC ATG AAT GCC AGG GTT GGC TCT CTG AGG AGA GTC ATG GAT TTC TAT TAA 

GAA TAC AGG CGC TAC CAC GAC TGG GGC GCC ATG AAT GCC AGG GTA GGC TCT CTG AGG AGA АТС ATG GAT TTC TAT TGA 

GAA TAC AGG CGC TAC CAC GAC TGG GGC GCC ATG AAT GCC AGG GTG GGC TCT CTG AGG AGA АТС ATG GAT TAC TAT TGA 

Poly A signal Poly A 

GCCCCATT TTGCTTGTTACAACA CACAC 

GGC ATT TTGAGACTC Τ ATTTTCTCC 

AATAGG TGA ACGC TACCATTTTCTCATTTTGGi 

ATTGGTTTTTTACTC TACCC 

AATA TTTTTACTC TACCATTTTI 

ATTO TCTTACTG TGCCC TTTCATCATTTGGAAATT|AATAAjtoTATTTCCTGTOTGTTCCAT*AdCAA 

ATGC kATAAA TATACAACTTGTGTTCCTGC CAC 

TCTAGAAACI kATAAA »TATGTAGCTTATGATTCTGC CAC 

lAACd НАТААА BTATTTAGTCTGTATTGTTGC CA 

TTTCTCCATCTGGAAGCI kATAAA BTATTTTCTGTGTGTTCCCGC CAC 

CTCCATCTGGACATI kATAAA ATATTTCCTGTGTGTTTCATC CA 

TAAGTGGCGTCTCGCTTATCTT 

:AC AAGAG TCCTGCCTTTCTT 

CC TTGAC TTCTGTTATTCTT 

TGATTTGC TTCTGTGTTTTTT 

GTG TCCTCTGTTCATT 

FIGURE 1: The nucleotide sequence of the 5' non-coding and flanking region, the 3' non-coding region, the 

ехопэ and the 5' intron of the six rat γ-crystallln genes γΐ-l, γΙ-2, γ2-1, γ2-2, γ3-1 and γ4-1 (Chapter VI) 

are shown. Sequences specifying putative regulatory signals are boxed and denooinated. The putative 

nucleotide at which transcription starts is indicated with +1. № e open reading frames of the three exons 

are marked by lines around the first 5'- and last 3' codons. The ATG start codon and the stop codons are 

doubly underlined. The intronic, non-coding and flanking sequences have been aligned to achieve naximum 

homology between all of the six genes. Due to extensive sequence variation in these regions alternative 

sequence alignments are possible. The one chosen is therefore arbitrary. 



lation codon. All introns start with GT and end with AG in agree

ment with the GT-AG splice site rule of Breathnach et ai. (1978). 

Comparison of the Non-coding and Flanking Regions of the Six 

y-Crystallin Genes. 

A number of (consensus) sequences have been found in the 5' 

non-coding and flanking regions of eukaryotic genes which together 

determine the efficiency of transcription and its start site, 

namely the CAAT box (Efstratiadis et al., 1980; Benoist et al., 

1980) , the TATAT or Hogness box and the transcription start box 

itself (Corden et al., 1980). Such sequences were also found 5' to 

the γ3-1 gene (Chapter IV) and in all of the other γ-crystallin 

genes (see boxes. Fig. 1). When the sequences of the six genes are 

aligned at the putative transcription start site ( )ACA at +1, 

С 
then the first base of the sequence (TATA)TATA(ТА) is found at 

CC 

-32 for the γ 1-1 and γ 1-2 genes, at -27 for the γ2-1 gene (note 

that the TATA sequence between brackets is absent in this gene), 

at -33 for the γ2-2 gene and at -30 for both the γ3-1 and γ4-1 

genes. Further upstream, around -70, the sequence (G)GG(C)CCCTTTT-

GTG, possibly analogous to the CAAT box, is found in all six genes. 

The distance from the putative transcription start site to the 

first amino acid codon varies from 29 bp in the case of the γ2-1 

gene to 42 bp in the case of the γ2-2 and γ3-1 genes (Table I). 

The overall sequence homology between the 5' non-coding regions 

of the six genes is generally low (see Table II), although the 

sequence similarity found in this region for the γ2-2, γ3-1 and 

192 γ4-1 genes is about 76 to 88%. An even higher homology between 



TABLE 1: Length in bases of the indi

cated regions of the six rat γ-crye-

tallln genes γΐ-l, γ1-2, γ2-1, y2-2, 

γ3-1 and γ4-1. Except for the γ3-1 

gene (Chapter IV) the length of the 

large intron was estimated froei 

restriction enzyme mapping and may 
Table I 

therefore not be fully accurate. 

Gene 

γΐ-ΐ 

Yl-2 

Y2-1 

У2-2 

ГЗ-1 

γ4-1 

5'non-

31 

33 

29 

42 

42 

37 

Exon 

cod. 

1 

coding 

9 

9 

9 

9 

9 

9 

Intron 1 

100 

88 

92 

86 

87 

87 

Exon 2 

243 

243 

243 

243 

243 

243 

Intron 2 

1550 

1350 

1350 

900 

1880 

1400 

Exon 3 

coding 3· 

273 

276 

273 

273 

273 

273 

non-cod. 

63 

67 

69 

70 

69 

67 

these three genes is f ovina in the 5 ' flanking sequences. 

