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CHAPTER I

INTRODUCTION

All living beings on this earth are branches of the tree of life that germinated in a
primeval environment billions of years ago. The ultimate challenge to todays biologists is to
unravel the processes that led to the spontaneous generation of life and the subsequent
formation of the first cell in this environment as it is this cell that served as the primordium of
the tree of life. At this time the steps that led to the generation of life are ill understood and it
has even been suggested that this unique event did not occur on earth but that its ultimate
origin is extra-terrestrial.
A prerequisite for the generation of life must have been a molecule capable of selfreplication: a nucleic acid. The question whether this nucleic acid was a ribonucleic acid
(RNA) or a deoxyribonucleic acid (DNA) is not yet answered. The recent discovery that some
RNA molecules can perform specific 'enzymatic' reactions [1] has forced a reconsideration of
this issue. The next step in the evolution of life was the emergence of a machinery capable of
translating the nucleic acid sequence into the functionally far more versatile polypeptide
chains. Recent findings on the genetic code used in the mitochondrial genome [2] suggests that
life started with a simple genetic code, involving fewer tRNA species and fewer anticodons
than used in the complex present machinery. Consequently the earliest translation machinery
translated with a greater infidelity.
In the beginning of life the genome size must have been very small. New polypeptide
chains with novel functions were only likely to arise from a novel combination of short oligomeric repeats [3] or by using the alternative reading frames of pre-existing ones [4]. The unit
length of these oligomeric repeats cannot have been a multiple of three (the length of a codon)
since otherwise such repeats would not have sufficiently long alternative open reading frames.
In many genes these short oligomeric repeats can still be identified; they are termed the
'building blocks' of a gene [5]. Additional coding capacity could finally only be obtained by
enlarging the genome. Basically two mechanisms can be envisaged for this: direct 'random'
DNA synthesis or duplication of (part of) the genome. Therefore, the mechanism is not
thought to have played a major role during evolution although it might be responsible for at
least some of the simple sequence DNA found in the genome of the higher eukaryotes (see
below). Gene or genome duplication then is probably the mechanism responsible for the
increase in genome size throughout evolution. Traces of this process can still be discerned.
However, since DNA evolves, even without selective pressure, at a very slow rate the
mechanism of gene duplication followed by random mutation is not sufficient to account for
the generation of so many functionally novel proteins. One rapid way to generate new
functional entities is by reshuffling pre-existing ones. Although opinions are not completely
settled on this issue, it is very likely that the earliest genes were split in exons and introns [6].
Probably an exon initially coded for a part of a protein that formed a complete three
dimensional folding unit of its own [7]. The exons of a gene therefore often carry complete
protein subdomains coding for a specific functional entity. A simple regrouping of these
existing functional subunits by genetic recombination is than a relatively easy way to generate
a potentially new functional unit.
Gene duplication has led to the emergence of gene families. A few gene families comprise
a large number of (identical) members and code for products which are abundantly needed in
almost every cell type. For instance, the human genome is estimated to contain 30-40 histone
genes, 280 genes coding for 18S/28S RNA, 1300 tRNA genes and 2000 5S RNA genes. Other
gene families are used to achieve a fine tuning of the existing genetic capacity. Such gene
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families consist of a set of usually (linked) genes encoding similar but slightly different
products. The differential expression of the members of such a gene family can provide
products adapted to different functional needs.
Within most gene families a clear gradient of homology between the various members can
be detected. An evolutionary tree can be constructed, based upon the differences in
homology. This tree traces the course of gene duplications by which the gene family arose
from a common ancestral sequence. The length of the branches of this tree can be related to
the evolutionary time scale and its nodes often mark the radiation of species.
By multiple gene and genome duplications the simple genome of the first primitive cell
could have given rise to the complex genomes found today. If these had been the only
processes then the long history of the DNA molecules might be unraveled relatively easily.
However, contrary to earlier beliefs, the organization of the genome is not static but very
fluid. The information stored in DNA molecules is continuously rearranged, duplicated,
deleted, inverted, reintegrated, converted, dispersed, exchanged etc. These processes have
disrupted the ancestral genome organization in an unpredictable manner. In the last decades
man has become able to read the DNA sequence but the significance of the information
contained within it often remains obscure. At this time we essentially divide the sequence
elements of the vertebrate genome into only three categories: the genes, repeated DNA
elements and non-coding unique intergcnic DNA. These three categories will be discussed
briefly below.

THE GENES
A gene is the basic element of any genome. Most mammalian genes are discontinuous, they
are broken up into alternating regions of exonic and intronic sequences.
Exons
Exons have an average size of 120-150 bp [8]. In most cases the mRNA is built up out of
several exons thereby providing the protein coding sequences as well as the 5' and 3'
untranslated regions of the mRNA. RNA transcription usually initiates at a CpA dinucleotide
and exon 1 therefore often starts with an A residue. The mature RNA transcript is capped at
its 5' end and as far as known today no 5' non-coding sequences of the RNA are essential for
this process. A limited sequence conservation can be observed surrounding the ATG initiation
codon [9]. The 3' non-coding region of a gene carries signals for a proper polyadenylation. The
poly-A addition sequence, AATAAA, precedes by 16-30 bp the poly-A addition site which is
most frequently a CpA sequence. Recently sequences responsible for the RNA stability have
been identified within the 3' non-coding region [10]. It is not known whether in general
mRNA stability is determined by the sequence of the 3' non-coding region or whether other
parts of the mRNA, such as the protein coding sequences, are also of importance. Sequences
signalling the transcription termination are probably located downstream of the 3' non- coding
region of the genes.
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Introns
Introns vary considerably in length from a minimum of about 0.04 to >100 kb [8,11]. For
unknown reasons intronic sequences tend to increase considerably in length towards the 3' end
of a gene. The best studied intronic sequences are those which are responsible for or involved
in their own removal from the primary RNA transcript [11]. Correct splicing is presumably
facilitated by a small conserved region whose borders cannot be exactly identified but which
bridges the exon/intron boundary. Only the two dinucleotides at the splice donor (-GT-) and
splice acceptor sites (-AG-) are conserved perfectly. Recently, another conserved intronic
sequence essential for the splicing process, the so called branch point, has been identified
some 20-30 bp from the 3' end of an intron [12]. Intronic sequences presumably could also be
involved in the regulation of differential and/or tissue specific RNA splicing but very little is
known about this subject. Introns may further carry enhancer sequences modulating gene
expression [13], repetitive DNA, simple sequence DNA (ssDNA) and even other genes [14]
but all such sequences are specific for each gene studied.
5' gene flanking sequences
In this region the elements are located which are involved in or required for the initiation of
RNA synthesis. Only a few sequence elements are conserved and found in front of most
eukaryotic genes. Some 30 bp preceding the transcription initiation site of most genes the
TATA box is found which is essential for a correct positioning of the transcription initiation.
Further upstream other structural elements are located which are involved in the transcription
by RNA polymerase II. The best known example of these sequences is the so called CCAAT
box located some 70-90 bp upstream from the transcription initiation site (see for instance
[15]). This CCAAT box influences mainly the rate of transcription. Other conserved sequence
elements have been identified but these are mainly specific for groups of genes and not
common to virtually all genes. Some genes have no TATA or CCAAT boxes but have a 5'
flanking region which is extremely GC-rich [16]. Sequences responsible for either hormone
dependent, metal induced, tissue specific or stage specific gene expression are also often
located within the 5' gene flanking region. Such sequences, which modulate the expression,
can even be found very far upstream (>6 kb) from the genes [17,18]. At present, only a few
of such elements have been carefully studied and in general our knowledge about their exact
location or their sequence is very limited.
3' gene flanking sequences
This region contains the sequences involved in polyadenylation and transcription termination.
Sequences involved in the processing of the 3' end of the RNA are thought to be located
directly downstream (<50 bp) from the poly-A addition site [19,20] and they show a limited
sequence conservation. The experimental identification of sequences involved in the
transcription termination has only recently been described. The termination sites are located
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at varying distances from the genes and until now no conserved sequences blocks could be
identified [21].
REPEATED DNA ELEMENTS
The repeated DNA can be divided into three classes of increasing complexity: simple sequence
DNA (ssDNA), satellite DNA and repetitive DNA.
Simple sequence DNA
The term 'simple sequence DNA' is used in many different meanings but we use it here only
to define DNA regions built up out of tandemly repeated elements of mono-, di-, tri-, tetra-,
etc nucleotides such as for example (TG)^. ssDNA can be found anywhere in the genome
although many elements are located near 'mobile' DNA [22]. Its origin as well as its possible
function have been widely speculated upon. There is suggestive evidence that these sequences
are hotspots for recombination (unequal crossing over) [23], can alter the normal DNA
structure (Z-DNA; [24]) and may have some effect on the expression of genes located nearby.
• Satellite DNA
Satellite DNA is so called because its different buoyant density allows it to be separated from
the bulk of DNA. Although its sequence and structure differs from species to species the
organization of this DNA can be envisaged as a more complex form of ssDNA. In man it is
build up out of units of ~170 bp, tandemly repeated many times [25]. Local differences which
are again repeated make up more intricate structures of increasing complexity. This type of
DNA, including alphoid DNA, is primarily located in the centromeric region of chromosomes
and subtypes of the consensus sequence can be chromosome specific [26].
Repetitive DNA
Repetitive DNA consists of families of sequences of different lengths which are repeated up to
more than 105 times in the genome. Some families can be found in several organisms and,
although their homologies are variable, they may have common evolutionary origins (for refs.
see [27]). Repetitive elements are often subdivided on the basis of the repetition frequency in
highly repetitive, moderately repetitive etc. classes but no clear distinctions between these
classes exist. Therefore we will only use the general term 'repetitive DNA' to indicate these
sequences.
A typical high-copy number repetitive DNA clement terminates at its 3' end in a (A),,
sequence and is bordered on both sites by a duplicated sequence of some 7-20 bp, the direct
repeats (DR). These elements must be mobile within the genome to achieve their high copy
number. The poly-A tract indicates that they are probably copied via RNA intermediates, a
process which involves a reverse transcriptase activity. Upon (re)integration their insertion
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target site is duplicated, thereby giving rise to the DR's. These repetitive elements are often
indicated by the term
The mobility of the repetitive elements may explain their high copy number but it does
not explain the reason for their existence nor does it give any clue to a possible function of the
elements. The functional importance of these elements has often been alleged but never
proven. It is, however, highly likely that they influence the sequences neighboring their
integration site. It has also been demonstrated that recombination between these sequences
can result in genetic defects [28,29].
According to their lengths, repetitive DNA elements can be subdivided in 'short inter
spersed repetitive sequences' (SINEs) and 'long interspersed repetitive sequences' (LINEs).
LINEs:
one major LINE family has been found in the species studied in this thesis. This
LINE is found in all mammals studied and will be referred to as LIHs (LINEl-Homo sapiens)
in man, LIMd in mouse and LIRn in rat. LI is found in some 105 copies in the murine
genome [30] and is 6-7 kb long. Its members are often truncated. In most cases truncation has
removed the 5' end of the repeat and consequently the 3' end of the repeat is the most
repetitive part. In contrast to the SINE's discussed below, LI is a polymerase II transcription
unit [27] and its consensus sequence contains large open reading frames [31]. As LI is
conserved in mammals it may have an ancient history of function or it may be a pseudogene of
an until now undiscovered gene.
SINEs:
although in man several SINEs have been identified one major family, the Alulrepetitive elements, prevails. The Alu-repeat consists of a dimeric sequence of ~300 bp and
can be found in some 4 χ 10s copies in the human genome (~5% of the genome!). The Alu
like repetitive elements contain within their 5' end two conserved sequence blocks, together
comprising the bipartite RNA polymerase III promotor. In hamster, mouse and rat a similar
repetitive DNA element is found although in these species it consists of a monomer of —140
bp. Several families of evolutionary related repeats can be identified in rodents, namely the
Alu-type I (or Bl) and Alu-type II (or B2) [32,33]. In rat even a third element of this class,
the rat brain identifier sequence [34], is found. This element shows a high degree of homology
to the B2 sequence but is considerably shorter. Transcripts of the latter sequence are
preferentially found in rat brain tissue [34] although other tissues contain them as well. Recent
observations suggest that the type II Alu-repeats may have evolved from tRNA-genes [35],
while the type I Alu-repeats may be pseudogenes of the 7S RNA gene [36].

NON-CODING UNIQUE INTERGENIC DNA
The actual coding capacities of the genomes of the higher eukaryotes appear to be much less
than what might be expected from the very large sizes of these genomes. Experiments show
that only about 2-3% of the DNA sequence is ultimately found in mature RNAs. Estimates
lead to the following, rough calculations. The human genome carries some 25,000-50,000 genes
of which about 10,000 members are expressed in anyone cell in anyone tissue. Assuming that
all DNA is needed for the genes, then each gene would occupy between 50 and 100 kb.
Although some genes are thought to be that large [37], a more reasonable estimate for the
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length of an average gene is ~10 kb. The average intergenic distance must then be around
50 kb. The question arises whether these large apparently non-coding regions serve any
function. In this respect, it is instructive to compare the complexity of the genomes between
different organisms. The genome of a simple bacterium like Escherichia coli contains some
three million basepairs (bp). The immense genetic archive of man is a factor thousand more
complex and made up out of some three billion bp. In nature still bigger genomes can be
found; the genome of a lily contains nearly 1010 bp. The genome of prokaryotes is very
compact and its size is just sufficient for its codogenic information. In contrast, as argued
above, in higher eukaryotes the genes occupy only a small part of the total genome. It is now
generally believed that as a consequence of the evolutionary pressure for rapid growth and
thus rapid replication, genes of prokaryotes and lower eukaryotes lost all of their in tronie and
most of their intergenic sequences; they needed to streamline their genome [6]. The reverse of
this argument is, of course, that the higher eukaryotic genome has not been streamlined,
which implies that these genomes do contain an excess of DNA. The excess of DNA is already
present within the eukaryotic genes themselves: the genes are interrupted by long stretches of
DNA (the introns) which are removed from the primary RNA transcript (spliced out) before
the RNA can be translated. Although functional regions, such as enhancers, may be present in
introns, there is at this moment no known function for the introns themselves. For example,
differences in the intron/exon structure of related genes as a consequence of intron loss do not
seem to affect the function of these genes [38]. Introns may ease the evolution of new
proteins by exon shuffling but it is difficult to imagine a mechanism that maintains the introns
at present to insure a nebulous advantage in the future. Introns may thus be merely selectively
neutral, evolutionary relics.
Similarly, the large non-coding intergenic regions may be due to the extreme inefficacy of
the mechanism of gene duplication as a means of creating new genes [39]. The excess of
genomic DNA in vertebrates could be the result of a lack of selective pressure on the genome
size as a prerequisite for a short generation time like in prokaryotes. It must be kept in mind,
however, that little is known about the functional requirements of the chromosomes and of the
organization of genes therein. For example, chromosomal domains have been postulated to
exist but the possible size or sequence constraints on such domains are unknown. At this time
the vertebrate genome cannot be manipulated directly and studies aimed at identifying
evolutionary mechanisms or functional regions within these genomes have to rely on
comparative sequence analysis. Such an analysis of the genes encoding the eye lens specific ßand γ-crystallins is reported in this thesis.
THE SUBJECT OF THIS THESIS; CRYSTALLIN GENES
The crystallins and more specifically the genes encoding the β- and γ- crystallins are the
subject of this thesis. Crystallins are the water-soluble, structural proteins of the eye lens.
They comprise more than 90% of this protein fraction and in most mammals one can discri
minate three major classes: α-, β- and γ-crystallins. In birds and reptiles another crystallin
class, δ-crystallin, is found instead of the γ-crystallins (see [40,41]).
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β- and y-crystallins
At first glance the β- and γ-crystallins appear to be two quite different protein families. The
ß-crystallins are a diverse group of proteins, varying in Mr from 23,000 to 30,000, and are
found as oligomers. In contrast, the γ-crystallins are a homogeneous group of monomeric
proteins with Mr ~22,000. However, molecular modelling studies have indicated that the
polypeptide chain of a ß-crystallin folds in a manner similar to that established by X-ray
diffraction studies for the v-crystallins [42]. Therefore, β- and γ-crystallins are homologous
proteins and represent two branches of a protein super-family. Differences between β- and γcrystallins are mainly found at the extremities of the proteins. In contrast to the γ-crystallins,
the ß-crystallins (except ßs) are acetylated at their N-terminus and they carry N- and Cterminal extensions [43]. These extensions, particularly the longer N-terminal ones, are
thought to be responsible for the aggregation of the ß-crystallins [43].
The X-ray diffraction analyses have shown that a γ-crystallin is a highly structured,
globular protein [44]. The protein body consists of two similar halves, the protein domains,
which are joined by a short stretch of amino acids designated the connecting peptide. Each
domain again consists of two similar entities, the protein motifs (I-IV). Motifs I and III face
the outside of the protein molecule while motifs II and IV face the inside and are responsible
for the inter-domain interactions [44].
Sequencing studies have shown that the two domains are encoded by two homologous
DNA sequences while each 'DNA domain' again is built up out of two similar 'DNA motifs'
[45]. This suggests that the present β/γ-crystallin proteins originated from successive
duplications of an ancestral 'one motif sequence.
At the genetic level the presence of intra-domain introns distinguishes the ß-crystallin
genes from the γ-crystallin genes ([42], chapter III). This genetic difference suggests that the
evolutionary pathways of the two gene families diverged early in the course of their evolution.
ß-crystallins
In the lens of most higher vertebrates several primary ß-crystallin gene products are found. Six
to seven ß-crystallins could be identified in bovine [43], chicken [45], murine [46] and rat
lenses [47]. Based on their electrophoretic behaviour they are subdivided in three groups: an
acidic group (ßA), a basic group (ßB) and the single protein ßs. In calf lens the primary
products within the acidic group are designated βΑ1-βΑ4 while those of the basic group are
called βΒ1-βΒ3.
Although several ß-crystallin proteins and cDNA's have been sequenced, only a few of the
corresponding gene structures have been elucidated. The first published structure, that of the
murine b23-gene (βΑ1/Α3) [42], was based on indirect evidence and turned out to be partly in
error (chapter III, [48]). However, the main conclusion of this study, namely that the body of
the protein corresponding to the two protein domains is encoded by four exons, was confirmed
by our own analysis of the structure of the rat ßBl gene (chapter III). In this gene each
protein motif is encoded by a separate exon. The exon encoding the fourth motif also contains
the mRNA 3' untranslated region. Our studies further showed that the N-terminal extension is
also encoded by a separate exon. In addition, we found that the ßBl-gene contains a small
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first exon, comprising the 5' mRNA non-coding sequences. The structure of the human
ßAl/A3-gene which has been published very recently [48], turns out to be the same as that of
the rat ßBl-gene.
Recently the primary structure of a bovine bs cDNA has also been elucidated [49]. The
predicted amino acid sequence of this protein resembles that of a γ-crystallin more than that of
a ß-crystallin. The protein carries a N-terminal extension of only four residues and its Nterminus is not acetylated. The structure of the ßs gene is not known yet but from an
evolutionary point of view it may be an interesting intermediate between a β- and a γ-crystallin
gene.
Little is known about the chromosomal organization of the ß-crystallin genes. The rat
ßBl-gene was shown to be located in a region of some 70 kb of DNA in which no other ßcrystallin genes were found suggesting that the ß-crystallin genes are dispersed ([50], chapter
III). On the other hand in rat and man the ßB3 and ßB2 genes are closely linked indicating
that some degree of gene linkage exists within this gene family (H. Aarts, unpublished).
y-crystallins
Most mammals contain several highly conserved γ-crystallin proteins. Estimates of the exact
number differ but recent experiments have shown that calf, rabbit, mouse, rat and man
contain 5-7 γ-crystallins (for refs. see Appendix B). The proteins are highly homologous and at
least in rat and man they are encoded by a gene family whose members are closely linked
[50,51].
A γ-crystallin gene contains three exons (chapters IV and VI). Exon 1 contains the 5'
untranslated region of the mRNA as well as the coding information for the first three amino
acids. Exons 2 and 3 each encode one protein domain while exon 3 also contains the 3' noncoding region. As in a ß-crystallin gene, the intron/exon junctions of this gene correspond to
the domain boundaries of its encoded protein product.
Only of the rat γ-crystallin gene family are all the members cloned and sequenced ([50],
chapters VI and VIII). Five of the six rat γ-crystallin genes are closely linked within 45 kb of
DNA while the sixth rat gene is more distant. In man a similar situation exists: seven γcrystallin sequences were identified of which six have been cloned and sequenced. Four of
these are normal and two are defective genes (pseudogenes). At present, four of the human
genes are known to be closely linked. In analogy to the situation in the rat, linkage of at least
five genes is predicted.
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OUTLINE OF THIS THESIS
The studies presented in this thesis were aimed at a broadening of our knowledge of the ßand γ-crystallins, their primary structure, their genetic organization and their evolutionary
relationships. Furthermore, they were intended to provide the basis for studies on the
expression of the genes mentioned. These studies are an extension of those that were initiated
with the construction and partial characterization of a rat lens cDNA library, the subsequent
cloning of crystallin genes, the genetic linkage of the rat γ-crystallin gene family as well as the
characterization of one of its members [50,52-55].
Our analysis starts in chapter II with the elucidation of the primary structure of two
(basic) ß-crystallin cDNA's from the rat. The sequences are compared with that of an acidic
ß-crystallin as well as with that of a γ-crystallin and their evolutionary relationships are
discussed.
Chapter HI describes the complete characterization of a ß-crystallin gene; the rat ßBlgene. The gene appears to be a classical example of a gene in which each exon corresponds to
a separate functional entity of the encoded protein. We show that β- and γ-crystallins not only
can be distinguished at the protein level by the N- and C-terminal extensions of the former
group but also at the genetic level.
The characterization of human crystallins, initiated in chapters IV and V, was meant to
support studies at a molecular or a genetic level on the underlying defects of human cataract
formation. Chapter IV presents the characterization of two linked human γ-crystallin genes as
well as a comparison with the structure and organization of a rat γ-crystallin gene. The
deduced amino acid sequences of the human genes have been used in protein model building
studies [56]. Chapter V shows the chromosomal localization of all human γ-crystallin
sequences.
In chapter VI the sequence of all six rat γ-crystallin genes is presented. A comparison
between the sequences indicates where possible functional differences between the individual
proteins are located. An evolutionary tree is presented showing the history of the gene family,
involving many gene duplications and gene conversions. In chapter VII the chromosomal
localization of all six rat γ crystallin genes is determined. A further detailed characterization
of the intergenic and intronic regions of the rat γ-crystallin gene family is presented in chapter
VIII. The location and sequence of repetitive DNA, ssDNA and some other interesting
sequences is shown. The sequence of part of this region (~22kb) is compared with that of the
orthologous regions surrounding two human genes (see chapter IV).
Finally, Appendix A presents the deduced consensus sequences of two rat repetitive DNA
elements. The highly conserved overall organization of the mammalian γ-crystallin gene family
is shown in Appendix B, while a possible evolutionary pathway from a simple ancestral
sequence to the present day multi-gene family containing the ß-and γ-crystallin genes is
outlined in Appendix C.
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CHAPTER II

RAT LENS ß-CRYSTALLINS ARE INTERNALLY DUPLICATED
AND HOMOLOGOUS TO γ-CRYSTALLINS

J.T. den Dunnen, R.J.M. Moormann and J.G.G. Schoenmakers
Biochim. Biophys. Acta (1985) 824, 295-303

ABSTRACT
The nucleotide sequence of two cloned rat lens ß-crystallin cDNAs pRLßB3-2 and pRLßBl-З has
been determined. pRLßB3-2 contains the complete coding information for a ß-crystallin,
designated ßB3, of 210 amino acid residues. pRLßBl-З is incomplete at its 5' end; the 5'
codogenic information which is not present in this cDNA clone was deduced from the cloned
gene. pRLßBl-З codes for a ß-crystallin polypeptide, designated ßBl, whose full length is 247
amino acid residues. Considerable sequence homology is noted between the amino- and
carboxyl-tenninal halves of each protein. Both rat ß-crystallins show a substantial sequence
homology with each other (60%) as well as with the published sequences of rat γ-crystallin
(37%) and bovine and murine ß-crystallins (55-45%). AU these proteins have a two domain
structure which, like the bovine γΙΙ-crystallin, might be folded into four remarkably similar
protein motifs. Our data further indicate that the ß-crystallins can be subdivided into two
groups which are evolutionary related. Both groups are, although more distantly, also related to
the γ-crystallins.