The 3' non-coding regions of the genes contain the poly A 

addition signals AATAAA (Proudfoot and Browlee, 1976) and the 

poly A addition sites. The distance between the translational 

termination codon and the poly A addition signal is relatively 

short and varies from 32 bp (γΐ-ΐ) upto 38 bp (γ2-2), which is 

followed by a constant distance of 21 bp (20 bp in the γΐ-ΐ gene) 

between the addition signal and putative addition site of the poly 

Α-tail. Thus, the 3' non-coding sequences are quite short and of nearly 

identical length (Table I). The overall homology between the six 

genes in the 3' non-coding region is higher than that in the 5' 

non-coding region, but still quite low, with a minimum of 41.9% 

(γΐ-ΐ gene versus γ2-1 gene. Table II). Again the 3' non-coding 

regions of the γ2-2, the γ3-1 and the γ4-1 genes show an exceptio

nally high homology. 



Conpared 
genes 

Yl-l/Yl-2 

γ1-1/γ2-1 

γ1-1/γ2-2 

Υΐ-1/γ3-1 

γ1-1/γ4-1 

Υ1-2Λ2-1 

γ1-2/γ2-2 

γ1-2/γ3-1 

Υ1-2/Υ4-Ι 

γ2-1/γ2-2 

γ2-1/γ3-1 

γ2-1/γ4-1 

γ2-2/γ3-1 

γ2-2/γ4-1 

γ3-1/γ4-1 

5· Flanking 

59,2 

59,8 

70,1 

67,0 

67,0 

52,6 

58,6 

56,6 

56,6 

71,6 

66,7 

65,6 

91,4 

90,3 

98,1 

5' non-cod 

36,8 

48,7 

45,2 

45,2 

42,9 

36,1 

40,5 

47,6 

42,9 

53,0 

50,0 

45,2 

85,7 

76,2 

88,1 

Εχοη 1 
coding 

nucí. s. 

100.0 

88,9 

88,9 

88,9 

100,0 

88,9 

88,9 

88,9 

100,0 

100,0 

100,0 

88,9 

100,0 

88,9 

88,9 

amino a. 

100 

100 

100 

lOO 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

Intron 1 

41,2 

44,0 

48,6 

48,6 

51,4 

39,3 

44,6 

39,0 

42,2 

53,0 

53,5 

52,9 

83,5 

95.5 

81,3 

Εχοη 2 

nucí. s. 

96,7 

96,7 

87,7 

87,2 

87,7 

99,2 

89,2 

88,9 

89,3 

89,3 

88,9 

89,3 

99,6 

98,8 

98,8 

amino a. 

93,8 

95.1 

85,0 

85,0 

83,0 

97,5 

86,0 

86,0 

85,0 

87,7 

87,7 

86,4 

100,0 

98,8 

98.8 

Exon 3 
coding 3· 

nucl. s. 

76,8 

79,1 

81,0 

79,1 

80,2 

70,3 

76,8 

77,2 

76,1 

77,7 

76,6 

74,4 

85,7 

83,9 

96,7 

amino a. 

66,0 

75,6 

77,0 

71,1 

70,0 

67,8 

76,7 

76,7 

73,3 

72,2 

66,7 

65,6 

82,2 

80,0 

96,7 

non-cod. 

49,9 

41,9 

48,0 

45,2 

45,8 

62,0 

62,0 

60,9 

60,0 

69,1 

67,6 

61,2 

79,4 

77,6 

81,В 

TABLE 2: Percent homology between regions of the six rat γ-crystallin genes γΐ-l, γ1-2, γ2-1, γ2-2, γ3-1 

and γ4-1. For determination of homologies between the first intron« the 5' flanking, 5' non-coding and 

3' non-coding regions the nucleotide sequences were aligned as indicated in figure i. Deletions or in

sertions were counted in the sense that every base deletion or insertion is one mismatch (Perler et al., 

1960). Deletions occurring at identical positions in the two genes compared were not taken into account. 

In some cases a somewhat higher homology between the regions mentioned above may be achieved when only 

the two genes compared are optimally aligned, instead of aligning all of the six genes. This however does 

not affect the overall picture of homologies between the different genes presented here. In determining 

the homology between amino acid sequences of the third exon of the γ 1-2 gene with each of the other genes, 

the extra amino acid at position 84 in the γ1-2 gene product was not counted. It should be noted that a 

lower percent homology is measured here between the γ2-1 and γ3-1 3' non-coding regions, than indicated in 

Chapter III. This abberance is due to extension of the regions over which the sequences are compared and 

to the alternative alignment of sequences used here (compare Chapter III); 

194 

The o v e r a l l sequence homology between t h e s i x genes i n a t h i r d 

non-coding r e g i o n , t h e small 5' i n t r o n , i s about the same as t h a t 

found for t h e 3' non-coding r e g i o n , about 50% (see Table I I ) . The 

sequence s i m i l a r i t y between t h e γ2-2, the γ3-1 and t h e γ4-1 genes 

i s again much h igher than t h e average. 

The fourth non-coding reg ion of the genes, the l a r g e i n t r o n , has 



only been completely sequenced in the case of the γ3-1 gene (see 

Chapter IV). Since the length of this intron varies between 0.9 

and 1.88 kb, it may be assumed that the overall homology of this 

region will not be high. 

Comparison of the Coding Sequences. 

In sharp contrast to the non-coding regions, the coding sequences 

of the six genes are highly homologous. In the coding region of 

the first exon, 9 bp long, one transition event has occurred which 

changed an A residue to a G residue (or vice versa) at nucleotide 

position 48 of the γ2-1, γ2-2 and γ3-1 genes (Fig. 1). Since this 

change is a silent one, it does not change the amino acid sequences 

encoded by these exons (see Fig. 2). 

The second exon is 243 bp long in all six genes. The lowest 

homology observed here is between the γΐ-ΐ and the γ3-1 genes, 

namely 87.2% or 31 mismatches. The highest homology, 99.6%, is 

found between the γ2-2 and the γ3-1 genes, which have only one 

mismatch. On the basis of their sequence similarity in the second 

exon, two groups of γ-crystallin genes can be distinguished: the 

first group consists of the γΐ-l, γ1-2, and γ2-1 genes, the second 

of the γ2-2, γ3-1 and γ4-1 genes. The average nucleotide sequence 

homology within these groups is 97% (group I) or 99% (group II). 

The two groups differ in amino acid sequence at 10 positions out of 

the 81 encoded by the second exon (group specific changes). Seven 

further "gene specific" amino acid changes are found: at five 

positions in only one gene, at a sixth position (83) in two genes 

(the γ 1-1 and γ 1-2 genes). 

The coding region of the third exon of five of the genes is 273 195 
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bp long, that of the sixth gene, the γ 1-2 gene, is 3 bp longer. 

The homology between the various genes in this region is, in 

general, lower than that found in the second exon: it varies from 

70.3% between the γ 1-2 and the γ2-1 genes to 96.7% between the 

γ3-1 and the γ4-1 genes. The division of the γ-crystallin genes 

into two groups is not obvious when the third exonic coding 

regions are compared: some of the genes in group I are more 

homologous to a member of group II than to other group I genes 

(see Table II). Since, however, the group II genes do show more 

homology amongst themselves than with any of the group I genes, 

we maintained the division of the γ-crystallin genes into the two 

groups mentioned above in the following discussion of the amino 

acid differences between the six genes in this region. 

Amino acid differences between the various genes are found at 

42 out of the 91 positions encoded by the third exon (the additio

nal amino acid of the γ 1-2 gene has not been taken into conside

ration) . Differences between the two groups are found at 19 

positions; at 17 out of these 19 positions the differences 

between the groups are accompanied by further changes within one 

or both groups. Gene specific differences are found at 23 posi

tions: at 8 positions changes from the most common amino acid at 

that position are found in at least two genes, while at 15 

positions changes in only one gene are found, all of these, 

except one, occur in group I. 

One gene specific mutation should be mentioned here since it 

has led to the presence of an additional amino acid in the γ 1-2 

gene. This additional amino acid is encoded by the first three 

base pairs CAC of the third exon of the γ2-1 gene. Since the 



y 1-1 

Tl-2 

t2- l 

т2-г 
YJ-1 

T 4 - 1 

GK Ι Τ F 

GK Ι Τ Γ 

G Κ Ι Τ F 

GK Ι Τ F 

GK Ι Τ F 

G Κ Ι Τ F 

c a i f - γ π G Κ Ι Τ F 

FroQ-Y 

10 

D R G F OlG 

0 R G F 0 

DR GF О 

DR G F O 

D R G F Q 

D R G F O 

D B G P Q 

R С Y E 

R С Y E 

R С Y E 

RB Y E 

R H Y E 

R H Y E 

20 

C S S D C P N L Q T Y 

C S S D C P N L Q T Y 

C S S D C P N L Q T Y 

C S T D H S N L O P Y 

C S T D H S N L Q P Y 

C S T D H S N L O P Y 

30 

F S R С N 

F S R С N 

F S R С N 

F S R С N 

F S R С N 

F S R С N 

H C Y O C S S N C P N L Q P Y F S R C N 

R V D S G C W M L 
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FIGURE 2 Conç>arleon of the six γ-eryetallin protein sequences ίγΐ-l to γ4-1) predicted frcm nucleotide 

sequences. Also inclxided are the protein sequences from calf y-crystallin II (revised from that presented 

in Chapter III by Wletow et ai., 1983) and the partial protein sequence of a frog γ-crystallin predicted 

from an inconçlete y-crystallin cDNA sequence (Tomarev et al , 1982) The one letter abbreviations reconmen-

ded by the IUPAC-IUB Conmission on Biochemical Nomenclature (Dayhof, 197Θ) are used A, alanine, C, cysteine, 

D, aspartiС acid. E, glutamic acid; F, phenylalanine. G, glycine. H, histidine, I, isoleucine; К, lysine, 

L, leucine. И« methionine. Ν« asoaragine, P
(
 proline, Q, glutamine, R, arginine. S, serine, Τ, threonine, 

V« valine. И, tryptophan, and Y, tyrosine. Ihe protein sequences start with the first residue (G), which 

is encountered in mature rat γ-cryetallin polypeptides (ref. in Chapter III). In numbering the residues 

position 84 which has a His in the γ1-2 gene product only was counted in for all other rat γ-crystalllns 

too. The lines above the sequences indicate the gene regions л, Ъ, л*, b' specifying the protein motifs 

(compare Chapter IV) The connecting peptide region is indicated with а с above a broken line Ihe 

residues which are located in the closed and stippled boxes are involved in intramotif protein structure 

(Blundell et al./ 19811 Chapters III and IV). The arrows indicate the residues, located in the i>- and І>' 

motif sequences, which are involved in packing the protein domains together. 



large intron of all the genes ends with CAG, it is likely that 

in the γ2-1 gene a G - С transversion has occurred in this 

triplet while a new splice site has been generated using the pre-

ceeding CAG. 