INTRODUCTION
The lens of the vertebrate eye is composed of elongated fiber cells which contain as major
components a set of lens specific proteins, the so called crystallins. The short range spatial
order of these highly symmetrical proteins probably accounts for the transparency of the lens
[1] and changes in transparency during cataractogenesis are accompagnied by perturbation of
the structure or relative synthesis of the crystallins [2]. In mammals, the crystallins can be
divided into three antigenically distinct classes, α, β and γ. The classes of β- and γ-crystallin
each contain about 6 to 7 polypeptides of related primary structure [3-5].
Recent sequencing studies of γ-crystallin DNA from rat [6], mouse [7], frog [8], and
human (chapter IV) have shown that the γ-crystallins are evolutionary well conserved. In rat
the γ-crystallins are encoded by a family of six genes which all have the same mosaic structure
[9,10]. They have a small intron between the third and fourth translation codon, followed by a
large intron separating the codogenic sequence into approximately equal halves [9]. The high
homology between these halves and their exact correspondence with the two structurally
similar domains of the γ-crystallin polypeptide suggests that the γ-crystallins may have evolved
by duplication of an ancestral gene encoding only one domain [6,11].
The ß-crystallins are much more heterogeneous than the γ-crystallins. In rat, chicken and
calf seven or more primary gene products of Mr between 22,000 and 33,000 have been
identified [12-14]. At present, only the complete amino acid sequences of bovine ßBp [5] and
murine ß23 [15] have been elucidated. Partial amino acid sequences are available of several
other bovine bovine ß-crystallins [16].
In the present study we have determined the sequence of the rat ß-crystallin cDNAs which
encode ßBl and ßB3. From a comparison of several ß-crystallins we have concluded that the
core structure is well conserved and that most of the heterogeneity among ß-crystallins is due
to differences in the N- and C-terminal extensions ('arms'). Dot matrix computer analyses of
the sequence of rat ßBl or ßB3 and a rat γ-crystallin sequence showed a significant homology
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between the two sequences. Our data thus strengthen the present view that both classes of
polypeptides are derived from a common ancestral β/γ-crystallin gene.
MATERIALS AND METHODS
Enzymes and chemicals
All restriction endonucleases were purchased from either Boehnnger Mannheim or Bethesda Research
Laboratories Escherichia coli DNA polymerase I (large fragment) and calf intestine alkaline phosphatase were
32
from Boehnnger Mannheim, a- ? dATP (410 Ci/mmol) was from the Radiochemical Centre, Amersham. The
synthetic oligonucleotide primer used for the M13 dideoxy sequencing was as described [6]

DNA sequence analysis
The isolation of recombinant DNA was earned out essentially as described [17]. The DNA sequence was
determined by the dideoxy chain termination method [18] with the 18-base pnmer mentioned above For pRLßBl-3
DNA fragments were made by single or double digestion with PstI, EcoRI or BglH For pRLßB3-2 single- or
double-digests of PstI, SstI or PvuII were used The fragments were cloned in the appropnate M13mp vectors [19]
and transfected in E coli JMlOl (recA"). Single stranded DNA from the colourless plaques was isolated and
subsequently sequenced following the instructions of Messing [18] The codogemc sequence of ßBl, not present in
pRLßBl-З, was determined from a genomic clone of the ßBl-gene [10] A 3 3 kb EcoRI fragment containing this
sequence, as determined by its hybridization with the 5' Pstl/EcoRI fragment of pRLßBl-З (see fig.l), was
subcloned in the M13 sequencing vectors, with or without further digestion with Hindlll or Pst I Sequence
analysis of selected clones revealed the codogemc sequence missing from pRLßBl-З. The resulting sequences were
analysed by computer using the programs desenbed by Staden [20].

RESULTS
We have described the isolation of various cDNA clones of rat lens mRNA [17]. In that study
the majority of the cDNA clones were identified after selection of the mRNA from total rat
lens poly(A + ) RNA by hybridization to plasmid DNA immobilized on nitrocellulose filters,
followed by in vitro translation and two-dimensional electrophoretic analysis of the newly
synthesized products. In that way we identified clone pRLßBl-З as containing sequences
homologous to the mRNA encoding a ßBl-crystallin. A second clone, pRLßB3-2, crosshybridized under moderate washing conditions with pRLßBl-З but contained a different insert
as judged from its restriction map (fig.l). We therefore concluded that it might contain the
sequence of another ß-crystallin mRNA.
The nucleotide sequences of the sense strand of the inserts of these two cDNA clones and
the amino acid sequences derived thereof are shown in figs.2 and 3. Excluding the dG/dC
homopolymer tracts which were introduced dunng cloning, the insert of clone pRLßB3-2 was
found to be 755 bp long. An ATG initiation triplet is found at position 42 followed by an open
reading frame of 630 nucleotides ending in a TGA termination codon. The two other possible
reading frames give multiple termination signals throughout the sequence. The 3' untranslated
region is about 80 nucleotides long. At position 727 the poly-A addition signal AATAAA is
found, followed 16 nucleotides later by a remnant of the poly-A tail, indicating that the cDNA
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sequence is complete at its 3' end As pRLßB3-2 further contains a 5' non-coding region of
some 40 nucleotides long the insert may be an almost complete copy of the mRNA
As deduced from its nucleotide sequence, pRLßB3-2 encodes a polypeptide of 210
residues with a molecular weight of 24,118 Since in the rat lens several ß-crystalhns of this size
are present [12], the identity of this sequence cannot be directly determined However, in calf
lens a crystallin named ßB3 is found of which the partial amino acid sequence recently has
been elucidated [16,21] and which shows an overall homology with our rat sequence of nearly
86%. We suggest that the insert of pRLßB3-2 codes for the orthologous rat protein
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Figure 1. Restriction maps of pRLßBl-З and pRLßB4-2 Open boxes contain p-crystallin mRNA sequences,
hatched boxes poly dG- or dC linkers and black boxes remnants of the poly A tail of the mRNA
Sequencing
strategy is indicated by horizontal arrows which show the extent and direction of the determined DNA sequence

In a detailed comparison of the rat and calf ßB3 amino acid sequences three amino acid
deletions in the rat sequence were noted Gly at -3 and 197, and His at 91 (for numbering of
the amino acid residues see fig 5) The former two deletions are located in the N- and Cterminal regions of the protein and should not have a significant effect on the tertiary structure
of the protein The His-91 deletion is located at a position where in γ- [9] and ß-crystallin
genes the coding sequence is interrupted by an intron ([22], chapters III, IV and VI) A
mutation which shifted the RNA splice point 3 bases is most probably responsible for this
deletion/insertion
The sequence of the second cDNA clone, pRLßBl-З, which has an insert of 820 bp long,
is shown in fig 3b The sequence corresponding to the 5' end of the mRNA has most probably
been lost in cloning and is substituted by a sequence (position 1-27, marked with an arrow)
which is an inverted repeat of the sequence 64-90 located in the coding sequence Generation
of such artefacts during cloning has been described and models to explain the events involved
have been suggested [23,24] The coding region thus probably begins at position 28 An open
reading frame of 648 nucleotides is then found before a TGA termination codon is reached
The other possible reading frames give multiple termination signals throughout the sequence
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At position 746 the polyadenylation signal A ATAAA is found, followed 13 nucleotides later
by a remnant of the poly-A tail, indicating that this cDNA is complete at its 3' end.
To complete the N-terminal sequence of the protein, the 5' coding region missing in the
cDNA was isolated from a recently described [10] genomic clone of the ßBl-gene (see
Materials and Methods). A genomic fragment containing this sequence, as determined by its
hybridization to the 5' EcoRI/Pstl-fragment of pRLßBl-З (fig.l), revealed a DNA sequence
which overlaps the sequence immediately distal to the IR of the cDNA and extends it in the 5'
direction (fig.3a). From the fused sequences an open reading frame can be constructed which
starts at an ATG initiation codon 100 nucleotides upstream of the coding sequence of
pRLßBl-З. Since we were able to demonstrate that this genomic sequence is not interrupted
by intronic DNA (chapter III) we conclude that the total coding region of the rat ßBl-mRNA
is 744 nucleotides long. Its encoded product (247 amino acids) has a molecular weight of
27,881 which is close to the Mr of 29,000-30,000 estimated by gel electrophoresis for rat ßBlcrystallin [12].
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[G~] nnggttctcctccagtttgaggcggaagtgtccccggagacATGGCAGAGCAGCACGGAGCACCTQAGCAGGCTGCAGCTAACAAG
^
MetAlaGluGlnHisGluAlaProGluGlnAlaAlaAlaAiinLye
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Figure 2. Sequence of the cloned rat lens ß-crystallin cDNA pRLßB3-2. Boxes enclose G- or C-tails bordering
the insert. Capital letters are used in protein coding regions; 'n' indicates bases of uncertain identity. The poly-A
addition signal is underlined.
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In rat [12] and calf lenses [21] the ßBl-polypeptide is present in two forms, namely the
primary gene product ßBla and its posttranslational cleavage product ßBlb which lacks a short
N-terminal sequence [21]. The amino acid residues surrounding this cleavage site (fig.4) are
conserved in the rat sequence indicating their functional importance.
The N-terminal extension of calf ßBl is a Pro- and Ala-rich sequence, for example an
eightfold repeat of Pro-Ala is seen [21]. The rat sequence contains a Pro-X rather then a ProAla repeat. Earlier investigators have shown that calf ßBp binds to the plasma membranes of
lens cells [25]. They suggest that the Pro-Ala rich N-terminal extension of ßBl resembles a
membrane anchor sequence and might link this chain to the plasma membrane [21]. The
conservation of the Pro-X repeat suggests that the alternating Pro-residues play an important
role in this interaction.
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Figure 3. (A) Sequence of the cloned rat lens ß-crystallin cDNA pRLßBl-З Boxes enclose G- or C-taus
bordering the irucrt Capital letters are used in protein coding regions The poly-A addition signal is underhned.
The arrow shows the 27 bp inverted repeat (B) The S' coding sequence of ßBl, missing m pRLßBl-З, as
determined from a relevant subfragment of the rat ßBl-gene (see text)
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In fig.5 the amino acid sequences of both rat ß-crystallin ßBl and ßB3 are aligned with,
and compared to, the bovine ßBp [5] and murine ß23 [15] protein sequences. In order to
facilitate comparison with γ-crystallins the numbering of amino acid residues is as suggested by
Wistow et al. [26] assigning position 1 to that residue of the ß-chain which corresponds to the
first residue of a γ-crystallin chain. When the N-terminal part upto +1 is excluded, an overall
homology of around 50% was found between the different ß-crystallins from various species
(Table I). From fig.5 it is evident that blocks of conserved sequences are present in all four
proteins. This conservation is particularly evident for all of the structurally important residues
involved in the characteristic 'Greek key' folding of γ-crystallin [11,27]: Phe/Tyr-6, Glu-7,
Phe/Tyr-11, Gly-13, Ser-34, and motif equivalents (arrows fig.5). The only exception is the
replacement of serine by alanine at position 180 of the rat ßBl sequence. Normally Ser-180
forms Η-bridges with Туг-142 which greatly stabilizes the structure of this part of the protein
,
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Figure 4. Comparison of the amino acid sequences of the N-terminal extensions of the ß-crystallins ßBl from calf
[21] and rat The rat sequence was determined from the gene (see text) Boxes enclose conserved sequences. The
arrow indicates the post-translational cleavage point in ßBla which yields the ßBlb protein
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Figure 5. Amino acid comparison of four ß-crystallin sequences. The rat sequences are from this paper, the calf
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completely For the other sequences only those residues that differ from rat ßBl are shown A dash indicates an
one amino acid residue insertion Numbering is as suggested by Wistow [26]. A dot indicates that the N-terminal
sequence is not shown completely

[27]. Such an interaction between Tyr-142 and Ala-180 is not possible, but this change does
apparently not affect the tertiary structure of the protein since recent model building studies
show that, except for the N- and C-terminal extensions, the rat ßBl- and ßB3- crystallins are
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folded in the same manner as the γ-crystallins, namely into four 'Greek key' motifs organized
into two homologous domains (T. Blundell, personal communication).
The bilateral symmetry of the tertiary structure of the γ- and ß-crystallins suggests that the
two domains of these proteins might be derived from a common ancestral sequence. Indeed,
sequence homology between the N- and the C-terminal halves of bovine ßBp was observed by
Driessen et al. [5]. To determine whether such internal sequence homology is a general
characteristic of ß-crystallins, we subjected the nucleotide sequences of pRLßBl-З and
pRLßB3-2 to a dot matrix computer analysis. As shown in fig.6, two stripes of dots can be
seen that form parallel lines halfway between the perfect diagonal line and the corners of the
matrix. The presence of these lines is indicative of the existence of a significant sequence
homology between the N- and the C-terminal halves of both ß-crystallins. The homology
between these halves is 53% in pRLßBl-З and 47% in pRLßB3-2 (see Table I).
In the dot matrix showing the internal comparison of pRLßBl-З additional internal
homology, besides that between the N-terminal and C-terminal halves, is seen: in the first 180
nucleotides many short side diagonals follow the perfect central diagonal. They are due to a
short sequence which is repeated many times in this region of the DNA. This repeat has the
consensus sequence CCCCAG and gives rise, when read as CCA-GCC, to a N-terminal ProAla repeat. Some members of this simple sequence repeat are also found in the 3' non-coding
region of pRLßBl-З which leads to the appearance of some side diagonals in this area of the
dot matrix.

rat ßBl
Rat ßBl
Rat ßB3
Calf ßBp
Mouse ß23
Rat γ3-1

67(60)
-(55)
57(51)
49(37)

rat ßB3

calf ßBp

mouse ß23

67(60)

-(55)
-(55)

57(51)
57(45)
-(44)

-(55)
57(45)
47(37)

-(44)
-(36)

49(34)

internal
homology
53(32)
48(30)
-(34)
48(34)
53(36)

Table I. Sequence homology between vanous ß-crystallins, their internal homology and their homology with γcrystallins. The rat ß-crystalhn sequences are determined here, the calf ßBp (ßB2) sequence is from Driessen et al.
[5], the mouse sequence is from Inana et al. [IS] and the rat γ3-1 sequence is from Moormann et al. [9]. The mouse
ß23 sequence is the only representative of the 'acidic' ß-crystallins Percentage homologies given are at the
nucleotide level and/or, in paranthesis, at the amino acid level, both cases excluding the N-terminal extensions of
the proteins. Internal homologies given are between the sequences of domain I and domain II.

To examine the evolutionary relationship between the β- and γ-crystallins, a similar dot
matrix comparison was made between the rat ßBl and the rat γ3-1 crystallin sequences (fig.6).
A central diagonal is visible, indicating a substantial homology between these two classes of
crystallins. The central diagonal is especially obvious in the region of motif sequence IV,
showing that this motif is better conserved than the other three. The observed side diagonals
are due to the internal symmetry of the two proteins. Noteworthy is, however, the presence of
two side diagonals which indicate that motif I of ßBl is most homologous to motif III of rat
γ3-1 and that motif II of rat γ3-1 shows the highest homology to motif IV of rat ßBl.
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DISCUSSION
The data presented here, together with those of others, show that, in general the ß-crystallins
are about 50% homologous at the amino acid level. However, closer inspection of the
homology between the various ß-crystallins (table I) indicates that they can be divided into two
groups, which, in calf, correlate with the division into acidic and basic ß-crystallins [16].

Ι M H II »ι |~7ΓΤ
Α ι \ n II m I »
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H

Іэ-,

^

\

Figure 6. Dotmatrix comparisons of the nucleotide sequence from pRLßBl-З with itself (A), pRLßB3-2 with itself
(B) and of pRLßBl-З with rat γ3-1 (С). The sequences were compared using a computer program constructed by
Staden [20]; a dot appears when 14 nucleotides out of 25 compared match. The sequences include 3' non-coding
regions. The comparisons in (A) and (C) include for pRLßBl-З the sequence of its 5' end as deduced from the
gene. The sequence of γ3-1 in (C) is from Moormann et al. [9].