One of the characteristics of the γ-crystallins that distin

guishes them from the β and α crystallins is their high cysteine 

content (Slingsby and Croft, 1978; Wagner and Fu, 1978; Croft, 

1980). Cysteine residues in all of the y-crystallins are found at 

amino acid positions 18, 32, 41, 78 and 109 (Fig. 2). Group 

specific cysteine residues are found in all genes of group I at 

position 15 and 22, in the γ 1-1 and γ2-1 genes at position 111 

and in the γ 1-2 and γ2-1 genes at position 130. A group specific 

cysteine residue in all of the genes of group II is encountered 

at position 53. One additional cysteine residue in this group is 

located at position 130 in the gene product of the γ2-2 gene. 

There is no evidence for disulphide bridges in the mature 

γ-crystallin (Slingsby and Croft, 1978). However, recent studies 

by Wistow et al. (1983) have shown that the cysteine residue at 

position 15 in calf γ-crystallin II is highly exposed and could 

form an intermolecular disulphide in solution when oxidized, 

whereas under the appropriate oxidizing conditions the cysteine 

residues at position 18 and 22 could become involved in an intra

molecular bond. From their structural studies these authors could 

not discern a possible mechanism for SH-oxidation of the other 

four cysteine residues present in calf γ-crystallin II (compare 

Fig. 2). As only the group I gene products contain cysteine 

residues at position 15 and 22 (see above), only these γ-crys

tallins can undergo S-H interactions as described above for 



calf γ-crystallin II. In howfar and in what a way the remaining 

cysteine residues participate in SH-oxidation, a process shown 

to occur during aging in the rat lens (East et al., 1978; Askren 

et al., 1979), can for obvious reasons not be predicted from the 

primary structure alone. 

DISCUSSION 

We have described the sequence of two cDNA clones, рКЬу-2 and 

pRLy-S, in Chapter III. The mRNA cloned as pRLy-S was shown to 

be encoded by the γ3-1 crystallin gene (Chapter IV). We have 

shown here that the second cDNA clone, ρΜιγ-2, is closely homolo

gous to the γ2-1 gene: the differences observed in the coding 

sequence of the γ2-1 gene with that of ρΗΙιγ-2 are due to a mis

interpretation of the ρΗΙιγ-2 sequence data, mainly caused, by 

compression of the sequence (e.g. 506 and 508). The one remaining 

difference concerns the last three nucleotides of the 3' 

non-coding region of ρΚΙ<γ-2, namely CGA: in the γ2-1 gene GTC is 

found. This difference is either due to an artefact of the cDNA 

cloning or may be indicative of a polymorphism in the γ2-1 gene. 

The isolation of the two cDNA clones provides direct evidence 

that the γ2-1 and the γ3-1 genes are expressed. The other four 

γ-crystallin genes are homologous in structure and sequence to 

the γ2-1 and γ3-1 genes: all contain open reading frames and 

putative 5' and 3' regulatory signals. Hence the present sequence 

data indicate that all six γ-crystallin genes could be expressed 

in vivo. Furthermore, since Ramaekers et al. (1982) found only six 

different γ-crystallin polypeptides after in vitro translation of jgg 
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rat lens mRNA, there is no need to postulate additional mechanisms 

(for example, differential splicing as suggested by Shinohara et 

al., 1982)) to account for the diversity of γ-crystallin poly

peptides. 

The efficiency of hybridization of various fragments of the two 

cDNA clones, pRLy-2 and ρΚΕ·γ-3, with each of the six γ-crystallin 

genes suggested that these genes could be divided into two classes: 

one рМ>у-2 like and one pRLy-S like. This suggestion is confirmed by 

the sequence data. The division is most clearly seen when the se

quences of the second exon of the various genes are compared but 

becomes less obvious when the sequences of the third exon are con

sidered. However, the homology between the group II genes, γ2-2, 

γ3-1, and γ4-1 is remarkably high even in this region, which 

suggests that these genes have originated rather recently from 

a common ancestor. An in depth discussion of the evolutionary 

mechanisns involved in shaping the present γ-crystallin genes is, 

however, outside the scope of this discussion and should in any 

case await further information about the sequence of the large 

introns and the regions flanking the genes. 

Blundell et al. (1981) have elucidated the tertiary structure of 

calf γ-crystallin II: it consists of two homologous domains, each 

containing two "Greek key" motifs (regions a, b, a' and b') linked 

by a connecting peptide (see also Discussion, Chapter IV). The 

backbone of the intramotif protein structure is formed by four 

residues (enclosed in the solid boxes in Fig. 2). Two other residues 

which participate in maintaining the intramotif structure are en

closed by stippled boxes in Figure 2. All these residues are in

variant or conservatively changed in calf γ-crystallin II, frog 



γ-crystallin or the six rat γ-crystallins. The only exception is a 

nonconservative change from Phe/Tyr to His at position 98 in the 

rat y2-1 gene. Besides the residues mentioned above very few 

residues of the hydrophobic core of the protein motif sequence 

are invariant when the four motifs of calf γ-crystallin II are 

compared. Blundell et al. (1981) therefore argued that there 

should be several ways in which the same volume occupation of 

the side chains of amino acids in the core could be achieved 

while still allowing a very close three dimensional homology. 