The only representative of the acidic ß-crystallins of which the complete sequence is
known is murine ß23 [22]. The sequence of this protein is remarkable in that it contains five
insertions (from 1 to 4 amino acids) and one deletion, when compared to the members of the
basic ß-crystallin group, namely calf ßBp, rat ßBl and rat ßB3. The same insertions and
deletions have been noted in the partial amino acid sequences of bovine acidic ß-crystallins
[16]. A second difference between the two groups is that the basic ß-crystallins have longer Cterminal extension than the acidic ß-crystallins. A third interesting feature which distinguishes
each group is the GC-content of the coding regions of the mRNA. The GC-content of
pRLßBl-З and pRLßB3-2, which is 61% and 62% resp., differs substantially from that of the
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murine ß-23 which has a GC-content of only 46%. This difference has a marked effect on the
codon usage of the mRNA in that many more codons are used beginning and ending with A
or T. The difference has almost no effect on the second base of the codons. Whether the
difference in codon usage has an effect on the translation efficiency of the mRNA remains an
open question. However, it is well known that the crystalHns are differentially expressed
during the ontogeny of the lens [4]. It is therefore of interest that Ortwerth et al. [28,29] have
shown that tRNA levels in the lens differ from those in other tissues. Since they also found
changes in the level of specific tRNAs at different developmental stages, they suggested that a
differential translation efficiency of mRNA may be one of the mechanisms which contributes
to the unequal representation of the various crystallin within the lens.
Inspection of the sequence heterogeneity within the family of ß-crystallins suggests that
two regions may be of primary importance in determining the function of the ß-crystallins. The
first region is, of course, the N-teraiinal extension which, for example, has been implicated in
the interaction of ßBl with the plasma membrane [25]. In other ß-crystallins the N-terminal
extension possibly plays a role in the oligomerization of these proteins. The second functional
region of the ß-crystallins is the core of the protein. This core is folded into a two domain-four
motif structure, as are the γ-crystallins.
We have shown elsewhere [30], that the sequence variation within the rat γ-crystallin
family is virtually confined to the first motif of the second domain (i.e. motif III). This
phenomenon is also seen, although less conspicuously, in the ß-crystallin family: the C-terminal
half of the protein is less variable than the N-terminal half. These data suggest that the two
domains of the ß-crystallin protein are not functionally equivalent. A comparison of the ßcrystallins with the γ-crystallins supports this suggestion: the dot matrix comparison of the rat
ßBl sequence with the rat γ3-1 sequence shows a much better conservation of the fourth motif
sequence than of the other three motifs. It might be argued that the more variable motif
sequences are of lesser importance for the function of the protein and thus can evolve more
rapidly. Our data argue against this possibility. With the elucidation of the rat ßBl and ßB3
sequence it is now possible to compare the amino acid sequences of orthologous ß-crystallins
from two different mammalian species (to the extent that the calf sequences are known). We
find a homology of 95% (excluding the N-terminal extension) between rat and calf ßBl and of
87% between rat and calf ßB3. Hence, orthologous ß-crystallins are well conserved between
species and differences in the amino acid sequence of the various motifs of the ß-crystallin
proteins are likely to reflect functional differences between these proteins.
It is generally accepted that the β- and γ-crystallin genes have evolved from a common
ancestral motif sequence. Succesive duplications of this sequence would then have created the
present β- and γ-crystallin gene families. Two features distinguish the evolution of the βcrystallin genes from that of the γ-crystallin genes, however. First, an exon of the ß-crystallin
gene encodes only one motif ([22], chapter III) whereas an exon of a γ-crystallin gene encodes
a whole domain, i.e. two motifs [9]. Secondly, the ß-crystallin genes have acquired additional
information encoding N- and C-terminal extensions. Our sequence analysis of the ßBl-gene
suggests that the N-terminal extension of this gene evolved from simple sequence DNA. Such
simple sequence DNA is often found in the flanking and intronic regions of eukaryotic genes.
One possible mechanism for the evolution of the N-terminal extension of the rat ßBl-gene
would then be the recruitment of intronic sequences by the ancestral gene. Detailed knowledge
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of the mosaic structure of the complete ßBl-gene may allow us to confirm and extend this
suggestion Such studies are presently in progress
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CHAPTER Ш

INTRON INSERTIONS AND DELETIONS IN THE ß-Zy-CRYSTALLIN
GENE FAMILY". THE RAT ßBl-GENE

J.T. den Dunnen, R.J.M. Moormann, N.H. Lubsen and J.G.G. Schoenmakers
Proc. Natl. Acad. Sci. USA (1986) 83, 2855-2859

ABSTRACT
The rat ßBl-crystallin gene is 13.6 kilobases long and contains 6 exons. The coding region of
the gene is divided over five exons. Each functional entity of the protein is encoded by a
separate exon except for the C-terminal extension which shares the last exon with the fourth
protein motif. Exon 2, encoding the N-terminal extension of the protein, contains two direct
repeats with an overall homology of 68% to the rat brain IDentifier sequence. A copy of the
brain ID-sequence is also found in the 3' flanking region of the gene. The start site of the
mRNA was located by Sl-nuclease mapping and analysis of the RNA sequence. The 5' end of
the gene was shown to be a 27 basepairs non-coding exon which is separated from the
translation initiation start site by 1.36 kilobases of intronic DNA. The 5' flanking sequence of
the ßBl-gene is highly homologous to that of a γ-crystallin gene.
INTRODUCTION
The water-soluble, structural proteins of the vertebrate lens are called crystallins. In the
mammalian lens three immunologically distinct classes of crystallins can be discerned: α-, ßand γ-crystallin. Each class of crystallins consists of a family of related polypeptides [1,2].
The β- and γ-crystallins are structurally related and belong to one protein super family [35]. Both proteins consist of four similarly folded 'Greek key' motifs organized into two
domains. The four motifs show a considerable sequence homology suggesting that successive
duplications of a common ancestral one motif sequence created the present day β- and γcrystallin genes [4,6,7].
The γ-crystallins are monomeric proteins while the ß-crystallins (except ßs) associate in
various combinations to form high molecular weight aggregates [1,2]. It has been postulated
that this is due to a difference between the two classes of proteins at the N- and C-terminal
ends: the ß-crystallins carry extensions at both ends while the γ-crystallins do not.
Recent studies have shown that the ν γ-crystallin genes from man, mouse and rat have the
same mosaic structure [7-9]. They all contain two introns, one at the 5' end and one in the
middle of the gene. This second intron separates the gene in two exons each encoding one of
the two protein domains. For the ß-crystallins only the partial structure of one gene is known,
namely of the mouse ß23-gene [4]. Using R-loop mapping it was shown that the regions
encoding the two protein domains in this gene were also split by an intron. Thus both the
ß23- and the γ-crystallin genes contain an inter-domain intron while, in addition, the ß23-gene
has two intra-domain introns.
To investigate whether other ß-crystallin genes also have intra-domain introns and to
elucidate the structure of the regions encoding the N- and C-terminal extensions of the ßcrystallin genes, we have determined the sequence and the complete structure of the rat ßBlcrystallin gene and its immediate flanking regions. We show here that this gene has six exons.
Four of these exons, like the murine ß23-gene [4], each encode a structural motif of the ßcrystallin polypeptide. A detailed comparison of the structure of the rat ßBl-gene with that of
the rat γ3-1-α75ΐ3ΐ1ίπ gene shows that these two genes are evolutionary closely related.
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MATERIALS AND METHODS
RNA

procedures

RNA was isolated from six-day-old rats The Sl-nuclease protection experiments are carried out essentially as
described [10] The protected 72 bp γ-crystallin fragment was obtained using a МІЗтр-clone derived from the γ3-1
gene [10] To map the exon of the ßBl-gene we used a МІЗтр-clone containing the exon 2 sequences (fig.l) on a
1.5 kb EcoRI/Hindlll fragment Using a specific pnmer (see text) 2|ig mRNA was transenbed with reverse
transcriptase under chain-termination reaction conditions essentially as desenbed by Walker et al [11].
Sequencing strategy
The isolation and handling of genomic clones of the rat ßBl-crystallin gene has been described [12] Fragments
that hybndized with the cDNA-clone of ßBl (pRLßBl-3, [5]) were isolated, if necessary further fragmented by
digestion with another restnction enzyme and cloned in the МІЗтр-sequencmg vectors [8]. All sequences were
determined by the dideoxy chain termination method The synthetic oligonucleotide pnmer pnmer which is
complementary to nucleotides 14-27 of the ßBl-mRNA 5'd(CrGTGTTGG(C/T)GGAC)3' was constructed by J.
van Boom and co-workers (Dept of Organic Chemistry, Leiden University).

RESULTS
The physical map of the cosmid clones containing the rat ßBl-crystallin gene [12] is shown in
fig.l. The exons of the gene were located by hybridization with the insert of clone pRLßBl-3,
which contains an almost complete copy of the transcript of the ßBl gene [5]. Fragments
containing the exonic regions were subcloned and sequenced. By comparing the sequence with
that of the cDNA clone the intron/exon junctions of the ßBl coding sequence could be
located. The genomic counterpart of the cDNA sequence was found to be interrupted four
times. The ßBl coding sequence is thus divided over five exons.
Mapping the 5' end
To determine whether the exon which contained the translation initiation codon also contained
the start site of the mRNA, a Sl-nuclease mapping experiment was performed. As probe we
used a continuously labelled 1.5 kb EcoRI/Hindlll fragment starting about 1 kb upstream from
the initiation codon and ending about 0.3 kb later in the following intron (fig.l). Rat lens
RNA protected a 180-184 bp fragment of this probe against Sl-nuclease cleavage (fig.2A).
Hence, the exon must be about 180 bp long. Since the open reading frame of this exon is 171
bp, this would place the 5' end of the exon about 10 bp upstream from the initiation codon.
Our sequence analysis of this region showed that it did not contain any of the known
consensus sequences required for the expression of eukaryotic genes. However, it did contain
a consensus splice acceptor site sequence suggesting that the ßBl-gene might contain an
additional 5' non-coding exon.
To confirm this suggestion we determined the sequence of the 5' end of the ßBl-RNA by
extending a PstI/Sau3A fragment (marked in fig.l) with reverse transcriptase in the presence
of dideoxynucleotides (see Materials and Methods). The sequence of the RNA (fig.2B) shows
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a 38-nudeotide long 5' non-coding region of which only the last 11 nucleotides correspond in
sequence to that directly upstream from the translation initiation codon. The gene is thus
interrupted by an intron at this site and should contain a 5' non-coding exon of 27 bp.
У/-

pRco»ßl

V/4

рКсмрВю-З

Figure 1. Physical map of the genomic region of the rat ßBl-gene; only the BamHI-sites are shown. The upper
lines represent the two utmost ßBl-cosmid clones isolated [12] while the line below them shows clone pRcosßBl-3;
the clone used in our experiments. The heavy bar indicates the BamHI-fragments that hybridize with the ßBlcDNA clone pRLßBl-3 [5]. The lower half of the figure shows the fragments and restriction enzyme sites used for
the sequence determination of the ßBl-gene. The numbered black boxes indicate the location of the exonic
sequences. The PstI/Sau3A-fragment used in the RNA-sequencing experiment is indicated by an asterisk. Arrows
denme the location of two repetitive elements, a rodent Alu B2-repeat [13] and a rat brain ID-sequence [14], as
well as the location of two elements of simple-sequence DNA and of a 45 bp direct repeat (DR, see text). (AC)
represents a region of 80 bp with 30 (AC)-dinucleotides. Restriction endonuclease abbreviations used are В =
BamHI, Bg = Bglll, E = EcoRI, H = HindIII, Ρ = PstI and X = Xhol.

Figure 2.
(A) Autoradiograph of Slnuclease protected fragments after hybri
dization of 32P-labeled fragments deriving
from the 5' end of the ßBl-crystallin gene
with carrier RNA (lane 1), or with 5 (lane 2)
or 1 (lane 3) μg of rat lens RNA. The next
lanes show the Sl-nuclease protected
fragments obtained after hybridization of a
32
P labelled fragment of the γ3-1 gene with
carrier RNA (lane 4) or with ^ g rat lens
RNA (lane 5). Arrows denote the fragments
of 180-185 bp (lanes 2 and 3) and of 72 bp
(lane 5) that are protected against Slcleavage.
(B) Autoradiograph of the PstI/Sau3Afragment primer extended on total rat lens
RNA under dideoxy-sequencing conditions.
In lane 1 no RNA was added, in lanes 3-6
dideoxy-trinucleotides of the indicated bases
were added while in lane 2 no dideoxytrinucleotide was added. Part of the
sequence surrounding the position of intron 1
is given. The last nucleotide of exon 1 and
the first nucleotide of exon 2 are marked
with a dot.
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To locate the 5' non-coding exon on the genomic map a synthetic oligonucleotide
complementary to the 5' end of the mRNA was hybridized to restriction enzyme digests of
pRcosßBla-З. The 1.0 kb EcoRI-fragment located directly upstream from the 2.2 kb EcoRIfragment (fig.l) containing the translation initiation codon, which hybridized with this probe,
was sequenced using either the universal M13 sequencing primer or the synthetic
oligonucleotide described above. The sequence corresponding to the 5' end of the mRNA was
encountered about 0.3 kb upstream from the 3' Eco RI site (figs.l and 3). The sequence is
preceded by elements resembling the known regulatory signals necessary for the expression of
eukaryotic genes (see below). The genomic sequence is in exact agreement with the RNA
sequence data. We therefore conclude that the 5' non-coding exon is indeed only 27 bp long.
The data further show that this exon is separated from the next exon by 1.36 kb of intronic
DNA.
Sequence and structure of the $Bl-gene
The 3' end of the ßBl-gene is located at position 875 (fig.3) since in the cDNA clone a poly-A
tail was found added after this site [5]. The 3' non-coding region measures 87 bp; the poly-A,
addition signal (AATAAA) is located 68 bp after the TGA translation termination codon.
The ßBl-gcne thus spans, from its cap site (5' end) to the putative poly-A addition site (3'
end), some 13.6 kb of DNA. The gene consists of 6 exons and 5 introns and encodes a
polypeptide of 247 amino acid residues with Mr. 27,881. A detailed description of the protein
sequence has been presented [5].
The sequence of the flanking regions and of parts of the intronic and exonic regions of the
rat ßBl-gene is shown in fig.3. The position of the cap site was directly determined by the
sequencing in the primer extension experiments, described above. At position -30 a TATA
sequence is found. Further upstream the sequence GGGCCCCATCC could be the equivalent
of the CCAAT box. As no upstream sequences of other ß-crystallin genes have been published
sequences conserved within the ß-crystallin gene family cannot as yet be identified. However,
this region does show extensive sequence homology with the corresponding region from γcrystallin genes (see discussion).
In the second intron sequences resembling remnants of rodent specific Alu-type repetitive
elements [13,14] are found. The region spanning the first intron, the second exon and the
second intron seem to be largely built up out of simple sequence DNA: many small direct and
inverted repeats are found. A region of exon 2 resembles two incomplete copies of the rat
brain identifier (ID) sequence ([14], overall homology 68%) oriented head to tail in a direction
opposite to that of the gene (fig.4). The possible relevance of the peculiar sequence
organization of these regions for the evolution of the ßBl-gene will be discussed below.
Two repetitive elements were also found in the 3' flanking region. A copy of a rat Alutype II (B2) sequence [13] is found 220 bp downstream from the 3' end of the gene, while a
copy of the rat ID-sequence [14] is seen 450 bp downstream from the gene.
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-500
-450
-400
f!ait9Ctecauacac3Ca«aagt9ctcaeg4ceiï^aca4t«gact4aasgcctacttcttetttttacaHaacatetacecattcaat9ttgtcttca4ttct^^cascaccacagf;ge
-350
-300
cacttgacaactctgect^taa^cctgagacccccaea^aga^ta^a^acttgtg^aeccgtacggt^aaectteet^act^ae^cgggattctBateca^tcacctcctcccca^ts
-Í50
-200
-150
ccccttecctaçccta4Ctçgcagecagcaggccctgçgcctgtctccaeccaggggaatagaga£aacaetcagaecagggttggggccagggtttctctgtgt.tecaegccaacaata
-100
-50
gaaagtgctagactgggcagtaBtgtggca^agccncacgggccccatccaggbbtgctgagccagctgcctctbtgtgctacactatagaecctggtgcctgccaggttataaaatggg
-10
1
27
gggbtggccctg^ggaccc^taacaceagcctgtccaccaacacä^taagaggggactgccacaetgcceaagaaetggagagaggtggaaatatggggggagggtggaagtggggg28
50
IHataertìnValAlalya
—Intron t . 3 6 кЪ-—gacacacaaagaggggggggttggaagcaccaeteeaaaatcacccaaeccaaggaettttettctttgcaeKatcagaaaeoATOTCTCAGGTTGCCAAG
100
150
AlaAlaAlaThr'nirAlaValAsnProClyTyrClyliyaClyLyeGly'mrProSerTïjrClyThrAlaProAlaPreGlyPro'nirProValProAlaSerValProArgProAlaAla
OCTaCACCCACCACTGCGCTGAACCCAGCCTATGgCAAAGCOAACGCAACCCCATCCACACaCACAGCCCCACCCeCTgGCCCTACTCCTGTCCCAGCTTCTCTCCCCAGCCCTGCTCCC

PstI

*

209
LyaValGlyGluLeuProProClySerTyrArí
AAACTAGGGGAACTGCCTCCTGCAAGCTACAGtstaaggatgcgggggotgggctggctgtactgptccactíctcctcaecotgcttotctctcetaceo

i n t r o n 2.1 кЪ-

Sau3A

210
223
leuValValRie..
. .ValUuSerGlyPi (o)
tggagttagtgtcatggagccagagcacccctcaatetgtctetcgggcatggtgggtttctctctgcaa^TGGTCGTCTTT.. ежоп 3 . .GTCCTCTCCGGACC ¡tgagtgctggg

gtgggtgg—lntron-3.3-kb

329
461
(Pr)bTrpValAlaPha..
..ProIleArglfet
ttggtccttcttatgttcag^TGGGTGGCCTTT.. eion 4 . .CCCATCAGGATG ;tgagtggctggggotgggg

AapSerGlnGlu..
..ValSerSerGlyTh(г)
-gactgtttctgcctccccagSATTCCCAGGAG.. ежоп 5 ·.GTCTCCAGTGGCAC gtaagcatcca^gttetggg

Intron 1.6 кЪ

I n t r o n Э-

kb

tacgccttctgtgctctctt

605
762
800
850
(Th)|rTrpValGlyTyr..
. . аІІлиПігАІаОІиРгоРгоЬуэ · L
tcca^ ATGGGTCGGCTAT.. ежоп 6 . .GTGCTAACCGCTGAGCCCCCCAAGTGAgccaaactcctggcctcacatctacagcccgccctgccteaggtcccatcccccctcccagtc
•50
cectaataaagttcctacagCQg^cttgcgcttggatccatgaacctgctacbcctggtcatagtcacaaccagaacaatgaatcataagcttggcaateactaccaagatcgttttett
•130
^150
•ÎOO
ctgtgggtggggtçggagactcgagttctatgtcctaagcaggcctcgaggtttggtgtataatcaaggatggetcttggagctecacactccctatgtagcagaagatgacettaaact
•250
»300
.336
tetgcaccaaatttttccttcccttttcttcttcttcttttttttttttaagatttatttatttttatataagcacactgcagctgtettcagacacacca^aagagggcgcca^atcca

Figure 3. Nucleotide sequence of the rat ßBl-crystallin gene The coding sequences of exons 3 to 6 are only
shown near the intron/exon boundaries, they have been published as the cDNA sequence of pRLßBl-3 [5] Intromc
sequences are not shown completely, their length is indicated Exonic sequences are boxed with the coding
sequences shown in capital letters, the deduced amino and sequence is given above the DNA sequence
Numbering is for the exonic sequences with position 1 assigned to the capsite, negative numbering is used for the 5'
flanking region while the 3' flanking region is numbered +1 from the putative poly-A addition site A dot below
the sequence indicates every 10th position The putative CCAAT box, the TATA box and the poly-A addition
signal are underlined The PstI- and Sau3A-sites used for the RNA-sequencing experiment (see text) are indicated
The nucleotide at position 808 differs from that of the pRLßBl-З sequence published before [5] This difference
was not due to a sequencing error but probably reflects a polymorphism in the rat population The location of a rat
B2 repetitive element is indicated by an arrow
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Correlation between gene and protein structure
The ßBl-protein contains six functional domains: a N- and C-terminal extension and the four
motifs of the protein core. The boundaries of the four motifs are defined by the positions of
the first and the last conserved amino acid residues essential for the proper folding of each
motif, namely Phe-60 and Ser-89 for motif I, Phe-100 and Ser-134 for motif II, Phe-150 and
Ser-181 for motif III and Tyr-192 and Ala-224 for motif IV. Intron 2 is located 9 bp upstream
from the codon for Phe-60 and divides the region encoding the N-terminal extension from that
encoding the first motif. Intron 3 splits the triplet encoding the 96th amino acid and is located
10 bp upstream from the codon for Phe-100. It is thus found at the boundary between motifs I
and II. The fourth intron splits the region encoding the connecting peptide between motifs II
and HI and thereby separates the regions encoding these protein motifs. The fifth and last
intron is found at a site topologically equivalent to that of the third intron and separates the
regions encoding motifs HI and IV. In contrast to the N-terminal extension, the C-terminal
extension of ßBl is not encoded by a separate exon; it is also found on the sixth exon.
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Figure 4. Comparison between the exon 2/intron 2 sequences of the rat ßBl-gene and the rat brain identifier
sequence [14]. The ßBl-sequence is shown opposite to the transcriptional orientation of the gene with capital
lettering used for exon 2 sequences and lower case lettering for intron 1 sequences. Numbering is as in fig.3. The
sequences are aligned to optimize homology; a dash indicates a 1 bp deletion. Identical bases in the two sequences
are indicated by an asterisk.

The relation between the tertiary structure of the protein and the intron/exon distribution
of the gene is shown schematically in fig.5. Except for the last exon, which encodes two
functional entities, each functional region of the ßBl-protein is encoded by a separate exon.
The gene structure is thus perfectly co-linear with that of the protein.
For comparison, the relation between the tertiary structure of a γ-crystallin protein and
the corresponding gene is also shown in fig.5. It is evident that the sites of the two introns of
the γ-crystallin gene correspond exactly to the sites of introns 2 and 4 of the ßBl-gene. The γcrystallin gene lacks introns at the sites of the third and fifth introns of ßBl. However, the
distance between motifs I and II and between motifs III and IV, as judged from the distance
between the conserved Ser-residues in motifs I and III resp. and the conserved Phe/Tyrresidues in motifs II and IV resp., is exactly the same in the γ-crystallin as it is in the ßBlcrystallin protein. Hence, the presence or absence of an intron between the protein motifs
does not result in a change in length in the protein. Both intra-domain introns i.e. introns 3
and S, are exceptional in that they split a codon. These findings suggest that a one domain
gene was an intermediate in the evolutionary pathway from a two motif to a four motif
structure.
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DISCUSSION
In the ßBl-crystallin gene separate exons encode each of the four protein motifs. Hence, this
region of the ßBl-gene has the same structure as the corresponding region of the munne ß23gene [4]. The location of the intron/exon junctions in this region of the ßBl crystallin gene
are the same as those in the γ-crystallin genes: the only difference is the lack of intra-domain
introns in the γ-crystallin genes. These two gene families thus probably diverged at the stage of
an ancestral one-domain gene. It is likely that during the subsequent divergence of the β- and
V-crystallin gene-families either the ß-crystallin genes acquired an additional intron or the γcrystallin genes lost an intron. We favour the second alternative since the presence or absence
of the intra-domain introns does not affect the distance between the two protein motifs. It is
difficult to imagine that an intron would be inserted exactly between the regions encoding the
two motifs without changing the distance between them, while mechanisms for the exact
excision of introns, via RNA intermediates, have been proposed to explain the origin of
pseudogenes from which the introns have been exactly deleted [17].

Figure 5. Schematical representation of the correlation between protein- and gene-structure of (A) the ßBlcrystallin and (B) the γ3-1 crystallin. For the gene coding exonic sequences are represented by broad bars while
thinner bars represent non-coding sequences. Homologous subregions are indicated by equal shading Intronic
sequences are drawn, with thick lines, gene-flanking sequences by thin lines For the protein its two domain/four
motif folding structure [6] is schematically indicated. At the N- and C-terminal ends of the protein as well as
around splice sites individual amino acids are shown The connecting peptide is indicated by a zig-zag line The
correspondence between the functional parts of the protein with the (exonic) subregions of the gene is denoted by
thick arrows

One of the curious features of the rat ßBl-crystallin gene is that it contains a very small 5'
non-coding exon. Such 5' non-coding exons have been observed in other eukaryotic genes [15]
but are relatively scarce. The 5' non-coding exon of the ßBl-gene is followed by an intron
much larger than usually found in 5' regions. The size of this intron does not agree with the
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correlation found by Blake [16] between the lengths of the polypeptide, exons and introns. It
is at present not known whether other ß-crystallin genes also have a 5' non-coding exon or
whether the ßBl-gene is unique in this respect.
If the β- and v-crystallin gene families have arisen from a common ancestral gene, as
suggested by a comparison of their gene structures, then one would expect that the sequences
of the 5' regions of these two gene families also reflect their common ancestry. In fig.6 the
sequences surrounding positions 1 of the rat ßBl- and γ3-1 genes [7] are aligned to optimize
homology. Sequence resemblance is indeed seen; region -62 to -35 of the ßBl-gene is 79%
homologous to region -33 to -5 of the γ3-1 gene. A peculiar feature of the sequence alignment
(fig.6) is that it does not agree with a functional alignment. For instance, the CACA sequence
of the cap region of the γ3-1 gene is aligned with the TATA box of the ßBl-gene. A TATA
sequence is also present in the ßBl-sequence at the site of the TATA box of the γ3-1 gene,
however, the direct sequence analysis of the ßBl-mRNA provided no indication that this
TATA sequence is functional in the ßBl-gene. The sequence homology extends even further
upstream than shown here: some of the conserved elements found upstream from all six rat γcrystallin genes (chapter VI), are also found upstream from the ßBl-gene. Whether the
conservation of these elements is due to a functional role, for example in the tissue-specific
expression of the genes, remains to be established.
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Figure 6. Comparison of the sequences surrounding the cap-sites of the ßBl-gene upto position -138 with the same
sequences of the rat γ3-1 crystallin gene [7]. The sequences are aligned at the region showing the highest homology.
The TATA box of both genes is indicated by a black bar, their cap-sites are marked with an asterisk and the
position of their exons 1 is shown. Blocks of homology are indicated by horizontal lines between the sequences;
vertical lines border regions of homology that can be aligned without the introduction of insertions/deletions.

The second exon of the rat ßBl-gene encodes the N-terminal extension. Our own
preliminary studies of a second rat ß-crystallin gene, the ßB3-gene, indicate that in this gene
the N-terminal extension is also encoded by a separate exon. Furthermore, in contrast to
earlier observations [4], recent sequencing and primer extension experiments have provided
strong evidence that the murine ß23-gene also contains at least one additional 5' exon, which
codes for the N-terminal extension of the protein (Peterson, Thompson and Piatigorsky,
personal communication). These observations suggest that a separate exon encoding the Nterminal extension is a common feature of the ß-crystallin genes.
When the exons of the β- and γ-crystallin genes are aligned, the second exon of the ßBlgene appears to be an insertion in a region corresponding to the first intron of a γ-crystallin
gene. The relatively simple sequence of the second exon of the ßBl-gene and the presence of
(remnants of) rat repetitive sequences in this region suggests that it originated from or has
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recruited intronic sequences. For the ongin of this exon two possibilities can be envisaged: the
activation of cryptic splice sites in an intron, as for example in aAms [18], or the insertion of an
intron in a 5' exon followed by the recruitment of intronic sequences via sliding of the splice
junctions. Elucidation of the structure of the 5' regions of other ß-crystallm genes may allow
one to distinguish between these two possibilities.
We have found remnants of the rat ID-sequence [14] in the second exon of the ßBl-gene
and found a complete copy of this sequence 3' to the gene. Copies of this ID-sequence have
also been found around the γ-crystallin genes (chapter VIII). Milner et al. [14] have suggested
that these sequences are markers for the development of the brain although others [20]
recently detected their transcripts also m liver and kidney. It is therefore questionable
whether the presence of (remnants of) the ID-sequence in and around the β- and γ-crystallin
genes are of functional importance We are at present investigating whether ID-sequences are
transenbed during lens development and conversely whether transcription of the β- and γcrystallin genes occurs only in lens fiber cells, as suggested by studies at the protein level, or
whether transcripts of these genes can be detected in other tissues during the early
development as shown for the chick δ-crystallin gene [19].
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CHAPTER IV

TWO HUMAN γ-CRYSTALLIN GENES ARE LINKED
AND RIDDLED WITH ALU-REPEATS

J.T. den Dunnen, R.J.M. Moormann, F.P.M. Cremers, and J.G.G. Schoenmakers
Gene (1985) 38, 197-204

ABSTRACT
A human genomic cosmid clone, pHcosy-l, has been isolated containing two closely linked γcrystallin genes, oriented in the same direction. The sequence of the genes and their 5' and 3'
flanking regions has been determined. The coding regionds of both genes are interrupted by two
introns. The first introns (94 and 100 bp, respectively) are located in the 5' region of the genes.
The second introns (2.82 and 0.95 kb, respectively) divide the genes into two halves, each
encoding a structural domain of the γ-crystallin protein. The coding regions of the two genes
show 80% homology. Due to a mutation in the splice acceptor site of the second intron of the
first gene, the coding region of its third exon is 3 bp longer than that of the second gene. In the
flanking regions several conserved sequence elements were found, including those elements that
are known to be necessary for the correct expression of eukaryotic genes. The flanking and
intronic regions of the genes contain simple sequence DNA and Alu repeats. The Alu repeats are
usually clustered, contain truncated elements, and are often found near simple sequence DNA.
INTRODUCTION
Approximately 90% of the soluble protein of the vertebrate lens consists of structural proteins,
known as the crystallins. In mammals these lens-specific proteins can be divided into three
antigenically distinct classes, α-, β- and γ-crystallin, each of which comprises several
polypeptides of related primary structure [1,2].
The γ-crystallins, which account for up to 40% of the soluble protein in the mammalian
lens [3], are a homogeneous group of highly symmetrical, monomeric proteins of Mr 20,000
[4]. Due to the high homology between the various γ-crystallins and the possible occurrence of
post-translational modifications it has been difficult to establish the exact number of primary
γ-crystallins: estimates vary from four to seven γ-crystallins in rat and mouse [4,5]. It is
nevertheless clear that, in all species examined, the γ-crystallins are encoded by a gene family.
In the rat, six γ-crystallin genes are present, five of which are closely linked [6]. The
sequence of one of these genes has been completely elucidated [7]. This gene contains a small
5' exon, encoding the first three amino acid (aa) residues, and two large exons that each
encode one of the two protein domains. Recently the sequence of a murine γ-crystallin gene
has been reported [8]. The mosaic structure of this gene is identical to that of the rat gene.
The three dimensional structure of the major γ-crystallin of the bovine lens, γΙΙ, has been
determined by high resolution X-ray diffraction analysis [9]. The polypeptide is organized into
two similar globular domains. Each domain consists of two 'Greek key' motifs containing
predominantly ß-pleated sheets. The high homology between γ-crystallins from various species
[8,10,11, chapter VI] and the observation that these polypeptides have conserved the aa
residues which are essential for maintaining the key motif structure, suggests that all γcrystallins are structurally very similar to calf γΙΙ.
The short-range spatial order of the crystallins is probably responsible for the transparency
of the lens [12]. Changes in transparency of the lens during cataractogenesis are accompagnied
by structural changes in the crystallins [13]. The causal relationship between the structural
changes in the crystallins and the decrease in transparency of the lens remains, however,
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obscure.
One of the problems in interpreting the results of studies of human cataracts is that the
primary aa sequences of the human crystallins are not known. We have therefore started to
isolate the human crystallin genes and report here the sequence of two of the γ-crystallin genes
as well as that of their immediate flanking regions. The deduced aa sequences of the two
proteins have recently been used in model building studies to predict possible differences
between the properties of the human proteins and those of the more easily studied calf γcrystallins. These studies will provide a better insight into the role played by the individual γcrystallins in maintaining the transparency of the human lens.
MATEMALS and METHODS
Construction and screening of the human cosmid library
The human cosmid library used here was constructed by Grosveld et al., [14,15] and consisted of a partial digest of
human placental DNA cloned in the BamHI site of the cosmid vector pOPF.
The library originally consisted of 150,000 independent clones. A replate of this library (300,000 clones) was
screened using as a probe the two rat γ-crystallin cDNA clones pRLy-2 and рКІ/у-З [10]. Three positive clones
were isolated but these appeared to be identical upon a first restriction enzyme analysis (this probably was the
consequence of the fact that the clones were isolated from a replate of the original master library). One of these
clones, designated pHcosy-l, was studied further. It contains two complete vector molecules (pOPF) hgated to each
other as well as a rearranged one. In the rearranged molecule the 5' end up to the first BstEII site is replaced by
the 3' end from the second BstEII site on. Apparently the vector arms used in the construction of the cosmid
library were not completely dephosphorylated and were contaminated with incomplete BstEII and/or Clal digestion
products.

DNA preparations
Cosmid or plasmid DNA was isolated essentially as described by Ish-Horowicz and Burke [16]. DNA was
subsequently purified by equilibrium CsCl ccntnhigation. Human liver DNA was isolated and manipulated
essentially as described for rat liver DNA [17].

RESULTS AND DISCUSSION
Isolation and characterization of clone pHcosy-1
When restriction digests of human genomic DNA are hybridized with rat γ-crystallin
sequences, multiple bands are always found (fig.la). This indicates the presence of multiple γcrystallin sequences in the human genome. To study the genomic organization of these
sequences we screened a human cosmid library with rat γ-crystallin cDNA clones (see
Materials and Methods) and isolated clone ρΗ«>5γ-1.
The restriction map of the insert of ρΗΰοβγ-Ι is shown in fig.2A. Although pHcosy-l
contains 46.8 kb of DNA, the insert is only 23.7 kb long. The remainder of the cosmid
molecule consists essentially of a vector trimer: two tandemly linked vector molecules are
coupled to a third, rearranged vector molecule. In the latter the 3' end is replaced by the 5'
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end in an inverted orientation.
Localization of y-crystalliti sequences
Restriction digests of pHcosy-l always contain at least two fragments that hybridize with the
γ-crystallin cDNA clones (fig. 1С) suggesting that pHcosy-l contains more than one γ-crystallin
gene. Further hybridization experiments with the 5' and 3' regions of the cDNA clones
showed that pHcosy-l contains two closey linked γ-crystallin genes oriented in the same
transcriptional direction (fig.2). The two genes are designated γ1-2 and γ2-1 since they show
the highest sequence homology with those two genes of the rat (chapters VI and VIII).
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Figure 1. Restriction and hybridization analysis of human genomic DNA (A) and pHcosyl (B,C). (A) Various
restriction enzyme digests of human genomic DNA (15μg/lane, electrophoresed on 0.7% agarose) were blotted and
hybridized with the nick-translated 32P-labelled inserts of rat γ-crystallin clones [10] essentially as described [7].
Final wash was in 0.1 χ SSPE (SSPE = 0.18M NaCl/lOmM №зР04/1тМ EDTA/ pH 7.7) at 60oC. (B) Restriction
enzyme digests of pHcosy-l DNA (^g/lane, 0.7% agarose) after staining with ethidium bromide. (C)
Autoradiograph of a blot of the gel shown in (B) after hybridization as in (A). Restriction enzymes used are E =
EcoRI, В = BamHI, Η = Hindlll and Bg = Bglll. Phage λ DNA digests were run on the gel to obtain the
fragment length standards shown. Asterisks in (A) and (C) mark DNA fragments found in the cosmid DNA as well
as in the genomic DNA. Some hybridizing bands in (C) do not correspond to bands seen in the genomic pattern
(A): these are due to fragments that also contain vector sequences or to fragments that give hybridization signals
too low to be detected in the genomic DNA. Note that the bands marked in the EcoRI, Hindlll and Bglll digests
derive from the human γ1-2 gene, whereas that marked in the BamHI digest derives from the human γ2-1 gene.
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y-cryslallin sequences in the human genome
The hybridization pattern of restriction digests of pHcosy-l with the rat γ-crystallin cDNA
clones was also compared with the genomic hybridization pattern (fig.l). The cosmid
fragments correspond exactly to genomic fragments (except of course when parts of the vector
molecule are present) but are only a subset thereof. Hence, the two γ-crystallin genes present
in pHcosy-l do not represent the complete human genomic complement of γ-crystallin
sequences. From the genomic hybridization pattern we estimate that there are five to six
human γ-crystallin genes.
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Figure 2. Physical map of the insert of pllcosy-l The upper line represents the insert of pHcosy-l The positions
of several restriction enzyme sites are indicated The location and transcriptional direction of the two human γcrystallm genes was determined by hybridizing blots of vanous single and double restriction digests of pHcosy-l
with 5', middle or 3' specific fragments of the two rat γ-crystallin cDNA clones ρΚίγ-2 and pRLv-3 [7,10] The
lower line shows an expanded map of the two genes and their immediate flanking regions For В = BamHI, Bg =
BglH, E = EcoRI, Η = Hmdlll and К = Kpnl all sites are given A = Avail, Ρ = PstI, S = Smal, and X = Xbal
site are only shown for the γ1-2 and γ2-1 genes No Sstll or Sail sites were found The location of the genes is
shown by bars; black areas represent exons, white areas introns The location of the bi-partite Alu repeats is
indicated by thick arrows, small black squares show the location of direct repeats surrounding the repetitive
elements. Upward arrows point to positions where simple sequence DNA is located, while their composition is
indicated. The wavy line shows the location of the probe used in hybridization studies to identify Alu repeats, and
the line bounded by two asterisks indicates the location of the fragment used as a probe for the intergemc region in
genomic DNA.

In ρΗϋοβγ-Ι the two γ-crystallin genes are separated by 12.5 kb of DNA (fig.2). This
organization exactly reflects the genomic organization since a fragment isolated from the
cloned intergenic region (fig.2) hybridizes to identically sized genomic restriction fragments
(results not shown). Other linked human γ-crystallin genes were isolated by Meakin et al. [18].
Linkage of all the γ-crystallin genes in man is further indicated by the fact that all map to
chromosome 2 [19]. A similar situation exists in the rat, where extensive linkage of the γcrystallin genes is also found [6].
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Sequence analysis of the coding region of the y-crystallin genes
The nucleotide sequence of the two human γ-crystallin genes and parts of their flanking
regions is presented in fig.3. For comparison, the sequence of the rat γ3-1 gene [7] is also
shown. The organization of the two human genes is identical to that of the rat γ3-1 crystallin
gene: all three genes contain two large open reading frames (ORFs) preceded by a 9-bp-long
ORF which starts with the initiation codon ATG. Hence, the genes contain two introns, one
close to the 5' end and a second one approximately in the middle of the gene.
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Figure 3. Nucleotide sequences of the human yl-2 and γ2-1 crystallin genes compared with the sequence of the rat
уЗ-l gene. The DNA sequence was analysed by the dideoxy chain termination method as described [7] using [aî2
P)dATP (410 Ci/mmol, Amersham). The recombinant M13mp phages used in the sequencing studies were
constructed from appropriate single or double digests of the subcloned Hindlll-fragments of pHcosy-l. endogenic
sequences were determined at least once on both DNA strands. The sequence of the human yl-2 gene is shown
completely. For the human γ2-1 and the rat γ3-1 genes only differences are specified; blanks indicate that the
sequence equals that of the human γ1-2 gene. Dashes indicate 1 bp deletions. The sequences are aligned to
optimize homology. Boxes enclose the exonic DNA with the coding sequences shown m capital letters. The three
asterisks mark the putative capsitcs, the poly-A addition signal is heavily underlined, and the putative poly-A
addition site is marked with an upward arrow. Numbering is for the human yl-2 exonic sequences with position 1
assigned to the putative capsite; 3' gene-flanking sequences are numbered +1 from the putative poly-A addition site
on.
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Exon 2 is 243 bp long in both human genes and encodes 81 aa residues The third exon
has an ORF of 276 bp in the γ1-2 gene, while that of the γ2-1 gene is 3 nt shorter This length
difference is most probably caused by a G —» С mutation which altered the original -agcagsphce acceptor sequence into -agCAC- and created a new splice acceptor site 3 bp upstream,
where another -ag- dmucleotide is located This ultimately led to a His insertion at position 84
of the γ1-2 protein, immediately following the intron/exon junction An additional aa is also
present at this site in the calf γΙΙ crystallin [20], some frog γ-crystallins [11] and the rat γ1-2
crystallin (chapter VI)
The γ1-2 gene encodes a protein of 174 aa (Mr 20,753) and the γ2-1 gene a protein of 173
aa (Mr 20,696) (fig 4) Both polypeptides start with a Gly residue, in agreement with the
results of Kabasawa et al [21] who determined that Gly is found at the N-termmus of human
γ-crystallins The two proteins are very similar and have an overall aa homology of 77%
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Figure 4. Companson of the deduced amino and sequences of the human crystallins γ1-2 and γ2-1 The aa
sequences are shown in the one letter code The gap after position 29 is due to the alignment of the sequences
encoding each of the protein domains Numbering is for the sequence of the human yl 2 gene Nonmatching aa are
boxed, arrows indicate residues conserved in all γ-crystallins while the asterisk marks the Cys residue discussed in
the text

Using the derived aa sequences of these two genes. Summers et al [22] have shown in
recent model-building studies that the 3-D structure of the human polypeptides is very similar
to the one established for the bovine γΙΙ-crystallin The residues involved in the stabilization of
the folded hairpin structure in each motif are all conserved with the exception of Arg-79 in
motif II, which is replaced by a cysteine residue in the two human sequences The replacement
of a charged residue by a hydrophobic side chain exposes other aromatic residues thereby
increasing the hydrophobicity of the surface of the human γ-crystallins These and other
changes tend to favour aggregation of the human γ-crystallins This may contribute to the
conversion of the water-soluble protein to insoluble protein, a process that occurs on aging and
is accelerated in cataract
The sequence divergence at the nucleotide level between the human γ1-2 and γ2-1 genes is
only about 20%, while the average sequence divergence between these two human genes and
the two orthologous rat γ-crystallin sequences is only slightly higher, about 22% Sequence
variability is virtually restricted to the third exon (i e , the second domain of the protein) and
predominantly found in the first half of this exon, which encodes the third motif of the
protein the nt sequences of the human yl-2 and γ2-1 genes differ 35% in the coding region
for protein motif III, 26% in the coding region for motif IV, 10% in the coding region for
motif I and 9% in the coding region for motif II We noted a similar variability of the second
domain in two rat γ-crystallins [10] At present we cannot distinguish between two possible
explanations for this phenomenon, namely concerted evolution of the first domain or a more
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rapid divergent evolution of the second.
Sequence analysis of the noncoding and flanking regions
In the 3' noncoding region of both genes an AATAAA polyadenylation signal is found at
equivalent positions followed 23 and 22 bp, respectively, later by a GCA triplet. We suggest
that this triplet is the site of poly-A addition by analogy with the rat γ3-1 gene [7]. The 3'
noncoding regions would then be 64 and 65 bp long. The genes show a general sequence
homology which extends into the 3' gene-flanking region for about 25 bp. After that large
insertions/deletions are required to align the sequences.
-100

human
human

rat

У\-г
Ύ2-1

уз-!

human b-globin

ACtCaCCAaaa TGlGGCC CTTUGTGTgAtTTCCTG
TGCA AA TCCCCT
AC
CgCtGa GGGCCCCTTTTGTGT tGTTCtTG
TGCAtAAaalTCCCCT
gaaAaAACgTgCCCTGfT
CCCCcC Gc GGGCCCCTTTTGTGc tGTTCCTG
cttAgAcCtcaCCCTGTggagccACaCCCtAggGTtlGGCCaaTcTbcTcccAGgagCaG

tGGAG GCAGCAGtCAGGGCTG ClTATAcATA CAGtGaC Gt tCCtGCAGTTCCCA CACA gCAACcaG
CcaAc GCAGCAGCCAtc CTG CTATATAgA CtGGctgTGCAGCC GCAGgcCCCAtCACAcTgAACTCG
CcaAc GCAGCAGaCctc CTG CTATATATA tAGaccCTGC tCC CAG cCCtA CACAacCAAC aG
GGAGgGCAGgAGCCAGGGCTGggcATAaAag tCAGGG CaG AGCCatCtaTTgCtt ACAtTtgctTCt