Taking this in consideration we suggest that the amino acid 

variation between the six rat γ-crystallin genes, which is 

especially high in the third motif (a') of the protein sequence 

(compare Fig. 2), should not result in dramatic differences in 

the overall tertiary structure of γ-crystallin. The local 

structural alterations due to nonconservative changes between 

amino acid residues, accompanied by a change in interaction both 

with the solvent and with other residues in the amino acid 

sequence are difficult to predict from sequence alone and there

fore need computer aided comparison of each rat γ-crystallin 

sequence with the model described by Blundell et al.(1981) for 

calf γ-crystallin II. 

From a comparison of the deduced amino acid sequences of two 

γ-crystallin cDNA clones ρΜ,γ-2 and рЮ у-З with the amino acid 

sequence of calf γ-crystallin II (Chapter III), we previously 

suggested that the Gin in the connecting peptide of calf γ-crys

tallin II was deleted in the two rat γ-crystallin polypeptides. 

This suggestion must be revised here, because the nucleotide 

sequences of the six genes around the central intron indicate an 201 



Insertion of an extra His residue in the connecting peptide of 

the γ1-2 gene product rather than a deletion event in the other 

five genes. This insertion is most probably due to splice junction 

sliding (Craik et al., 1983): a mutation of the splice site has 

generated an additional coding triplet while the new splice site 

has shifted to the adjacent AG sequence. It has been observed that 

regions located at the surface of a protein allow more sequence 

variation because the overall effect of such variation on the 

tertiary structure of the protein would be relatively low (Craik 

et al., 1982). The variable length of the connecting peptide, four 

amino acids long in five of the rat γ-crystallin genes and five 

amino acids long in the sixth (the γ1-2 gene) rat γ-crystallin 

gene, the calf γ-crystallin II gene and frog γ-crystallin gene, is 

another example of this phenomenon. The fact that the additional 

amino acid in the γ1-2 gene is also found in calf γ-crystallin II 

and frog γ-crystallin indicates that this mutation was fixed in 

evolution at least 350 χ 10 yrs ago, namely before the amphibians 

and the mammals diverged. 
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The eye lens is an attractive system for studies of differenti

ation and aging. The lens never sheds its cells and therefore 

the core of an adult lens is formed by the original fetal tissue. 

Hence, the soluble structural lens proteins, the α-, β- and 

γ-crystallins, have been studied extensively with respect to their 

subunit composition and structure and their biosynthesis during 

development. However, little is known about the structure, the 

organization and regulation of expression of the a-, 3- and 

γ-crystallin genes. 

To address these questions we undertook molecular cloning of 

cDNA copies of size fractionated rat lens mRNA (Chapter II). With 

the aid of a hybrid-selection/translation assay several clones of 

the coding sequences of representatives of each of the three crys-

tallin classes α, β and γ, were identified. In these experiments 

one γ-crystallin cDNA clone hybridized with at least five different 

γ-crystallin mRNAs, indicating that the rat γ-crystallins are 

coded for by a family of closely related genes. 

The high degree of homology between the γ-crystallin mRNAs was 

demonstrated by the nucleotide sequences of the γ-crystallin cDNA 

clones ρΜ
1
γ-2 and рКІ у-З. Their nucleotide sequences show a 205 



homology of 85% (Chapter III). That the γ-crystallins are also 

very well conserved between different species is indicated by the 

fact that the amino acid homology between the two rat γ-crystallins 

is about as high (̂ 70%) as that between each of them and bovine 

γ-crystallin II. The prediction, made by others from amino acid 

sequence data and x-ray diffraction studies, that the present 

γ-crystallin gene has arisen through multiple duplications of a 

primordial gene sequence is also supported by the observed high 

intrasequence homology in both of the two cDNA sequences. Evi

dence is presented that the first duplication involved a sequence 

of about 120 nucleotides only, generating a gene encoding one 

γ-crystallin protein domain. The occurrence of a second, tandem 

duplication of these sequences became apparent when the structure 

of the rat γ3-1 gene was established from its complete nucleotide 

sequence (Chapter IV). It was shown that the coding sequences in 

the gene are interrupted by two noncoding regions (introns). 

The first intron in the mature gene is found after the third 

translation codon. The second intron is located between the gene 

segments encoding each protein domain and presumably resulted 

from the fusion of duplicate gene segments which yielded the 

mature γ-crystallin gene. No intron is found between the pri

mordial 120 nucleotide gene units which encode the γ-crystallin 

protein motifs. This clearly distinguishes the γ-crystallin gene 

from the structurally related murine g23-crystallin gene, since 

in this gene introns are present between the motif sequences. The 

difference in intron distribution between these two genes suggests 

that β- and γ-crystallins, which are structurally related, 

206 diverged before duplication of an ancestral gene encoding a pro-



tein domain. 

To establish the number and organization of the γ-crystallin 

genes in the rat, we undertook the molecular cloning of rat 

genomic DNA in cosmids (Chapter V). Besides five clones containing 

γ-crystallin sequences we obtained several clones of ßBla crystal-

lin sequences. The latter clones enabled us to identify a genomic 

region of approximately 60 kb in which only a single ßBla crys-

tallin gene is present. This indicates that the 3Bla gene is not 

closely linked to any other ß-crystallin gene, eventhough the 

various 3-genes must be evolutionary related and in that sense 

constitute a gene family. We furthermore showed that the $Bla gene 

extends over 15 kb of DNA. Since the size of its mRNA is only 

+_900 nucleotides, the coding sequences in this gene are inter

rupted by extensive intronic regions (13-14 kb). The number and 

location of these intronic regions within the $Bla gene has 

however still to be determined. 