Figure 5. Companson of the 5' flanking sequences The S' flanking sequences of the human γ1-2 and γ2-1 genes,
the rat γ3-1 and the human ß-globin genes are aligned to optimize homology Conserved nt (with reference to the
human γ-crystallin genes) are shown in capital letters Heavy overhning indicates nucleotides that are conserved in
all three γ-crystallin genes Numbering is for the human γ1-2 crystalhn gene with position 1 assigned to the putative
cap site, the arrow points to the cap site of the human ß-globin gene Boxes enclose sequences involved in the
regulation of transcription of eukaryotic genes while their conserved core sequence is heavily underlined (see text)

Upstream from the initiation codon possible cap sites are found at the positions indicated
in fig.3. About 25-30 bp upstream from the putative cap site a Goldberg-Hogness box (TATA)
is found.
During the sequencing of the intromc and flanking regions of the two genes several Alu
repetitive elements [23] were encountered, some of which are flanked by short direct repeats
(fig.2). Most of the Alu elements end in a poly-A tract but one ends in a (AAC)I1 tract. The
Alu elements are mostly arranged in small clusters consisting of one complete and one or two
truncated elements. This suggests that new Alu repeats frequently integrate in the genome in
or near pre-existing ones, thereby giving rise to deletions in the region where they insert.
Many more Alu elements, either complete or truncated, are present in the regions
surrounding the two γ-crystallin genes since a cloned Alu element was found to hybridize
strongly to the flanking and intergenic regions. Alu elements are often found in the
neighbourhood of human genes but such a high density of Alu repeats around a gene has thus
far only been reported for the human growth hormone gene [24].
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Besides Alu elements, the sequenced region also contains simple sequence DNA,
primarily repeats of the dinucleotide АС/TG (fig.2). In general, simple sequence DNA is
often found near repetitive DNA elements. In our case two of the three (AC/GT)n elements
are found close to Alu repeats. Rogers [25] observed that (CA)n sequences are often found
near or at breakpoints in DNA. Simple sequence DNA near repetitive elements could then
somehow have been involved in the breakage and reunion of chromosomes during the
transposition of these repetitive elements. Alternatively, simple sequence DNA could stimulate
the insertion of repetitive DNA in its direct neighbourhood. Finally, simple sequence DNA
could originate from the 3' end of repetitive DNA elements. This can also be true for the
(AC/GT)n elements, as we find one Alu repeat that ends in a poly(AAC) sequence and not in
a poly-A tract.
The variable presence of (mobile) repetitive elements and simple sequence DNA is at
least partially responsible for the variation in length (0.95-2.82 kb) of the second intron. In
contrast, the length of the 5' intron is relatively constant (86-100 bp). The intronic sequences
show only homology in some short stretches and directly surrounding the splice sites (a
detailed analysis will be presented elsewhere).
Conserved elements in the 5' flanking region
Since possible regulatory elements may be revealed by the conservation of their sequence we
have compared the 5' flanking region of the two human genes with those of two other genes,
the rat γ3-1 crystallin gene and the human ß-globin gene (fig.5). Besides the TATA box at -30,
three other conserved elements are found: a region around -50 to -60, a sequence resembling
the CCAAT box [26] at position -80 and finally a CCCT sequence [27] at -100. Two of these
sequence elements have been shown to be necessary for efficient and correct transcription of
the rabbit ß-globin gene in mouse 3T6 cells [27]. The third element, at -50 to -60, has as yet
not been found to be necessary for transcription of the ß-globin gene in studies of transient
expression. The conservation of this sequence in the human and rat γ-crystallin genes indicates
that further study of the functional significance of this sequence is warranted.
We have no direct evidence that the two human genes described here do function in vivo.
However, the lack of in-phase stop codons and the presence of a proper poly-A addition signal
at the 3' ends, of a Goldberg-Hogness box, and of elements involved in the modulation of
transcription of eukaryotic genes at the 5' ends all suggest that these two genes do function.
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CHAPTER V

HUMAN LENS γ-CRYSTALLIN SEQUENCES ARE LOCATED IN
THE pl2-qter REGION OF CHROMOSOME 2

J.T. den Dunnen, R.J.E. Jongbloed, A.H.M. Geurts-van Kessel and J.G.G. Schoenmakers
Hum. Genet. (1985) 70, 217-221

ABSTRACT
The human γ-crystallin genes constitute a gene family whose members are only expressed in the
eye lens. The chromosomal location of these sequences has been determined by screening a panel
of human/rodent hybrid cell lines containing overlapping subsets of human chromosomes for the
presence of human γ-crystallin sequences. By correlating these genomic hybridization data with
the chromosomal constitution of the somatic cell hybrids, all human γ-crystallin sequences could
be assigned to chromosome 2. The use of human/hamster cell hybrids derived from human
Burkitt lymphoma cells carrying a reciprocal translocation between human chromosomes 2 and
8, allowed a further localization of the sequences to the region 2pl2-qter.
INTRODUCTION
Crystallins are the predominant soluble proteins in the lens of the vertebrate eye. The supramolecular organization of the crystallins is responsible for the refractive properties and the
high transparency of the lens [1]. Changes in transparency of the lens, leading to cataract,
often correlate with changes in the properties or composition of the crystallins [2]. To gain
more insight in the molecular basis of herditary cataract formation we are currently studying
the structure and expression of the human crystallin genes.
In mammals the crystallins comprise three major classes: α- β- and γ-crystallins [3]. The βand γ-crystallin polypeptides are related in sequence [4,5] and adopt the same three
dimensional folding pattern [6]. Thus the β- and γ-crystallins have probably evolved from a
common ancestral gene. However, the ß-crystallins are heterogeneous, with Mr's of 21,00031,000, and form aggregates with each other and with other proteins [3], while the γ-crystallins
are very homologous, monomeric proteins of Mr 22,000 [3,7].
In the rat genome six γ-crystallin genes are found, five of which are closely linked [8]. The
sixth rat gene, γ4-1 could not be linked to the other five rat genes and may even reside on
another chromosome.
From genomic hybridization patterns we have estimated that in man 5, or possibly 6, γcrystallin genes are present. We have recently reported the isolation, characterization and
sequence of two of these genes, the human γ1-2 and γ2-1 genes (chapter IV).
To determine on which chromosome the human γ-crystallin sequences are located and
whether all human γ-crystallin sequences reside on the same chromosome we have analysed
human/rodent somatic cell hybrids for their presence. Simultaneous chromosomal analysis of
the cell hybrids allowed us to assign the human sequences to chromosome 2. The
establishment of this chromosomal localization will be usefull in the identification of genetic
defects, such as hereditable cataracts or eye aberrations, that could be due to a dysfunction of
the crystallin genes.
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MATERIALS and METHODS
Materials
Restriction enzymes used were either from Boehnnger Mannheim or from Bethesda Research Laboratories
Eschenchta coli DNA polymerase (Klenow fragment), Escherichia coli DNA polymerase I (Romberg) and
proteinase К were from Boehnnger Mannheim, agarose from Sigma, formamide from Fluka, nitrocellulose filter
from Schleicher & Schuell and a-32P dATP (&3000 Ci/mmol) from Amersham

Cell lines and growth conditions
Hybrid cell lines were isolated after fusion of human cells obtained from different donors with hypoxanthme
phosphonbosyl transferase deficient (HPRT) Pgl9 and WEHI-TG mouse cell lines or thymidine kinase deficient
(TK ) Chinese hamster a3 cells, as reported previously [9-11] For the regional localization expenments described
in this paper we used two hybrid cell lines which were obtained after fusion of human Burkitt lymphoma cells
carrying the specific translocation (2,8)(pl2,q24) with Tk a3 cells (Schonk and Geurts van Kessel, unpublished
results) All cell lines were grown in FIO or RPMI-1640 medium supplemented with glutamine (2mM), penicillin
(100 U/ml), streptomycin (100μξ/ταΙ) and fetal calf serum (10%)

Human chromosome content of hybrid cells
Atr-dncd chromosome preparations were made according to standard procedures Of each cell line at least 16
metaphases were examined using R-banding (with acndine orange) after heat denaturation The cells used for
chromosome analysis and DNA extraction were always denved from the same culture No restriction enzyme
polymorphisms in y-crystallin fragments were detected in any hybrid cell line studied

DNA isolations
High molecular weigth DNA was isolated from the hybrid cell lines as follows cells were homogenized in STEEKbuffer (17 1% sucrose, 15mM Tns-HCl, 0 ImM CDTA, 0 ImM EGTA, 25mM KCl, pH 7 5) with 0 5% Tnton X100 Nuclei were collected by centnfugation at 10,000 rpm for 1 mm at ^ C , washed twice with the same buffer
and twice with TE-buffer (lOmM Tns-HCl, ImM EDTA, pH 7 6) The nuclei were resuspended in TE-buffcr,
Proteinase К and SDS (final cone l(K^g/ml and Smg/ml rcsp ) were added, and the suspension was incubated for
16 hours at 37°C The nuclear lysate was extracted twice with an equal volume of phenol/cresol (1kg phenol, 127ml
m-cresol, 100ml HjO, 0 9g 8 hydroxychinolinc) and twice with chloroform/isoamylalcohol (24 1 v/v) DNA was
precipitated from the aqueous phase after addition of NaCI (final concentration 0 3M) and 2 volumes ethanol (96%
at -20°C) The precipitate was air-dried and resuspended in TE-buffer to a final DNA concentration of 0 5mg/ml

DNA probes
The DNA probes used to detect the human γ-crystallin sequences were Pstl-excised inserts of the rat cDNA clones
pRLY-2 and pRLy-i [12], and M13mp recombinant phages originally isolated dunng the sequencing of the two
human γ-crystallin genes (chapter IV) Phage ХІ9 contains an EcoRI/PstI fragment of the human γ1-2 gene which
includes the S' flanking sequences as well as the codogenic and intronic sequences upto the middle of exon 2 Phage
x54 contains a BglII/Sau3A fragment spanning a similar region of the human γ2-1 gene The DNA probes were
labelled with 3 2 P either by nick translation or, in the case of M13 recombinant phage DNA, by second strand
synthesis [13] Except when otherwise indicated, human DNA digests were hybridized with an equimolar mixture
of the four probes mentioned above
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Hybridization techniques
DNA (10-15 μg) was digested to completion with a twofold excess (added in two equal portions) of the restriction
endonucleases BamH I, EcoR I, Bgl II or Hind III DNA fragments were separated by electrophoresis on a 0 7%
agarose gel and transferred to nitrocellulose filter as described previously [8] The nitrocellulose niters were
hybridized for 60 hours at З С After hybridization the filters were washed at 50-55oC with successively lower
concentrations of SSPE-buffer [0 18M NaCl, lOmM Na-phosphate (pH 7 4), ImM EDTA], 0 1% SDS to a final
concentration between 0 5 and 0 IxSSPE

RESULTS
When restriction enzyme digests of rat, murine or human genomic DNA are hybridized with
labelled rat γ-crystaUin cDNA sequences a complex banding pattern is observed (fig 1) This
indicates not only that these species have several v-crystallin genes but also that these
sequences are sufficiently well conserved in evolution to allow the detection of human or
mouse γ-crystallm sequences with a rat cDNA hybridization probe The intensity of the
hybridization signal does, of course, depend on the homology between the probe and the
genomic sequences Thus, rat γ-crystallm cDNA hybridizes better to mouse than to human
genomic sequences To detect the human γ-crystallin sequences m human/rodent cell hybrids
we used hybridization probes from two cloned human genes In addition, to enhance the
hybridization signal of the human sequences not yet cloned, rat v-crystallin sequences were
used
Since the rat and human γ-crystallin probes used to detect the human sequences in
human/rodent hybrid cells, hybridize to the rodent sequences as well, the pattern of the human
sequences is superimposed on the complex rodent hybridization pattern An example of the
hybridization pattern of digests of the DNA isolated from human/mouse hybrid cell lines is
shown in fig 2 The murine γ-crystallin DNA sequences are seen in all lanes but in several
lanes additional DNA fragments are detected that comigrate with the human γ-crystallin
fragments Unfortunately, in all restriction digests used, at least one human and one rodent
band comigrate We have therefore analysed four different restriction enzyme digests to insure
that all human sequences would be detected (see Materials and Methods)
Twentynine somatic cell hybrids were screened in this manner for human γ-crystallin
sequences As can be seen in fig 2, some human bands are more easily detected in the hybrid
pattern then others However, close examination of longer exposures shows that when the
strongly hybridizing fragments are present, the weaker hybridizing bands can also be detected
Table I shows that the presence of a hybridization signal from the human sequences correlates
with the occurrence of human chromosome 2 m the hybrid cell lines Two exceptions were
found In these two hybrids, PgMo-12 and Wesp-6, no complete human chromomsome 2 was
identified It is possible, however, that as a result of chromosome breakage after cell fusion,
small fragments of chromosome 2 are still maintained in these hybrids All other human
chromosomes were discordant in 6 to 16 hybrids
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Figure 1. Genomic hybridization pattern of rat, mouse and human DNA after restriction enzym digestion with E =
EcoRI or В = BamHI. The digests were electrophoresed on a 0.7% agarose gel, transferred to nitrocellulose filter
and hybridized with rat lens γ-crystallin cDNAs ρΚΕγ-2 and pRLy-S [12]. For all three DNA's used the
hybridization and washing conditions (see Materials and Methods) were the same.
Figure 2. Hybridization pattern of the DNA isolated from mouse liver (lane a), human liver (lane h) or several
mouse/human hybrid cell lines. Cell lines used were; PgMo-12 (lane b), 805-13 (c), 805-14 (d), 805-19 (e), 805-20
(f) and 805-22 (g). The DNA was digested with EcoRI, electrophoresed on 0.7% agarose gel and transferred to
nitrocellulose filter. Hybridization probes used were as in fig.l except that in addition the human γ-crystallin DNA
probes xl9 and x54 (described in Materials and Methods) were added. Due to the presence of the human γcrystallin probes several bands now give stronger hybridization signals than in the experiment shown in fig.l. Cell
lines 805-13, 805-14, 805-20 and 805-22 contain human chromosome 2. Cell line PgMo-12 gives a positive
hybridization although it was karyotyped as chromosome 2 negative (see text).
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Chromosome

+/+

+/-

-/+

-/-

Discordant

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
Χ
8q+
9q+
22q-

8
12
10
6
8
14
13
10
6
8
10
12
8
8
4
7
9
7
10
12
13
12
10
0
1
3

6
2
4
8
6
0
1
4
8
6
4
2
6
6
10
7
5
7
4
2
1
2
4
14
13
11

5
0
2
2
4
8
8
3
2
5
2
4
3
5
4
3
7
2
6
10
10
7
10
2
5

10
15
13
13
11
7
7
12
13
10
13
11
12
10
11
12
8
13
9
5
5
8
5
13
15
10

11
2
6
10
10
8
9
7
10
11
6
6
9
11
14
10
12
9
10
12
11
9
14
16
13
16

Table I. Relationship between the presence of human γ-crystallin sequences and of human chromosomes in 29
human/rodent cell hybrids For each human chromosome the number of cell lines are shown in which both human
γ crystallin sequences and that particular chromosome are present (+/+), human γ crystallin sequences are present
but that particular chromosome is absent (+/ ), the human γ-crystallin sequences are absent but that particular
human chromosome is present ( /+), both human γ-crystallin sequences and that human chromosome are absent (/ ) In the right most column the number of cell lines that would be discordant if that particular human
chromosome contained the γ crystallin sequences is given For each chromosome 29 different hybrid cell lines were
tested

A more refined localization of the γ-crystallin sequences on chromosome 2 was achieved
by using the human/hamster somatic cell hybrids R16A3-9 3 and R17A3-12b These cell lines
were derived from human Burkitt lymphoma cells which contained the chromosome
translocation t(2,8)(pl2,q24) Both cell hybrids only contained part of the short arm of
chromosome 2 (2pter-pl2, translocated to chromosome 8 and designated 8q+) The loss of the
region pl2-qter of chromosome 2 correlated with the loss of the human γ-crystallin
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hybridization signal in the hybridization pattern of the hybrid cell DNA. Therefore, we
tentatively conclude that the γ-crystallin sequences in man must be located on 2pl2-qter.
Unfortunately, we can not confirm this suggestion since no hybrid cell lines were available
which only contained the pl2-qter region of chromosome 2.
DISCUSSION
The assignment of genes to human chromosomes with the aid of somatic human/rodent cell
hybrids is in principle straightforward. There are, however, two main practical problems with
this approach. The first is that a hybrid cell line may have retained only part of a human
chromosome. In this case hybridization and karyotype data will be discordant; in our
experiments this problem was encountered in two out of 29 cell lines analysed. A second
common problem is that not all cells in a cell line contain a human chromosome. The
consequence of this is that the hybridization signal of the human sequences becomes relatively
weak. When genes belonging to a highly conserved, closely homologous gene family such as
the γ-crystallins, are analysed this can be a serious problem: the strong and complex rodent
pattern can obscure a weak human signal. We have overcome this problem by using a number
of different restriction digests in which most of the human fragments were well separated from
the rodent fragments. Relatively long exposure times could then be used to detect even
weakly hybridizing signals.
Our data show that the presence of hybridizing fragments from the human γ-crystallin
sequences in hybrid cell line DNA correlates strongly with the presence of human chromosome
2; in particular with the presence of the pl2-qter region of this chromosome. We thus conclude
that human γ-crystallin sequences are located on this particular chromosomal segment. Since
all hybrid cell lines either contain the full complement of human γ-crystallin sequences or none
at all, we further conclude that all human γ-crystallin sequences are located on the pl2-qter
region of chromosome 2.
The exact number of human γ-crystallin genes is not known. From the number of
hybridizing bands in digests of genomic DNA we estimate that five or six genes may be
present. For example, in the hybridization pattern of an EcoRI digest, as shown in fig.2 (lane
h), only three of the fragments can be accounted for by the two cloned human γ-crystallin
genes (chapter IV); the 2.9 and the 1.5 kb bands derive from the γ1-2 gene, while the 12.5 kb
band contains the human γ2-1 gene (chapter IV). The remainder of the bands could represent
three or four other γ-crystallin genes.
We have previously shown that the human γ1-2 and γ2-1 genes are separated by only 12.5
kb of intergenic DNA (chapter IV). Here we present evidence that all human γ-crystallin
sequences are located on the same chromosomal segment and thus would be linked. Further
studies will show whether all human γ-crystallin sequences are organized in the same manner
as the rat γ-crystallin gene cluster (which has the order 5'- γΐ-ΐ - γ1-2 - γ2-1 - γ2-2 - γ3-1 -3'
[8])·
The knowledge that the human γ-crystallin sequences are located on human chromosome
2 can be directly uscfull in the study of human genetic diseases in two ways. First of all, we
have already detected a restriction fragment length polymorphism (RFLP) after screening only
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a few individuals Therefore this gene family may be a usefull source of RFLP's These
RFLP's cannot only serve as linkage markers but are also powerful tools in studies that try to
elucidate the molecular basis of genetic defects [14-16] Secondly, there are a number of
hereditable lens aberrations, most notably cataracts A few of the hereditable forms of cataract
have been assigned to specific chromosomes, but, at present, none are associated with
chromosome two It is intriguing, however, that two other eye aberrations, dominant optic
atrophy Kjer-type (DOAK) and dominant aniridia (on 2p, for references see Bootsma and
Kidd, [17]), have been tentatively assigned to chromosome two At present we are trying to
establish whether some forms of hereditary cataracts are caused by defects in the crystallin
genes Conversely, in the future, we will study whether chromosome two linked eye defects
are correlated with changes in the γ-crystallin genes
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CHAPTER VI

CONCERTED AND DIVERGENT EVOLUTION WITHIN
THE RAT γ-CRYSTALLIN GENE FAMILY

J.T. den Dunnen, R.J.M. Moormann, N.H. Lubsen and J.G.G. Schoenmakers
J. Mol. Biol. (1986) 189, 37-46

ABSTRACT
The nucleotide sequences of six rat γ-crystallin genes have been determined. All genes have the
same mosaic structure: the first exons contain a relatively short (25-44 basepairs) 5' non-coding
region and the first 9 basepairs of the coding sequence, the second exons encode protein motifs I
and II while protein motifs ΠΙ and IV are encoded by the third exons. The third exons also
contain a 60-67 basepairs long 3' non-coding region. In the γ1-2 gene the splice acceptor site of
the third exon has been shifted 3 basepairs upstream. Hence the protein product of this gene is
one amino acid longer. The first introns, though varying in length from 85 to 100 basepairs, are
conserved in sequence. The second introns vary considerably in length (0.9 to 1.9 kb) and
sequence. The second exons of the genes show convergent evolution and have undergone
multiple gene conversions. In contrast, the third exons show divergent evolution. From the
sequences of the third exons a parsimony evolutionary tree of the gene family was constructed.
This tree suggests that three of the present genes derive directly from the genes that originated
from a tandem duplication of a two gene cluster. Two duplications of the last gene of the four
gene cluster then yielded the other three genes. Region a' of the third exon, encoding protein
motif ΙΠ, is variable while the region encoding protein motif IV (b') is constant. We postulate
that this variability in region a' is due to a period of radiation after each gene duplication. A
comparison of the rat sequences with those of orthologous sequences from other species shows
that the variation in region a' is now preserved. Hence, it might specify the specific functional
property of each γ-crystallin protein within the lens.

INTRODUCTION
The water soluble structural proteins of the vertebrate lens are known as the crystallins. These
proteins play an important role in maintaining the transparency of the lens [1]: changes in
transparency during cataractogenesis have been correlated with modifications of the crystallins
[2]. The crystallins can be subdivided into three classes, the α-, β- and γ-crystallins [3,4]; βand v-crystallins are evolutionary related and belong to one protein super-family [5,6].
The γ-crystallins are monomeric proteins with a Mr around 20,000. The tertiary structure
of the calf γΙΙ-crystallin has been elucidated by crystallographic analysis [7]: the protein is
highly symmetrical and built up out of four homologous motifs. Motifs I and II are organized
in one protein domain, while motifs III and IV form the second domain. The two domains
are joined by a connecting peptide. Motifs II and IV are responsible for the interdomain
interactions while motifs I and III face the outside of the protein molecule.
In all species studied so far multiple γ-crystallin polypeptides and multiple γ-crystallin
genes have been detected [8-11]. We have shown that six γ-crystallin genes are present in the
rat, all of which are transcribed [8]. Five of these genes are closely linked and oriented head to
tail in the order γΐ-l, γ1-2, γ2-1, γ2-2 and γ3-1. The exact location of the sixth gene (γ4-1)
with respect to the other five genes could not yet be established, although we located it on the
same rat chromosome (chapter VII).
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The γ3-1 gene has been studied in detail [12] and was shown to contain two introns; a
small one located after the third translation codon and a large one located approximately in
the middle of the gene. The same structure was reported for one murine [13] and several
human γ-crystallin genes [10,11].
A comparison of the gene structure with that of the protein shows that these structures
are colinear: the two large exons of the gene each encode one of the two globular protein
domains. Four divergent but clearly homologous regions (a, b, a' and b') can be discerned in
the gene, each encoding one of the four protein motifs [14]. Hence it has been suggested that
the mature γ-crystallin gene evolved from an ancestral sequence encoding one protein motif
[12,15]. By further duplication of such a gene the present day γ-crystallin gene family could
have arisen.
The presence of multiple γ-crystallin genes in the species studied raises the question
whether the expression of these genes is developmentally regulated during lens differentiation.
Since initial studies showed that the transcripts of the rat genes could not be discriminated by
filter hybridization experiments [16] extensive sequence information was required to be able to
design specific probes for each gene. The sequence data reported here provide the necessary
framework for our studies at the transcriptional level. Furthermore, these data enable us to
trace the evolutionary processes that shaped this gene family. We show that the genes have
undergone both concerted and divergent evolution and suggest that if the functional properties
of the various γ-crystallin proteins differ, these differences are determined by the sequence of
their third motif.

MATERIALS AND METHODS
Sequencing strategy
The isolation of genomic clones of the rat γ-crystallin gene family has been descnbed [8J. Appropriate single or
double digests of subclones of the genomic clones (see [12]) were cloned in the M13-sequencing vectors -mp8,
-mp9, -mplO and -mpll [17] Where necessary to make overlaps or to obtain the sequence of the second DNA
strand, we inserted partial Alul, Haelll, Rsal or Sau3A digests of the subcloned genes in the Smal, Hindi or
BamHI site of the МІЗтр-vectors. Occasionally the recombinant phages that contained the sequences of interest
were selected by hybridization screening All sequences were determined by the dideoxy chain termination method
and always determined at least once on both DNA strands. DNA sequences were analysed using the computer
programs described by Staden [18].

Evolutionary calculations
Evolutionary calculations were carried out essentially as described by Fitch and Margoliash [19]. The amino acid
and nucleotide sequences of the six γ-crystallins were compared after optimal sequence alignment The number of
differences between each pairwise comparison was counted and used to construct a difference matrix. Inser
tions/deletions were counted as one genetic event Sequences that were related most closely were placed on
adjacent branches of a putative evolutionary tree From the two sequences a preliminary nodal sequence was
constructed. This nodal sequence was compared with the remaining sequences and the next branch was determined
This method was repeated until the tree was complete. The resulting evolutionary tree is presented in fig 6 and
consists of four duplication events (see discussion) The number of mutations needed to derive the nodal or present
sequences from the ancestral sequence is given in the figure When it was not possible to assign a mutation to
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either site of a branching point (i.e. after the first duplication) then half a mutation was assigned to either branch

RESULTS
Structure of the rat y-crystallin genes
We have reported the isolation of genomic clones of the six rat γ-crystallin genes present in the
rat genome [8,16]. The sequence of these genes, their 5' and 3' flanking regions and their
intronic regions was established as described in Materials and Methods. The sequences are
shown in fig.l.
As established from the nucleotide sequence, the intron/exon structure of the six genes is
identical. In all genes three regions with an open reading frame can be found; one of 9 bp
containing the translation initiation codon, one of 243 bp which would constitute the second
exön of the genes and one of 273 bp (276 bp for γ1-2: see below) which ends with a translation
stop codon. Each gene would thus have three exons and two introns. We have shown by Slmapping that all genes are interrupted by an intron 72 bp upstream from the common Pstl-site
in the second exon [8] which confirms our assignment of the first intron/second exon junction.
The position of the second intron in the γ2-1 and γ3-1 genes was established directly from a
comparison of these sequences with the sequence of the cDNA clones ρΚΙ_γ-2 and pRLy-S
which represent copies of the mature transcripts of these genes. For the other four genes we
have shown that these are interrupted by a large intron in the middle of the gene [8]. Our
assignment of the exact boundaries of these introns is based, however, on the homology of the
putative exons of these genes with the exons of the γ2-1 and γ3-1 genes.
The first introns are small (85-100 bp, table I) and relatively constant in length. The
second introns vary in length from about 0.9 to 1.9 kb (table I). All introns start with -GTand end with -AG-, in agreement with the GT/AG splice site rule.

gene

Exon 1

Intron 1

Exon 2

Intron 2

γΐ-ΐ
Yl-2
γ2-1
γ2-2
V3-1
γ4-1

45
42
37
53
51
46

100
88
92
85
86
87

243
243
243
243
243
243

1713
1346
1345

890
1881
1394

Exon 3
с + п.с.
273
276
273
273
273
273

+ 60
+ 65
+ 66
+ 67
+ 66
+ 64

Table I. The length in basepairs ot the three exons and two introns of the rat γ-crystallin genes. For exon 3, these
figures are given separately for the coding (c ) and non-coding (n с ) sequences Note the 3 additional bp of the
coding region of the yl-2 gene
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Figure 1. Nucleotide sequence of the rat 74-1, γ3-1, γ2-2, γ2-1, γ1-2 and γΐ-l crystallin genes. The sequence of the
γ3-1 gene has been published [12] The sequences presented start at the putative cap-site of the genes (i e the first
CA-dinucleotide at least 30 nucleotides downstream from the first Τ of the TATA box [fig.4]) and are aligned to
optimize homology. Only the γ4-1 sequence (top line) is shown completely; for the other genes only differences are
specified. Blanks indicate sequence identity while a dash represents a 1 bp deletion. Numbering is for the exonic
sequences of the γ4-1 gene with position 1 assigned to the putative capsite; a dot below the γΐ-ΐ sequence indicates
every 10th position of the sequences shown. 3' flanking sequences are numbered +1 from the putative poly-A
addition site. Exonic DNA sequences are boxed with the coding sequences shown in capital letters. The poly-A
addition signal is underlined and the putative poly-A addition site is marked with an arrow The sequence of the
second intron is not shown completely; its length is indicated. Several nucleotides of the γ2-1 gene sequence differ
from that of the ρΚΙ_,γ-2 sequence published before [14] Reexamination of the sequence of ρΚΙ_γ-2 showed that
these differences were partly due to sequencing errors (positions 83, 288 and 544-546) The difference at position
143 was not due to a sequencing error but probably reflects a polymorphism at this position in the rat population.
A further difference at positions 611-613 concerns the last three nucleotides of the У noncoding region. This
difference is either due to an artefact of the cDNA cloning or may be another polymorphism in the γ2-1 gene.
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In the γ1-2 gene there is no AG-dinucleotide at the position where in the other genes the
splice-acceptor site of the large intron is found. However, this dinucleotide is present 3 bp
upstream from the 'normal' position. Apparently, the original splice site of the γ1-2 gene has
mutated and a new splice site 3 bp upstream has been created. The polypeptide chain encoded
by the third exon of the γ1-2 gene is therefore one amino acid longer than those encoded by
the other five γ-crystallin genes. A similar amino acid addition is found in the bovine γΙΙcrystallin [20], in the deduced amino acid sequence of the human γ 1-2 gene [10] and in several
frog γ-crystallin sequences [21]. This additional amino acid residue is part of the connecting
peptide of the protein and should therefore have little effect on the tertiary structure of the
protein.
Comparison of the coding sequences
All six rat γ-crystallin genes have an open reading frame (see also [22]). The derived amino
acid sequences (fig.2) show that the resulting proteins are closely related but not identical in
sequence. Conserved in all six proteins are those residues that are thought to be essential for
the proper folding of the protein (arrows, fig.2). These residues are found at equivalent
positions in all four motifs of the protein and are conservatively varied (Phe/Tyr) only once,
namely in motif I. Thus all six γ-crystallin proteins are likely to be folded in the same manner.
Noteworthy is the high cysteine content of the γ-crystallins. Summers et al. [23] have assigned
an important functional role to some of these cysteines. The cysteines at positions 18, 32, 41,
78 and 109 are present in all six proteins. In addition cysteines are found in some of the
proteins at positions 15, 22, 53, 111 and 130 (fig.2). Most cysteines are found in the first
domain of the protein and this domain is thus most likely to be affected by -SH oxidation, a
process shown to occur during aging of the rat lens [24,25].
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Figure 2. Comparison of the deduced amino acid sequences of the rat γ-crystallins. Protein sequences are shown
in the one letter amino acid code. A gap after position 29 is introduced to align the sequences of protein domain I
(top) with those of domain II (bottom). A vertical line separates the two protein motifs in a given domain. A dash
indicates a 1 amino acid deletion. Boxes enclose amino acid differences shared by more than one gene; circles
enclose unique residues at a given position. Arrows indicate residues essential for a proper folding of the protein [7]
while a dot marks the positions where Cys-residues are found (see text).
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Exon 2/exon 3
γΐ-ΐ
γ1-2
Y2-1
γ2-2
γ3-1
γ4-1

γΐ-ΐ
98
99
88
88
90

95
95
86
86
85

γ1-2
69 81
98
88
88
90

98
89
88
88

V2-1

V2-2

72 83
62 78

74 86
74 81
73 79

89 89
89 88
89 88

100 99
98 98

γ3-1
70 87
76 80
68 82
78 92

γ4-1
72
76
69
78
98

84
78
79
91
96

98 99

Table II. Percentage homology between the nucleotide sequences of the coding regions of the six rat γ-crystallin
genes. The lower left triangle shows a companson of the regions a and b of exon 2 (coding for protein motifs I and
II) while the upper right triangle shows the same comparison for regions a' and b' (corresponding to protein motifs
III and IV).

The sequence homology between the various exons of the six genes is given in Table II. A
schematic comparison of the differences between these six proteins with respect to the position
within the protein is shown in fig.3. In the coding region of the first exon, which is 9 bp long,
only one (silent) mutation has occurred. In the second exon, 243 bp long, a number of amino
acid differences are found. On the Basis of these differences two groups of genes can be
identified: the group I genes, i.e. the first three genes of the cluster (γΐ-ΐ, γ1-2 and γ2-1) and
the group II genes, i.e. the last two genes of the cluster (γ2-2 and γ3-1) and the γ4-1 gene.
Within these two groups, virtual sequence identity is found; the average nucleotide sequence
homology between the group I genes is 98% and between the group II genes 99%. The two
groups differ in amino acid sequence at only 10 positions out of the 81 encoded by the second
exon. When the sequences of the coding region of the third exons are compared a different
but less obvious division into two groups is found, since the third exon of the γ1-2 (a group I)
gene is on the average more homologous to the third exons of the group II genes than to those
of the other group I genes (table II). This, and other observations, suggest that the second and
third exon differ in their evolutionary history (see discussion).
Most of the nucleotide (fig.3a) and amino acid (fig.3b) differences between the γcrystallins are found in the third exon of the gene, i.e. in the second domain of the protein.
Closer inspection of fig.3 indicates that in fact the most variable region of the genes is region
a', encoding protein motif III. A possible explanation for this phenomenon could be that the
selective pressure on motif III is lower than that on the other three protein motifs. One would
then expect that, when a rat γ-crystallin is compared with the orthologous protein from
another species, the amino acid sequence homology would be less for motif III than for motif
IV. We have therefore compared the rat γ1-2 crystallin sequence with the available ortho
logous γ-crystallin sequences from other species (table III): the differences between motifs IV
of these proteins are at least as large as the differences between motifs III. Hence, there can
be no large difference in the selective pressure on these two motifs. The same conclusion is
reached when the last two motifs of the proteins encoded by the orthologous human γ2-1 and
rat γ2-1 genes are compared. Apparently region a' has accumulated a number of mutations
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during the evolution of the γ-crystallin genes thus engendering the present variation in this
region. Since this variation has been stabely preserved between rat, calf and human, it most
likely fullfills a functional role (see discussion). Motif III, the motif encoded by a', faces the
outside of the protein molecule and subtle changes in the surface properties of this motif could
influence the interaction of the γ-crystallin protein with its environment. The properties of
motif III may well define the specific function of each γ-crystallin.
number of different
ΟΠΉΠΟ ocid residues

A M I N O ACIDS

3-

174
amino ocid potihon

number of different
nucleotides per coding triplet

NUCIEOTIDES

Figure 3.
(A) Variability of the nucleotide
sequence and (B) variability of the amino acid
sequence with respect to the position in the
coding sequence of the rat γ-crystallin genes. On
the bottom Ime a schematic view of the two
domain/four motif structure of a y-crystallin is
shown, a, b, a' and b' indicate the four regions
of the gene that each encode one of the protein
motifs; c.p = the connecting peptide. Vertical
bars represent (in A) the number of base
changes in a coding triplet or (in B) the number
of different amino acid residues at a certain
position.

150
I»
ammo acid position

Comparison of the non-coding regions
The sequences of the six γ-crystallin genes as shown in fig.l start at position 1, the putative
transcription start sites. The size of the first exon as determined by Sl-nuclease analysis and
primer extension experiments [8] is in good agreement with the transcription start sites shown
here. A detailed analysis of the precise transcription start sites of the rat γ-crystallin genes will
be presented elsewhere (van Leen et al., submitted).
The 5' non-coding regions are quite short, varying in length from 25 to 44 bp (table I).
There are no obvious conserved sequence elements in this region, except around the tran
scription initiation site. The homology between the various genes (table II) appears to reflect
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their evolutionary relationship rather than a functional conservation of the sequence.

Exon 2/exon 3
human γ1-2
calf γΙΙ
mouse γ4
rat γ1-2
human γ2-1
rat γ2-1
frog γ2

human
yl-2
87
84
93
94
75

90
90
90
91
91
76

calf
γΙΙ

mouse
γ4

rat
yl-2

84 84

89 85
87 85

89 88
87 86
94 91

89
85
92
72

92
92
86
92
76

-

95
86
95
77

83 87
98 98
72 75

human
γ2-1
65
68
65
67

74
75
74
75

85 86
71 73

V

rat
2-l

62
66
62
62
86

73
73
77
78
86

frog
V2
62 66
61 64
61 65
59 64
58 66
58 64

74 75

Table III. Percentage homology between the nucleotide sequences of γ-crystallin sequences genes of several
species. The figures are given separately for the regions a and b of exon 2 (lower left triangle) and for regions a'
and b' of exon 3 (upper right triangle). Comparisons between orthologous genes are underlined. A comparison
with the frog Y2-sequence [21] is included to show its residual homology with all mammalian γ- crystallin sequences
shown here. The mouse y4-sequence is from Lok et al. [13], the calf γΙΙ-sequence is from Bhat & Spector [20]
while the human sequences are from Den Dunnen et al. (chapter IV). A dash is given when a comparison could
not be made because one of the two sequences compared was not completely known.

In the 3' region of all six genes a poly-A addition signal (AATAAA) is found 60 to 67 bp
after the termination codon. A conserved GCA triplet is found 20 bp (19 for γΐ-ΐ) down
stream from the poly-A addition signal. We suggest that this triplet is the poly-A addition site,
since in the cDNA of the transcript of the γ3-1 gene the poly-A tail starts at this site [12].
Sequence conservation is found in the 3' non-coding region mainly around the poly-A
addition site. Some homology between the genes is also found in the 3' flanking region.
However, a proper sequence alignment is only possible if larger insertions/ deletions are
introduced.
The overall sequence homology between the genes in a third non-coding region, the small
5' intron, is relatively high and ranges from 54 to 96%. In contrast, in the large introns little
sequence homology is found, except around the splice sites. A complete analysis of these
sequences and the presence of simple sequence DNA and repetitive elements therein will be
reported elsewhere (see chapter VIII).
Comparison of the 5' flanking regions
In the 5' flanking regions of eukaryotic genes several (consensus) sequences have been found
which together determine the efficiency of transcription and its start site. These include the
TATA box, the CCAAT box and the transcription initiation start site itself. In the 5' flanking
sequences of the six rat v-crystallin genes these elements can all be identified (fig.4). When the
sequences are aligned at these elements as in fig.4, it can be seen that between the TATA box
(at -30) and the putative cap site the sequences are rather variable. A number of
insertions/deletions are necessary to align the sequences. More homology (68-100%) is found
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upstream from the TATA box upto -75. At this position the sequence GGGCCCCll l l G T G
is found which is almost invariably conserved in all γ-crystallin genes studied thus far ([9,12],
chapter IV). As we have argued elsewhere, this sequence may be the equivalent of the
CCA AT box found in many eukaryotic genes. Further upstream the sequence CCCT is found,
which has been shown to be important for the transcription of ß-globin genes, both in vivo and
in vitro [26].
pat
rat
rat
rat
rat
Pat

tl-1
y1_2
y2-1
y2_2
Уз.!
уд.!

tTgAAttcotTtoactgagCtagtaAgga JaaotoGaila:gccAGagAgAatGAgAgЗсссС
tAcCCcatgaT
TtttigtgaC»ttrAgarf:aacft:CaaFc>a>:cAGae)AgAatSAgAg|tAaACcATtcAgCCaaetcc
agcaAcTetgaCcagoTAgctCatocaGggCagegttGgaAcAcactAgAgAaoCAggcgAatCtaeagT
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-131
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-ccCCCCGC 3GGCCCCTTTTGTG;-TGT - 6 0
CcCccaCAGtcAtttAtAtAg-JAaaaAGAaAgabaAaAcgTg :CC1 î
tccCCCCGC ÎGGCCCCTTTTGTC;-TGT - 5 7
CcCcoaCAGtoAtt-AtAtAgakaaGAGAGAgaja-AaAogTg :CC1 5
tcoCaCCGC ÎGGCCCCTTTTGTC;-TGT - 5 7
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TCCTGtggAgGCAGCAG
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A tcC
TCCTGCCAACGCAGCAG- ACC-TC-CTGqTATATATATAbaoCCtGCT
"CCaG-CCCtA С Γη»!гГААСАСс-АС
Figure 4. Comparison of the 5' flanking sequences of the γ-crystallin genes upto position -200. The sequences are
aligned to optimize homology upto position -100. In the more upstream sequences only the γ3-Ι and γ4-1 sequences
are aligned. Alignment of all sequences would necessitate the introduction of many deletions/insertions and would
obscure the constant distance of conserved elements to the transcription initiation site. In the γΐ-ΐ sequence two
deletions are introduced to align it with the γ1-2 sequence in order to show the close homology of the boxed
sequence at -160. The T A T A , the putative equivalent of the CCAAT and the CCCT boxes are indicated (see text)
as well as other larger conserved sequences further upstream. Nucleotides that are common to more than three
genes at a certain position are shown in capital letters. Nucleotides common to 5 or 6 genes are underlined.
Numbers at the end of each line indicate the position of the last nucleotide while in the γΐ-ΐ and γ4-1 sequence
every tenth nucleotide is marked. The putative capsites (see fig.l) are indicated by a heavy dot.

To align the sequences further upstream than -100 larger insertions/deletions have to be
introduced. Nevertheless, a number of conserved elements can be identified (boxes fig.4).
Upstream conserved elements have been implicated in the tissue specific or hormonal regula
tion of some genes (for review see [27]). Whether the conserved elements that we have
identified here do have a biological function is at present not known.
DISCUSSION
We report here the sequences of all the γ-crystallin genes present in the rat genome. A
schematic view of the sequence homology between the genes is presented in fig.5. A detailed
analysis of these sequence data shows that the second exons are minor variants of a 'group Γ
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or a 'group ΙΓ sequence. In contrast, in the third exon we find a gradual sequence divergence,
as indicated by the shading of these exons. Only in region b' of the γΐ-ΐ gene do we find a
small segment of 30 bp which corresponds in sequence to the γ2-2 gene and not, as expected,
to the γ2-1 gene.
Gene conversion within the y-crystallin gene family
When the sequences of the second exons of the genes within group I or group II are
compared, only a few mutations are found (arrows fig.5). Considering the sequence divergence
in this region between the two groups, the sequence divergence between rat γ-crystallins and
γ-crystallins from other species (table III) and the paucity of silent codon changes, it is highly
unlikely that the sequences of the second exon have remained identical merely due to a high
selective pressure. It is more probable that this part of the γ-crystallin genes has been
subjected to a number of gene conversions. The same process has been invoked to explain
sequence similarity in other multi-gene families such as the globin genes [27] the MHC-genes
[28] and the immunoglobulin genes [29]. The regions of the γ-crystallin genes showing virtual
sequence identity and thus likely to have been involved in gene conversions are shown in fig.5.
Since for the group I genes sequence similarity ends at about the intron/exon junctions, appa
rently only the coding region of the second exon has participated in the conversion. In group
II, conversion has been more extensive, since here also intron 1, exon 1 and the 5' flanking
region is involved. There are, however, some small irregularly spaced interruptions in the
sequence identity upstream from the second exon of the group II genes. A similar
phenomenon has been encountered in a study of the Ογ-Αγ globin genes and has been called
a 'patchy' gene conversion [30]. Alternatively, multiple conversions could have occured in this
region.