The detailed genomic organization of the rat γ-crystallin gene 

family is presented in Chapter VI. Six different γ-crystallin 

genes were identified which represent the complete family of genes 

in rat. With the aid of several overlapping genomic clones we were 

able to map a DNA region, 65 kilobases in length, in which five of 

these genes are located all arranged head to tail with respect to 

transcription. Mapping studies further showed a remote location 

with respect to this cluster of the sixth gene. It cannot be ex

cluded that this gene is transposed to another chromosome. 

In Chapter VII we present the partial nucleotide sequence of the 

γ-crystallin genes and show that the coding sequences of all six 

genes are highly homologous. The sequence variation found is most 207 



prominent in that part of the third exon which encodes the third 

motif of a γ-crystallin polypeptide. 

Except for a one codon extension of the third exon of the γ 1-2 

gene, a mutation which is probably due to splice junction sliding, 

all genes encode polypeptides of an equal length of 173 amino acid 

residues. Furthermore all of the genes have a structure which is 

the saune as that of the γ3-1 gene i.e. the coding sequences are 

interrupted after translation codon 3 by a small approx. 100 

basepair intron, and after translation codon 84 by an intron 

which varies in length from 0,9 - 1,9 kilobases. 

In all of these genes the sequences known to be involved in 

eukaryotic gene transcription and in processing of the primary 

gene transcripts are conserved, which suggests that all of these 

genes may actually be expressed in vivo. 
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SAMENVATTING 

De ooglens is een aantrekkelijk systeem voor de bestudering van 

de biochemische veranderingen die plaatsvinden wanneer cellen 

differentiëren en verouderen. De reden hiervoor is dat ooglens-

cellen die men aantreft in de kern van een oudere lens afkomstig 

zijn van het oorspronkelijke foetale weefsel. Dit heeft ertoe ge

leid dat de wateroplosbare eiwitten van de ooglens, de α-, β- en 

γ-crystallines uitgebreid zijn bestudeerd, met name voor wat be

treft hun eiwitsamenstelling, htm struktuur en hun biosynthese 

gedurende de ontwikkeling van de lens. Daarentegen is er weinig 

bekend over de struktuur, de organisatie en de regulatie van de 

expressie van de genen die köderen voor α-, 3- γ-crystallines. 

Om deze vraagstelling te kunnen beantwoorden hebben we de 

moleculaire klonering van cDNA kopieën van rattelens mRNA, dat 

door een grootte-selektie vooraf was verrijkt in crystalline-

specifieke transcripten, ter hand genomen (Hoofdstuk II). 

Uit de in vitro vertaling van mRNA, dat met de verkregen cDNA 

klonen uit de totale rattelens mPNA populatie was geselekteerd, 

bleek dat een aantal van deze klonen specifiek hybridiseren met 

de mRNA1s die köderen voor crystallines. Op deze wijze werden een 

aantal cDNA klonen geïdentificeerd die de koderende sequenties 



bevatten voor één of meerdere eiwitprodukten behorende tot elk 

der drie crystalline klassen α, β en γ. Uit deze experimenten 

bleek verder dat een cDNA kloon, die kodeert voor een γ-crystal-

line in staat is om tenminste nog vier andere γ-crystalline mRNA's 

te selekteren. Hieruit kan reeds worden afgeleid dat de y-crystal-

lines in de rattelens gekodeerd worden door een familie van nauw-

verwante genen. Aan de hand van de nucleotide volgorde van twee 

verschillende γ-crystalline cDNA klonen рКЬу-2 en ρΜ.γ-3 werd 

voorafgaande bevinding verder onderbouwd. Het bleek dat deze cDNA 

klonen of nucleïnezuur niveau een homologie vertonen van 85% 

(Hoofdstuk III). Verder werd aangetoond dat γ-crystallines die 

afkomstig zijn uit verschillende species nauw aan elkaar verwant 

zijn en gedurende de evolutie sterk geconserveerd zijn gebleven. 

De aminozuur homologie tussen de twee ratte γ-crystallines is 

ongeveer even hoog (+_ 70%) als die tussen elk der ratte γ-crys

tallines en het γ-crystalline II van het rund. In elk van de twee 

γ-crystalline cDNA klonen werd tevens een hoge interne homologie 

waargenomen. Deze homologie sluit goed aan bij de aan de hand van 

aminozuurgegevens en röntgendiffraktie studies door anderen ge

dane voorspelling, dat het huidige γ-crystalline gen zou zijn 

ontstaan na meerdere duplikaties van een oergen sequentie. De 

waargenomen homologie geeft verder aan dat de eerste duplikatie, 

die resulteerde in een voorouderlijk gen dat kodeerde voor slechts 

een van de twee γ-crystalline eiwitdomeinen, een sequentie be

treft met een lengte van slechts 120 nucleotiden. 

Aan de hand van de volledige nucleotide volgorde van het ge

kloneerde ratte γ3-1 gen werd vervolgens de struktuur van het 

210 γ-crystalline gen opgehelderd (Hoofdstuk IV). Uit deze gegevens 



werd tevens duidelijk, dat er bij de vorming van het huidige 

γ-crystalline gen een tweede duplikatie, namelijk die van het 

domein-achtige gen, moet hebben plaatsgevonden. De koderende 

sequenties in het gen worden onderbroken door twee niet koderende 

regio's (introns). Eén van deze introns is gelegen tussen de twee 

gensegmenten, die elk köderen voor een eiwitdomein van het 

huidige γ-crystalline. Dit intron is waarschijnlijk het gevolg 

van een fusie van zo'n gedupliceerd voorouderlijk gensegment. Het 

andere intron werd aangetroffen na het derde translatie codon. 