Figure 5. Schematic representation of the sequence homology between the rat γ-crystallin genes. Exonic sequences
are represented by bars: thick bars for coding and thin bars for non-coding regions. The left half of the figure
shows the homologies in exon 2 and regions further upstream. The shaded area represents regions with nearly exact
sequence identity; arrows indicate single base mutations therein. The right half of the figure shows a schematic view
of the homologies in the exon 3 sequences. Increasing homology with respect to the γ2-2 gene is represented by a
darker shading of the coding sequences. Note the shaded area in exon 3 of the γΐ-ΐ gene (nucleotides 488 to 517,
see fig.l) indicating its aberrant homology to the γ2-2 gene. This area is therefore not included in the calculation of
the mutation rate as shown in fig.6.

«2

Frequent gene conversion of the second exon is not a peculiarity of the γ-crystallin genes
in the rat, since recent sequence analysis of the human γ-crystallin genes indicate that in these
genes the second, but not the third, exons also have been subject to gene conversion [10,11].
We have, however, been unable to identify elements common to both species or to all genes
which could explain the high frequency of gene conversion of the second exons of these genes.
The endpoints of the converted regions do not correlate with the presence of 'simple sequence'
DNA, as suggested by some authors [31,32], nor are the converted regions exceptionally GCrich, as suggested by others [28,33]. The driving force of the gene conversion in this family
might be merely the sequence homology between the coding regions of the second exons. This
does not, however, explain why there has been no recent conversion between the group I and
the group II genes, for example between the neighbouring γ2-1 and the γ2-2 genes. It is also
not clear why the third exons of the genes do not participate in the conversion events. The
sequence constraints on the gene conversion within the γ-crystalln gene family thus remain
elusive.
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Figure 6. A schematic view of the evolutionary history of the rat γ-crystallin gene family as derived from a
comparison of their DNA sequences. Each new line is the result of a duplication. Bars represent the γ-crystallin
genes. Numbers next to the vertical arrows indicate the number of nucleotide mutations that accumulated between
two duplications. These numbers are given seperately for regions a' and b' (excluding the area indicated in fig.5)
while below them (in parenthesis) the corresponding number of amino acid mutations are given.

Gene duplications and divergent evolution within the y-crystallin gene family
As shown in fig.3, the sequences of region a' are the most variable ones. Mutations seem to be
randomly distributed within this region of the gene and the sequences appear to diverge gra
dually. It should therefore be possible to reconstruct the evolutionary descent of region a' and
thereby trace the process of gene duplication by which the rat γ-crystallin family is likely to
have evolved. The highest homology (97%; table II) is found between the γ3-1 and γ4-1
genes. Both genes are most related to the γ2-2 gene. This suggests that the γ3-1 and γ4-1 genes
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result from a recent duplication of a parental gene, which in turn derived from a duplication of
а рте-у2-2 gene. From their overall sequence homology the relation of the other three genes to
the three γ2-2 like genes is not directly obvious. However, on the basis of shared mutations
(fig.l) the genes can be divided into two groups. One group contains the yl-l and the γ2-1
genes, while the other group contains the γ1-2 gene and the γ2-2 like genes. We therefore
assume that one of the descendants of the first duplication of the ancestral γ-crystallin gene
became the precursor of the γΐ-ΐ and the γ2-1 gene, while the other one was the ancestor of
the γ1-2 and the γ2-2 like genes. The resulting model for the evolution of the v-crystallin gene
family is depicted in fig.6. In this scheme a duplication from two to four genes is shown.
Perhaps more likely pathways can be drawn with three and five membered gene clusters as
intermediates between the two and four membered gene cluster. These have been omitted
since they can, at this time, not be traced. Remnants of such intermediates may emerge when
the intergenic regions have been completely sequenced.
We have indicated in fig.6 the minimal number of nucleotide mutations and amino acid
changes (figures between brackets) needed to derive region a' or b' of the present genes from
that of a common ancestral gene (for the rationale of these calculations see materials and
methods). These calculations show that region a' has accumulated approximately twice as
many mutations as region b'. Furthermore, most of the mutations in a' cause amino acid
changes while most mutations in b' are silent ones (see fig.6). We have argued above that this
difference cannot be accounted for by a lower selective pressure on region a'. A possible
expla-nation is that a period of genetic drift has followed each gene duplication (for review see
[34]). During this period region a', encoding protein motif III, could have accumulated
sufficient mutations to cause it to become functionally distinguishable from the same region of
the other γ-crystallins. Selective pressure would then be reimposed on this region. A similar
process is thought to have occurred during evolution of the α and ß-globin genes [35].
We thus suggest that three regions, which have evolved under very different evolutionary
pressures, can be discerned in the γ-crystallin genes. The second exon, which encodes the first
domain of the protein, has suffered repeated gene conversions. This process tends to keep the
genes within a species the same but may, at the same time, lead to more divergence between
species since species specific mutation can be rapidly fixed. A second region, that encoding
protein motif III, has diverged rapidly initially after gene duplication but now seems to evolve
at the same rate as the third region, namely that encoding protein motif IV, which has
apparently always been conserved.
These differences in evolutionary history could be a matter of chance, but may also relate
to the function of the protein in the lens. If so, we would suggest that motifs I and II specify
species specific properties, while motif III determines the specific function of the individual γcrystallin protein within the lens. The latter prediction can be tested by determining the spatial
distribution of the various γ-crystallins within the lens. Since lens cells do not die and since the
oldest lens cells are found in the core of the lens while the younger cells form the cortex [36],
a different spatial distribution could be easily achieved by a differential expression of the six
γ-crystallin genes during development. On the basis of the sequence information presented
here specific probes can be designed for the transcripts of each γ-crystallin gene or even, using
antibodies raised to synthetic peptides, for each γ-crystallin protein. With the aid of these
probes the developmental expression profile of each γ-crystallin gene can now be determined.
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CHAPTER VII

ALL SIX RAT γ-CRYSTALLIN GENES ARE LOCATED
ON CHROMOSOME 9

J.T. den Dunnen, J. Szpirer, N.H. Lubsen and J.G.G. Schoenmakers
(manuscript in preparation)

ABSTRACT
The rat genome contains six genes for the lens-specific y-crystallins. Five of these genes are
clustered, the location of the sixth gene is not known. To determine whether the sixth gene is
located on the same chromosome as the γ-crystallin gene cluster, a panel of mouse-rat hybrid
cell lines, segregating rat chromosomes, was screened for the presence of γ-crystallin sequences.
We show here that the hybrid cell lines contain either all rat γ-crystallin genes or none,
indicating that all six genes map to the same chromosome. The presence of rat γ-crystallin
sequences in the hybrid cell lines was concordant only with the presence of rat chromosome 9,
which therefore contains the rat γ-crystallin genes.
INTRODUCTION
One of the conspicuous characteristics of the vertebrate eye lens is its high content of (lensspecific) proteins. In spite of this high protein content, the lens is completely transparent. The
maintenance of this transparency is thought to be due to the short range spatial interactions
between the main water soluble proteins of the lens, the crystallins [1]. In mammals, the
crystallins consist of a mixture of three, antigenically distinct protein families; the α-, β- and
γ-crystallins [2,3]. a- crystallin is an oligomenc complex of the protein products of the aA- and
aB-crystallin genes. The ß-crystallins are more complex: various oligomers containing different
combinations of the 6-7 primary gene products, encoded by ß-crystallin gene family, are found
[4,5]. The γ-crystallins are monomelic and also encoded by a gene family [6-8].
Of all the crystallin gene families, most is known about the one encoding the γ-crystallins.
Members of this gene family have been isolated from a variety of species [6-11]. The
chromosomal organization has been best characterized in the rat. In this species six γ-crystallin
genes are present. Five of these are located, in a head to tail orientation, within 50 kb of
DNA. The sixth gene (the γ4-1 gene) could not be directly linked to this five gene cluster [6].
We have already shown that all six rat γ-crystallin genes are active. Furthermore, all are
turned on at the same fetal stage [12]. It is therefore of special interest to know whether all
genes are located within the same chromosomal domain and could possibly be activated from a
single site within such a domain. As a first step towards the exact localization of the sixth rat
γ-crystallin gene with respect to the five gene cluster we have determined the chromosomal
location of the gene cluster as well as that of the sixth gene. We show here that all six rat γcrystallin genes are located on the same chromosome, rat chromosome 9.
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MATERIALS AND METHODS
Materials
Enzymes and chemicals used were as described before [13]

Southern hybridizations
High molecular weight chromosomal DNA was isolated from the (BWTG3) mouse hepatoma χ (Sprague Dawley)
rat hepatocyte hybrid cell lines, as described [14] The cell lines used were LB20, LB161, LB210I, LB251, LB330,
LB510, LB571, LB780, LB860 and LB1040. The karyotype of these lines has been reported [14] Genomic DNA's
used in control expenments were isolated from mouse (Mus musculus) BWTG3 hepatoma cells, C57/black livers or
rat (Rattus norvegicus) Sprague Dawley livers Restriction enzyme digestions, southern blotting and hybridization
were performed as described [13]. DNA probes used to detect the rat γ-crystallin sequences were the Pstl-excised
inserts of the rat cDNA clones pRL·/! and ρΚίγ3 [15]. Probes used to detect specific rat γ-crystallin genes were
inserts from the МІЗтр-recombinant phages 242 and 274 (unpublished) Phage 242 detects specifically rat γ4-1 gene
linked sequences as it contains a unique PstI fragment from the 5' flanking region Phage 274 detects the rat γ1-2
gene sequence specifically as it contains a Rsal insert spanning parts of intron 2 and exon 2

RESULTS
When one uses somatic cell hybrids to determine the chromosomal location of genes, one must
be able to distinguish between the genes of the 'host' cell and those present on the 'foreign'
chromosomes. In the case of gene families, this is not always an easy task. For example,
hybridization of labeled rat γ-crystallin sequences to restriction digests of murine or rat
genomic DNA yields a complex pattern due to the presence of multiple copies of the γcrystallin sequence in both genomes [13]. Only a few digests, such as an EcoRI digest, yield a
set of different and non-overlapping fragments from the rat and murine genomes which, in
turn, can be used to screen mouse/rat somatic cell hybrids for the presence of rat γ-crystallin
sequences.
The hybridization patterns obtained from a number of different cell hybrids are shown in
fig.l. In this figure and in all other cases, only two patterns are seen: one is identical to the
standard murine pattern, the other has the typical rat pattern superimposed upon the murine
one. There is one difference, however, between the hybridization patterns of the rat genomic
DNA used as a control (shown in fig.l, lane i) and that of the rat sequences in the cell hybrids
(see fig.l, lanes с and f). The cell hybrids lack the 9.2 kb fragment present in rat genomic
DNA but contain an additional 6.1 kb fragment. From previous studies, we know that the 9.2
kb EcoRI fragment contains the genomic copy of the first and second exons of the rat γ1-2
gene [6,9]. When a fragment specifically hybridizing to the γ1-2 gene is used to probe an
EcoRI digest of the hybrid cell DNA, it hybridizes strongly to the 6.1 kb EcoRI band. We
thus think it likely that there is a restriction site polymorphism between the rat strain from
which we isolated the genomic DNA and the rat strain which was used to prepare the hybrid
cell lines.
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Figure 1. Hybridization patterns of EcoRI digested DNA isolated from (BWTG3) mouse hepatoma cells (lane a),
(Sprague Dawley) rat liver (i), (C57/black) mouse liver (j) or several mouse/rat hybrid cell lines. Cell lines shown
are LB1040 (b), LB860 (c,k and n), LB251 (d), LB510 (e,m and 1), LB161 (f), LB571 (g) and LB20 (h).
Hybridization probes were either rat γ-crystallin cDNA's detecting all γ-crystallin sequences (vtotai> lanes a-j) or
M13mp- recombinant phages 274 (γ1-2, lanes к and 1) and 242 (v4-l, lanes m and n), which specifically detect the
rat γ1-2 or γ4-1 genes respectively. The rat genomic DNA (lane i) is not completely digested and as a consequence
shows a hybridizing fragment of 13.5 kb which is not present in complete digestion patterns. Cell hybrids LB161
and LB860 contain rat chromosome 9 and give a dual rat + mouse hybridization signal. The C57/black mouse
hybridization pattern is the same as that shown by Lok et al. [8] but their size estimate of the largest EcoRI
fragment (about 23 kb) is much lower than ours (>30 kb). DNA size markers, shown on the left, are given in kb
and were determined from bacteriophage lambda restriction enzyme digestions. They refer only to the left part of
the figure representing the screen for all γ-crystaUin sequences (Yto,ai)-

We did not find any hybrid cell line which contained less than the complete set of genomic
rat γ-crystallin fragments indicating that all γ-crystallin sequences are located on one
chromosome. Nevertheless, to insure that we do indeed detect the fragment containing the
'dispersed' γ4-1 rat gene in the positive cell lines, we isolated a fragment hybridizing
specifically to this gene from its 5' flanking region and hybridized it to EcoRI digests of hybrid
cell line DNA. As shown in fig.l (lane n) this probe hybridizes only to the 10.5 kb rat EcoRI
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band (as well as to a murine 11.5 kb EcoRI band). The two positive cell lines both contained
the 10.5 kb EcoRI band, while none of the other cell lines did so. Hence we infer from these
data that the rat γ4-1 gene is located on the same chromosome as the other γ-crystallin genes.
All hybrid cell lines have been karyotyped [14]. The correlation between the presence of a
particular rat chromosome and the rat γ- crystallin genes in the various hybrid cell lines is
shown in Table I. Only chromosome 9 is completely concordant. Some doubt exist about a
possible concordancy with chromosome 8, since this chromosome is difficult to identify in the
hybrid cell lines. The location of the γ-crystallin gene family on this chromosome is, however,
unlikely since the putative presence of chromosome 8 in the cell lines is not concordant
(Szpirer, unpublished). We therefore conclude that the rat v-crystallin gene family is located
on rat chromosome 9.

Chromosome

+/+

+/-

-/+

-/-

Discordant

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
X

0
2
2
2
1
1
2
2
1
1
2
2
1
2
2
2
2
1
2
2

2
0
0
0
1
1
0
0
1
1
0
0
1
0
0
0
0
1
0
0

2
6
6
6
3
4
5
0
4
3
4
5
3
2
6
6
6
2
5
8

6
2
2
2
5
4
3
8
4
5
4
3
5
6
2
2
2
6
3
0

4
6
6
6
4
5
5
0
5
4
4
5
4
2
6
6
6
3
5
8

Table I. Relationship between the presence of rat γ-crystallin sequences and of rat chromosomes in 10 mouse/rat
cell hybnds For each rat chromosome the number of cell hnes is shown in which both rat y-crystallin sequences
and that particular chromosome are present (+/+); rat γ-crystallm sequences are present but that particular
chromosome is absent (+/-), the rat γ-crystallin sequences are absent but that particular rat chromosome is present
(-/+), both the rat γ-crystallin sequences and that rat chromosome are absent (-/-) In the right most column the
number of cell lines that would be discordant if that particular rat chromosome contained the γ-crystallin sequences
is given The presence of rat chromosome 8 in the hybrid cell lines has not been published ([14], see text).
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DISCUSSION
In an earlier study we showed that five of the rat γ-crystallin genes are closely linked. A
physical linkage between this gene cluster and the sixth (the γ4-1) gene could not be found.
Our data indicated that, if the latter gene was located on the same chromosome, the distance
between the gene cluster and the sixth rat γ-crystallin gene had to be at least 25 kb [6]. The
data presented here show that all rat γ-crystallin genes are indeed located on the same
chromosome and suggest the possibility that all rat γ- crystallin genes are clustered. The
recently developed technique of pulsed field or field inversion gel electrophoresis [16,17], by
which very large DNA fragments can be separated, may allow an estimate of the distance
between the rat γ4-1 gene and the γ-crystallin gene cluster. Thereby it indicates the feasibility
of chromosome walking studies to determine the exact location of the rat γ4-1 gene with
respect to the γ-crystallin gene cluster.
Our data further reinforce the similarity between the organization of the human and rat
γ-crystallin gene families. At present, the human genome is thought to contain seven genes, of
which six have been cloned. At least four of these are clustered and the respective location of
the four genes within the cluster is the same as that of the orthologous genes in the rat.
Moreover, one of the as yet unlinked genes is orthologous to the 'dispersed' rat γ4-1 gene, the
other to the first gene of the rat cluster [7,11]. In addition, it has been shown that, in man, all
γ-crystallin genes are located on one chromosome, human chromosome 2 [13,18]. The close
correspondence between the organization of the γ-crystallin gene family in man and rat
suggests that the multiple gene duplications that must have been responsible for the creation of
the present day γ-crystallin gene family most likely preceded the evolutionary divergence of
these two species.
A number of crystallin genes have been mapped in man and mouse. To our knowledge
this is the first study to report the chromosomal location of a crystallin gene in rat. Such
mapping studies are an important tool in the study of human cataract, where murine or rat
mutants may provide useful animal models (see for review, [19]).
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CHAPTER Vili

NUCLEOTIDE SEQUENCE OF THE RAT γ-CRYSTALLIN
GENE CLUSTER AND ORTHOLOGY WITH A
HUMAN γ-CRYST ALLIN GENE REGION

J.T. den Dunnen, J.W. van Neck, F.P.M. Cremers, N.H. Lubsen and J.G.G. Schoenmakers
(manuscript in preparation)

ABSTRACT
The sequences of a 51 kb region containing the rat γ-crystallin five gene cluster and a 7 kb
region surrounding the sixth rat γ-crystallin gene were determined. Approximately 22% of the
sequence is occupied by the γ-crystallin genes, the remainder is intergenic DNA. Repetitive DNA
makes up nearly 10% of the total sequence. Four rat LINE-1 sequences were found but most
repetitive DNA consists of the three rodent Alu-type repeats. Almost all repeats are located in
the intergenic region. A few repeats are found in the second intron of some genes. Three other
sequences, present in only a few copies, were identified. These were located exclusively within
the second introns of the genes. About 4% of the DNA consists of 'simple sequence DNA'.
Only the elements with a Z-DNA potential are regularly spaced, they divide the region into
domains of —12 kb. We also sequenced 22 kb of DNA comprising two human γ-crystallin genes.
Sequence comparisons show that the human region is orthologous to the rat γ1-2 and γ2-1 generegion. Exonic regions are best conserved (>80% homology). Sequence homology drops sharply
(to 65%) in intronic and 3' flanking regions but decreases only gradually in the 5' flanking
region. Highly conserved regions (>80%) are found as far upstream as 1.5 kb. Overall
intergenic distances are conserved. The human DNA contains much more Alul-repetitive DNA
(24%) but less simple sequence DNA (0.7%). The difference in location of repetitive and simple
sequence DNA between the orthologous regions provides evidence that these elements were
inserted after the evolutionary separation of rat and man.
INTRODUCTION
Very little is known about the exact sequence organization of larger stretches of eukaryotic
DNA Usually, only the genes and their immediate flanking regions are studied in detail In
most cases even intronic sequences are excluded from a sequence analysis Most emphasis is
placed on sequencing the direct 5' flanking regions of genes since elements that influence the
activity of the promotor are thought to be located there It is known, however, that the
activation of genes is associated with structural changes in a chromosomal domain much larger
than the region occupied by the coding sequence itself Changes in methylation pattern and
DNase sensitivity, which precede the transcriptional activation of a gene, are found far up- and
downstream from the transcription initiation site (for review see [1]) At present, the
functional relevance of such changes for the transcription of a gene cannot be directly
determined Therefore, no assay is available to detect the sequences that signal the boundaries
of chromosomal domains or the changes in methylation patterns However, comparative
sequence analysis of chromosomal domains may identify regions which are conserved between
species or which show a regular distribution within a species Since sequence conservation
often accompanies functional importance it may thereby pinpoint elements which are worthy of
further study
In the case of a chromosomal region containing a tandemly duplicated gene family,
sequencing of the whole region is necessary to trace the family's evolutionary history Only
sequence analysis can determine the occurrence and extent of gene conversion events, and
only a sequence analysis of the regions flanking the coding sequences can show whether genes
from different species are truly orthologous At present, an analysis of the structural
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organization of an eukaryotic gene family, including the sequence of the flanking and
intervening DNA, has been reported only for large parts of the a- and ß-globin gene clusters
[2-4]. We report here the complete sequence of the rat γ-crystallin gene cluster as well as part
of the human one.
The γ-crystallin genes encode the lens-specific γ-crystallins, which constitute about 40% of
the water-soluble protein of the rat lens. We have previously isolated the genomic region(s)
containing all six rat γ- crystallin genes and shown that five of these genes are located, head to
tail, within a 50 kb stretch of DNA [5]. The sixth gene is located on the same chromosome but
at least 25 kb away from the five gene cluster (chapter VII). It has been recently shown that
the organization of at least four of the human γ-crystallin genes is the same as that of the
corresponding genes in the rat [6,7]. This suggests that at least that part of the gene cluster
existed already in the common ancestor of man and rat. We show here that the sequence
conservation between the rat and human γ-crystallin gene cluster extends for several kb upand downstream from the genes. We further show that both in the rat and human genomes the
γ-crystallin gene cluster is riddled with repeats although the location of these repeats differs
between these species.
MATERIALS AND METHODS
DNA sequencing
As in previous studies [8] DNA was sequenced mainly by the dideoxy chain termination method The physical map
of the γ-crystallin gene cluster [5] was used as a reference for the cloning strategy of DNA fragments into M13mpphages We used all restriction enzymes known to cut uniquely in the poly-linker and these m all possible
combinations We sequenced across almost every restriction site used for cloning In places where this was not
achieved we cannot exclude the possibility that we missed very small (<50 bp) fragments Most, but not all,
intergemc sequences were determined on both DNA strands The determined sequences are expected to be > 9 8 %
accurate