Tussen de 120 nucleotiden-lange oergen eenheden, die elk köderen 

voor een γ-crystalline eiwitmotief, werden echter geen introns 

aangetroffen. Dit gegeven onderscheidt het γ-crystalline gen van 

het sequentieel- en struktureel verwante muize B23-crystalline 

gen, omdat er in dit gen wel introns zijn gelegen tussen de se

quenties die voor de ß23-crystalline eiwitmotieven köderen. 

Het waargenomen verschil in aantal en positie van de introns 

tussen de twee genen suggereert dat de β- en γ-crystalline 

families zijn gedivergeerd vóór duplikatie van het voorouderlijk 

gen, dat kodeerde voor slechts een van de twee huidige eiwitdo

meinen. 

Om het aantal en de genetische organisatie van de γ-crystalline 

genen in de rat te kunnen bestuderen, werd een zgr. "cosmide-

bibliotheek" gemaakt van het ratte chromosomale DNA. De isolatie 

van vijf cosmiden die γ-crystalline sequenties bevatten, wordt 

beschreven in Hoofdstuk V. Tevens wordt in dit hoofdstuk de gene

tische organisatie van het $Bla gen beschreven. Met behulp van 

verschillende ßBla klonen werd een chromosomaal gebied gedefini

eerd van ongeveer 60 kb in lengte, waarop slechts een ßBla gen 211 



is gelokaliseerd. Alhoewel is aangetoond dat de verschillende 

3-crystallines evolutionair aan elkaar verwant zijn en in die zin 

dus een genfamilie vormen, duidt de genetische organisatie van 

het ßBla gen erop dat in de direkte nabijheid van dit gen geen 

ander ß-crystalline gen is gelegen. Bovendien werd aangetoond 

dat de koderende sequenties van het 8Bla gen zich in een DNA ge

bied bevinden van meer dan 15 kb in lengte. 

Op grond van de grootte van het mRNA dat voor het ÜBla genprodukt 

kodeert (+_900 nucleotiden) moet worden aangenomen dat de kode

rende sequenties in het ßBla gen worden onderbroken door een of 

meerdere introns, die totaal rond 13 à 14 kb aan DNA omvatten. 

Het aantal en de positie van deze introns in het gen zijn nog 

onbekend. 

In Hoofdstuk VI wordt de genetische organisatie van de ratte 

γ-crystalline familie, die zes genen omvat, beschreven. Met be

hulp van zeven genomische (cosmid of faag λ) klonen werd vastge

steld dat in een aaneengesloten stuk DNA met een lengte van 65 kb 

vijf verschillende γ-crystalline genen zijn gelegen. Al deze 

genen blijken dezelfde oriëntatie van transcriptie te hebben. 

Kartering met unieke restriktiefragmenten, die gelokaliseerd 

zijn aan het 5' en 3' einde van het genkluster, gaf tevens aan 

dat het zesde gen tenminste 25 kb van een terminaal gen in het 

kluster is verwijderd. Een transpositie van dit gen naar een 

ander chromosoom kan niet worden uitgesloten. 

In Hoofdstuk VII tenslotte presenteren wij de partiële nucleo

tide sequentie van de zes γ-crystalline genen en laten we zien 

dat de koderende sequenties van deze genen een hoge mate van 

212 homologie vertonen. De meeste verschillen die er tussen deze 



sequenties worden aangetroffen, liggen in dat gedeelte van het 

derde exon, dat kodeert voor het derde motief van de γ-crystalline 

eiwitten. Vijf γ-crystalline genen köderen voor genprodukten met 

een lengte van 173 aminozuren. Het zesde gen, γ1-2, is één 

aminozuur langer ten gevolge van het verschuiven van de zg. 

"splice consensus sequence", waardoor er een extra codon in het 

derde exon van dit gen ontstaat. Alle γ-crystalline genen blijken 

dezelfde struktuur te hebben als het γ3-1 gen, dat wil zeggen; 

de koderende sequenties in de genen worden onderbroken door een 

klein intron van ongeveer 100 baseparen gelegen tussen het derde 

en vierde translatie codon en door een groot intron variërend in 

lengte van 0,9 - 1,9 kb dat tussen translatie codon 84 en 85 

wordt aangetroffen. Bovendien zijn de sequenties waarvan bekend 

is dat ze betrokken zijn bij de transcriptie van een eukaryotisch 

gen en bij de processing van een primair transcript in alle 

γ-crystalline genen gekonserveerd gebleven. Dit suggereert dat 

de zes ratte γ-crystalline genen ook in vivo tot expressie 

kunnen komen. 





De schrijver van dit proefschrift werd op 1 novenber 1949 te 

Eibergen geboren. 

Na het behalen van het MULO-A diploma in 1966 aan de St. 

Aloysius Muloschool te Groenlo en het diploma HBS-B in 1969 

aan de R-K. HBS Marianum te Groenlo, werd vanaf januari 1970 tot 

mei 1971 de militaire dienstplicht vervuld. 

In september 1972 maakte hij een aanvang met de studie scheikunde 

aan de Katholieke Universiteit te Nijmegen, waar in april 1975 

het kandidaatsexamen (S2) werd afgelegd. Het doctoraalexamen 

scheikunde met als hoofdvak Biochemie (Prof. Dr. H. Bloemendal 

en Prof. Dr. H.P.J. Bloemers) en als bijvakken Moleculaire 

Biologie (Prof. Dr. J.G.G. Schoenmakers) en Organische Chemie 

(Prof. Dr. J. van Boom, Rijks-Universiteit Leiden) werd in april 

1979 behaald. 

Vanaf mei 1979 tot mei 1983 was hij - in dienst van ZWO - werk

zaam als wetenschappelijk medewerker op het Laboratorium voor 

Moleculaire Biologie aan de Katholieke Universiteit te Nijmegen. 

In deze periode werd het in dit proefschrift beschreven onder

zoek verricht. 

Sinds 1 augustus 1983 is hij als wetenschappelijk medewerker 

verbonden aan het Centraal Diergeneeskundig Instituut, afdeling 

Virologie, te Lelystad. 





STELLINGEN 

1. Op grond van de intron-exon verdeling van een γ- en een ß-crys-

talline gen ligt het meer voor de hand te veronderstellen dat 

deze genen onafhankelijk van elkaar zijn gedivergeerd vanuit een 

gezamenlijke voorouderlijke sequentie coderend voor ongeveer 40 

aminozuren dan, zoals door Driessen ot al. wordt gesuggereerd, 

dat deze genen pas zi")n gedivergeerd na twee opeenvolgende tandem 

duplioaties van deze sequentie. 

Dit proefschrift, hoofdstuk IV 

Inana, G., Piatigorsky, J., Norman, В., Slingshij, С. and fílundcl 1, 

T. (1983) Nature 302, 310-315 

Driessen, H.P.C., Herbrink, P., Bloemendal, H. and de Jona, W.W. 

(1981) Eur. J. Biochem. 121, 83-91 

2. De conclusie van Inana et al. dat de ß-crystalline cDNA cloon 

pMßCrl onder de toegepaste hybridisatie condities óók γ-crystalline 

mRNA's selekteert, wordt onvoldoende experimenteel onderbouwd. 

Inana, G., Shinohara, T., Maizcl, J.V., Jr. and Piatigorsky, J. 

(1982) J. Biol. Chem. 257, 9064-9071 

3. Bij de toepassing van het vaccinia virus vector-systeem voor de 

ontwikkeling van polyvalente vaccins moet men er rekening mee 

houden dat een dergelijk vaccin mogelijk geen mucosale immuun-

respons opwekt. Indien dit het geval is verdient het de voorkeur 

een ander vector-systeem te ontwikkelen voor de bereiding van 

vaccins die gericht zijn tegen virusinfec*-iof die zich aan de 

slijmvliezen manifesteren. 

Panicali, D., Davis, S.W., Weinberg, R.L. and Paoletti, E. (1^83) 

Proc. Natl. Acad. Sci. USA 80_, 5364-5368 

Smith, G.L., Mackett, M. and Moss, В. (1983) Nature 302, 490-495 



4. De door Seliger et al. beweerde verbetering van de synthese van 

DNA fragmenten blijkt niet uit de sequentie analyse van het door 

hen gesynthetiseerde oligonucleotide. 

Seliger, H., Scalfì, С. and Eisenbein, F. (1983) Tetrahedron Lett. 

2±, 4963-4966 

5. Onderzoek naar de invloed van klimaat- en huisvestingscondities 

op de immuunrespons is slechts dan relevant wanneer vooraf uitge

sloten wordt dat verschillen in immuunrespons het gevolg kunnen 

zijn van verschillen in darmflora en infektiedruk. 

6. De wetenschappelijke belangstelling voor het onderzoek betreffende 

de integratie van heterologe genen in de kiembaan van muizen mag 

niet leiden tot een zodanige publicatiedrift dat er te weinig 

aandacht wordt besteed aan de diepgang van het onderzoek en de 

uitwerking van de bewijsvoering. 

Wagner, E.F., Covarrubias, L., Stewart, T.A. and Mintz, В. (1983) 

Cell 35, 647-655 

Brinster, R.L., Ritchie, K.B., Hammer, R.E., O'Brien, R.L., Arp, 

B. and Storb, U. (1983) Nature 306, 332-336 

7. De veronderstelling dat een kippe δ-crystalline cDNA cloon heeft 

bijgedragen aan de door Hejtmancik en Piatigorsky geleverde bewijs

voering voor de diversiteit van de kippe ß-crystallines is onjuist 

en doet afbreuk aan het eigen karakter van het δ-crystalline. 

Berbers, G. Proefschrift, Katholieke Universiteit Nijmegen (1983), 

ρ 18 

Hejtmancik, J.F. and Piatigorsky, J. (1983) J. Biol. Chem. 258, 

3382-2287 



De 4, 4', 4''-tris(benzoyloxy)tritylgroep is te stabiel om met 

succes te worden toegepast als selectief afsplitsbare beschermende 

groep bij de synthese van oligonucleotiden. 

Sekine, M. and Hata, T. (1983) J. Org. Chem. 48_, 3011-3014 

Het puur op research gerichte karakter van natuurwetenschappelijke 

opleidingen gaat voorbij aan het feit dat voor een beroepshalve 

goed functioneren in de maatschappij ook kennis op het terrein van 

management noodzakelijk is. 

Het door Francesco Moser scherper gestelde werelduurrecord is meer 

het gevolg van een wetenschappelijke dan van een uitzonderlijke 

sportieve prestatie. 

Nijmegen, 23 maart 1984 Rob J.M. Moormann 