Sequence analysis
Sequence gel readings were entered in a computer using standard nomenclature [9] The sequences were analyzed
with the aid of the Staden- programs [10] For sequence compensons the programs DBCOMP [10], DIAGON [10]
and VIZALIGN [11] were used

Sequence numbering
Sequence numbering starts with position I at the 5' EcoRI-site of the region cloned of the v-crystallin gene cluster
[5] Sequences surrounding the γ4-1 gene were numbered separately starting at the 5' EcoRI-site and these numbers
are preceded by '4/'. The size of gaps within the sequence were estimated from the size of corresponding restriction
fragments and, where possible, from our knowledge of the orthologous sequence Dashes were introduced in the
sequence to fill the gaps In this way numbering should correspond to the relative distances
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Human sequences
To sequence the insert of the human cosmid clone pHcosy-l [7] we used the same strategy as described above for
the rat crystallin sequences. As a reference for the cloning experiments we used the restriction enzyme map
presented [7]. When human and rat sequences are compared human sequence numbering is preceded by 'h/' (f.i.
h/10,121).
Sequence

comparisons

To obtain a proper sequence alignment between the human and rat sequences we first removed all identified
repetitive DNA elements, excluding one of the two bordering direct repeats. Subsequently, the program
VIZALIGN was used to identify homologous regions as well as to obtain a first sequence alignment. At positions
where VIZALIGN found no homologous regions we used DI AGON to look for further homologies. We added
these by hand to VIZALIGN's first alignment. In some areas sequences remained which could neither be identified
as repetitive DNA nor did they produce diagonals with DIAGON. These sequences are either diverged beyond our
homology detection level (<50%) or just not present in one of the two sequences compared. In divergence
calculations each insertion/deletion was scored as one mismatch regardless of its length. Inherently identified
repetitive elements, excluding one of the bordering direct repeats, were scored as one mismatch. The percent
homologies calculated were not corrected for back mutations. The nucleotide sequence alignment is not shown in
this article; it will be sent upon request.

RESULTS
Structure of the rat y-crystallin gene cluster
A schematic representation of the structure of the rat γ-crystallin gene cluster, as determined
from the sequence, is shown in fig.l. The rat sequence is divided into two regions: the first
one (about 51 kb) encloses the five linked γ-crystallin genes while the second (7 kb) surrounds
the 6th gene which lies at least 25 kb away from the five gene cluster [5]. The sequence of the
six genes has been presented elsewhere [8]. Three small areas within the cluster could not yet
be sequenced. The first one (pos. 14,907-14,950) is blank because the sequence ladder from
either side became unreadable. The second gap (pos. 20,961-21,050) is due to the fact that we
never obtained M13-recombinant phages from this region. Most probably the 3' end of a rat
Bl repetitive element is located here as the 5' end of such an element is found on the 3' side
of the gap. The third sequence break is somewhat larger (pos. 21,648- 22,099). We have
sequenced most parts of this gap but we could not find sequence overlaps to align the
sequences properly. Further sequence gaps remain at the 3' side of the γ3-1 gene and
surrounding the γ4-1 gene. We have as yet made no effort to sequence these parts of the γcrystallin gene cluster.
The restriction map of the γ-crystallin gene cluster as deduced from the DNA sequence
differs somewhat from that reported earlier [5]. Previous size estimates of the fragments differ
slightly from the real values and a few smaller fragments (<0.4 kb) have been overlooked.
These fragments are listed in the appendix.
Within the γ-crystallin gene cluster a number of special sequence elements were
encountered. Their location, and in the case of repetitive elements their orientation, is shown
in fig.l. These elements are discussed in more detail below.
99

Repetitive DNA
Comparison of the sequence with itself and with published murine or rat
repetitive DNA sequences revealed the presence of several ubiquitous [12]) or type II Alurepeats (B2; [13]), to the rat brain identifier sequence (ID; [14]) and to the rat LINE-1 repeat
[15] could be identified. The rat brain identifier sequence is an Alu-like repetitive DNA
element and shows strong homology to the murine B2-repeat. To indicate this sequence
homology we will follow the suggestion of Kalb et al. [13] and refer to this element as a 'B3'repeat. The exact length of the various elements and the nature of their direct flanking
repeats, if any, is shown in Table I.
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Figure 1. Schematic view of the genomic environment of the rat γ-crystallin genes. The genes are represented by
bars; exons are black while introns are blank Open spaces in and slanting lines through the line carrying the genes
show where sequences are unknown. The location of repetitive DNA elements is indicated by triangles and
lozenges below the gene family, black for a 5'-3' orientation and white when the orientation is reversed Triangles
indicate the Alul-hke repetitive sequences- Bl and B2 for the rodent Bl and B2 elements respectively [12,13], and
B3 for the rat brain identifier sequence [14]. Lozenges represent the rat LINE-1 (LI) elements [15]. The location of
larger regions (>18 bp) containing simple sequence DNA (SS) is indicated by arrows on the bottom line; marked
arrows represent ssDNA with a Z-DNA forming potential (see text) Sequences А, В and С (discussed in the text)
are shown below the genes. The top line indicates the relative position of all sequences in kilobasepairs (kb).

In total the repetitive DNA comprises 10% of the determined sequences. The elements
are almost exclusively located in the intergenic regions. Only two genes, γΐ-ΐ and γ4-1, carry
repetitive DNA, namely within their large second intron. A primary RNA transcript of the
γΐ-ΐ gene can form a stable stem/loop structure due to the presence of two B2 repeats in an
opposite orientation in intron 2. The repetitive elements are not found immediately in front of
a gene with the exception of a Bl-repeat located 0.6 kb 5' of the transcription initiation site of
the γ3-1 gene. No obvious relationship between the transcriptional orientation of the repeats
with that of the genes or of themselves can be observed; it seems random. The only striking
observation from figure 1 is that the repeats tend to group together; a repetitive element is
seldom found alone.
The four LINE-1 sequences found are all truncated and contain only 0.5 kb or less of the
3' end of the complete 6-7 kb LINE-1 sequence [15]. To the extent present, they show more
than 90% homology to the LINE-1 consensus sequence [15]. Similarly, all B3-repeats, except
the one in the intron of the γΐ-ΐ gene, are more than 90% homologous to their consensus
sequence [14]. In contrast, most rat Bl and B2 elements have diverged considerably from their
consensus sequence (Appendix A of this thesis). They often contain internal duplications
and/or insertions, are bordered by imperfect direct repeats, and end only exceptionally in a
poly-A tract.
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B2-repeat

Bl-repeat
Position
172-358
6987-7242
11679-11897
? -21117
21195-21463
23516-23704
24326-24708
29488-29650
32219-32386
34247-34401
45847-46029
47077-47284

y-y
-

+
-

+
-

+
-

DR

L

R

Position

25/34
12/19
?
7
13/15
11/12
7/13
8/14
7/8
10/16

с
с
с
?
с
с
с
с
с
с
с
с

d
s
d
?
s
s
d
d
d

4113-4336
4803-5092
13660-13862
15434-15658*
32488-32697
33992-34246
39361-39549*
39722-39943*
43434-43677*
46018-46279*

B3-repeat
Position

5'-3'

4470-4547
22641-22758
22828-22883
30518-30635
53985-54100

+
+
+

DR
11
9
11/12
14

y-y
+

+
+
-

+
-

+
+

DR

L

R

11/15
14/18
16
8/11
9
10/12
7
14/18
9/11

с
с
с
с
с
с
i
с
с
с

d
d
d
s
d
d
d

L

R

LIRn
L

R

Position

5'-У

DR

с
с

s

13963-14153
23057-23513
51947- ?
4/4037-4/4302

+
+

7
12
?

+

13/18

d
с
с

d
d
d
d

Table I. Repetitive DNA elements within the γ-crystallin gene cluster. The position of the various elements, in
relation to the total sequence, is indicated in column 1 (for numbering, see Materials and Methods) On the basis
of length, the B2-repeats can be divided into two groups (Appendix A of this thesis) An asterisk after their
position indicates those elements that are of the 'long' subtype. A question mark shows which data are unknown
due to a sequence gap Column 2 shows whether the transcriptional orientation is 5'-3' (+) or inverted (-) Column
3 speafies the nature of the direct bordering repeats (DR) (f ι 25/34 for a DR of 34 bp of which 25 bp match) or
none found (-). In column 4 the length of the repeat (L) is indicated as (c) when complete or as (i) when
incomplete. The presence of internal rearrangements is shown in column 5 as none (-) or as deletions/insertions (d)
and/or duplications (d) Indicated here is also whether ssDNA is associated with the element (s). In relation to the
complete sequence determined the length of the repeats totals 3 3% for Bl, 3.7% for B2, 0.8% for B3 and 2.1%
for LIRn

The LIRn and B3 elements in the rat duster as well as the Alu-repeats found in the
orthologous human sequences (see below) are classical examples of mobile repetitive elements,
while the rat Bl and B2 repeats are not. This may indicate that the Bl and B2 repeats have
been present in this stretch of DNA for a much longer time than the B3 or Alu repeats and
thus have had time to 'drift'. Alternatively, it may indicate that the rat Bl and B2 repeats are
'nearly dead' and have ceased to spread through the rat genome. As a consequence thereof
they may be no longer corrected against a common consensus sequence. The latter process has
been postulated to explain the high overall sequence homology detected in many repetitive
DNA families (for review see [16]).
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Simple sequence DNA 'Simple sequence DNA' (ssDNA) is an expression used to designate
tandem repeats of di-, tri-, tetra-, etc. nucleotide sequences. There is some discrepancy
between the definitions of ssDNA used by different authors. We have excluded elements with
less then 9 members or covering less than 18 bp. In addition, we have excluded the
homonucleotide runs often found at the 3' end of repetitive DNA elements as well as the large
intergenic areas which show features of diverged ssDNA. We then find nineteen ssDNA
elements, which together comprise some 4% of the DNA sequence. Figure 1 shows the
location of these elements, while their composition is given in Table II. They vary from very
simple ones, like (AG)/(TC)n, to more complex elements as (ACCATGTGGGGGAGGGTAT) 10 . Some ssDNA elements cover large areas and diverge in places from the
sequence shown in Table II. Often internal homologies can then be identified which give the
element a higher order structure. A few of the simple sequence elements contain (TG/AC)n
and can potentially adopt a Z-DNA conformation [17].
Simple sequence DNA
Motif(s)
(GT),,
(GA) 5 G 10 (AGGGAG) 8 (AG) 21
(GAAA) 15
(GCCTCC)21

(тс) 2 ;

(CA) 17 (CGCA) 6 (TGCA) 2 (CA) 5
(ТТС)2и(ТССТГС)12(ТСС)16
..(TG) 12 (PyPu) n ..
(GTnj 2 (GTCT) 1 0 (GTlT) 4
..(ACCATGTGGGGGAGGGTAT) 10 ..
(CCTGACCAGC)4
(ТС)2з
(TGTGTGTGCA)
(AG) 2 8
(CA) 27
.. (CAA AA)5(GAA АА)з(САААА)4. .
..(CCT),.
(ATAG) 24 (AG) 6 -(CA) 18
(TG),,

Position

L

1462-1483
4549-4658
5319-5377
7080-7205
12716-12765
13018-13093
24339-24527
25466-25711
27106-27169
28962-29155
31282-31321
34011-34056
38350-38878
41401-41457
43113-43166
43802-43863
48604-48736
54134-54297
4/5833-4/5870

22
110
59
126
50
76
189
246
64
194
40
46
529
57
54
62
133
164
38

Table II. Location of ssDNA within the rat γ-crystallin gene cluster Column 1: the composition of the element.
Motif sequences surrounded by ( ) are the consensus sequences of composite elements An astensk indicates
whether the ssDNA is located near a repetitive DNA element Column 2. the position of the element in relation to
the total sequence (for numbering, see Materials and Methods) Column 3 the length (L) of the element (in bp) A
'Z' marks those elements that can take a Z-DNA configuration while the exclamation mark (') shows an element
that is bordered by DR's (see text). The length of the ssDNA totals 3 9% of the entire sequence.

ssDNA elements are never found in exons, in the first introns or in sequences immediately
(<1 kb) upstream from a γ-crystallin gene. Three genes contain ssDNA in their second mtron.
Some ssDNA is associated with repetitive DNA. One element, (GCCTCC)21, is located in the
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middle of a Bl-repeat while three others are located within the 3' end of a repeat (Table II).
Overall, there seems to be no direct correlation between the position of the ssDNA and any of
the other sequences.
Two ssDNA elements are noteworthy. The first one, (TGTGTGTGCA) n , found at
position 38,350, is flanked by large direct repeats (20 matches out of 34). DR's are hallmarks
for the integration of DNA and their presence may indicate that this element jumped in.
Alternatively, it may be a remnant of the repair of a double stranded DNA break since
ssDNA is often found at sites where DNA has been broken. It has been suggested that ssDNA
is used as a kind of glue [18]. The second striking ssDNA element (position 28,962) has a
consensus sequence -ACCATGTGGGGGAGGGTAT- closely related to the -ACAGGGGTGTGGGG- element found (139 times) 5' of the human insulin gene [19] and the
-ACAGTGGGGAGGGG- elements found (39 times) within the first intron of the human ζglobin pseudogene [20]. This element may thus be conserved in higher eukaryotes and either
has found some way of self replication or has some unknown functional significance.
Curiously, the element also shows a high degree of homology to the first exon/intron border of
the γ-crystallin genes, -CCATGGGGAAGgtgag-.
Other sequences
Comparison of the sequence of the γ-crystallin gene cluster with itself
showed that three other sequences are present more than once. Sequence A (SEQ-A), about
150 bp long, is found twice in the intron 2 of the γ3-1 gene (positions 48,248 and 49,307) and
once in intron 2 of the γ4-1 gene (pos. 4/3719). The three SEQ-A elements show an overall
homology of —60%. The γ4-1 SEQ-A element resembles the second copy within the γ3-1 gene
more than the first copy. The homology between the γ4-1 and the second γ3-1 SEQ-A
elements stops abruptly at the cndpoints of SEQ-A and does not continue into the flanking
intronic sequences. Therefore, its presence is unlikely to be due to a recent gene duplication
or gene conversion involving these two genes [9]. The sequence immediately upstream of the
second SEQ-A element in the γ3-1 intron (pos. 49,053) is also found, but in the opposite
orientation, within intron 2 of the γ2-1 gene (pos. 27,916). These sequence elements, called
SEQ-B here, encompass some 0.3 kb and show a homology of —70%. SEQ-B is not present in
the intron of the human γ2-1 gene (sec below). Finally, the second intron of the γ4-1 gene
contains two copies of a 0.1 kb sequence, termed SEQ-C (positions 4/3,341 and 4/4,291). They
are 85% homologous and are separated by 0.84 kb of DNA. None of the SEQ elements is
flanked by repeats, either direct or inverted.
Southern analysis revealed that the rat genome contains three copies of SEQ-B. The
unidentified copy hybridizes stronger with the γ2-1 SEQ-B than the γ3-1 copy does (data not
shown). The repetition frequency of the SEQ-A and SEQ-C elements has not been
determined. The origin and the functional significance, if any, of these 'duplicated' sequences
remains obscure.
Structure of part of the human y-crystalliti gene cluster
To determine the extent of homology between the human and rat γ-crystallin gene clusters we
sequenced the part of the human γ-crystallin gene cluster present in pHcosY-l [7]. The
sequence organization of this region, which contains the human γ1-2 and γ2-1 genes [7], is
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outlined in figure 2 Only two small gaps of about 100 (pos 20,363) and 10 bp (pos 22,677)
respectively remain unresolved in the 22,775 bp long sequence Within this sequence several
human Alul repetitive elements, a member of the human LINE-1 repeat family (LIHs, [21]),
some short stretches of ssDNA and a large duplicated region (DUP) can be recognized
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Figure 2. Schematic view of the organization of the region from the human γ crystallm gene cluster cloned in
pHcosy-l [7] The γ-crystallin genes are represented by bars on the centra] line with exons in black and introns in
white The location of Alul (Alu, triangles) and LINE-1 (LI lozenges) repetitive elements as well as of ssDNA
(SS) is indicated as in fig 1 Two small black boxes indicate the direct repeats bordering a tandemly duplicated Alu
element (sec Table III) The duplicated region identified within the sequences is shown by hatched bars

Noteworthy is the high density of Alu repeats in the human sequence 15 complete and 7
truncated (partial) repeats can be identified (Table III), together comprising 24% of the total
sequence Most of the Alu repeats are clustered One large cluster is found in intron 2 of the
γ1-2 gene The first member of this cluster is inverted with respect to the others and the
formation of a stem-loop structure in a primary RNA transcript of this gene is therefore
possible A second large cluster is found directly 3' of the γ1-2 gene In addition, one Alu
element has been inserted in a highly conserved region 500 bp upstream from the putative
transcription initiation site of the gene (see below) The γ1-2 gene contains all the signals
known to be required for a correct expression of eukaryotic genes and it encodes a highly
conserved protein sequence [7,22] Nevertheless, the distribution of the Alu repeats within and
around this gene is suggestive of that of a pseudogene Whether this gene has perhaps been
silenced recently can only be determined from studies of human lens RNA and protein
The single member of the LINE-1 family present in this region is found about 0 9 kb
downstream from the γ2-1 gene As usual in this family [21], the element is truncated at its 5'
end and contains only the last 280 bp of a complete 7 kb element
Only 0 7% of the human sequence consists of ssDNA (see Table IV) Most of the ssDNA
is linked to repetitive DNA and is on the average only 30 bp long Most elements consist of or
contain (TG/AC)n and can potentially adopt a Z-DNA conformation [17]
Finally, a comparison of the human sequence with itself revealed the existence of a
duplicated region (DUP) The DUP, found at positions 11,488 and 17,117, is 623 bp long and
shows a homology of 93% Southern hybridization analysis showed that no other copies of the
DUP are present in the human genome (data not shown) Hence, the DUP does not represent
a new family of more widely distributed sequences The rat genome contains only a single copy
of this DUP sequence (see below)
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Alul-repeat
Position
1304-1630
2544-2878
2879-3050
3378-3699
3700-3860
3940-4283
4460-4734
6294-6333
6337-6556
6558-6903
7439-7771
7940-8007
8292-8392
8793-8849
9173-9501
10196-10532
13826-14430
15484-15809
15841-16166
16281-16628
21886-22211

5'-3'
-

+
+
+
+
+
+
-

+
+
+
+
+

+
+
+
+
-

DR

L

15
14/18
15
20/21
11/13
13/15
10/14
15/17
16/18
11/12
12/13
14/15
17
12

с
с
I

с
i
с
с
i
1

с
с
1
1

i
с
с
с
с
с
с
с

Table Ш. Location of repetitive DNA elements
within the human γ-crystalhn gene region
Indicated are the exact position (for numbering,
see
Materials
and
Methods)
and
the
transcriptional orientation, (+) when 5'-3' or (-)
when 3'-5\ of the repetitive DNA elements The
occurrence of bordering DR's is indicated as in
table I Finally, we show whether a complete (c)
or an incomplete (i) element is found at that
particular site The astensk marks a tandem Alu
element bordered by a DR The Alul-elements
comprise 24 1% and the LIHs element 1 2% of
the total human sequence determined

LIHs
Position

5'-3'

DR

L

20748-21028

+

14/17

1

Comparison of rat and human sequences
In a previous report [7] we argued that, as judged from a comparison of the coding sequences,
the two human γ-crystallin genes were most probably orthologous to the rat γ1-2 and γ2-1
genes. A companson of the flanking and intronic regions of the genes now strongly supports
this suggestion. An alignment of the homologous regions of the rat and human gene clusters is
shown in fig.3 It is clear from this figure that the sequence match is not confined to the
coding regions but continues into the non-coding and the gene flanking regions. Only in the
middle of the γ1-2/γ2-1 intergenic region no sequence alignment is possible Downstream from
the γ2-1 genes the homology extends for as far as the human sequence is known Since the 5'
end of the rat γ2-2 gene is located less than 1 kb further downstream in the rat cluster (fig 3)
and the human G4 gene starts about 1 3 kb downstream in the human sequence [6], it is likely
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that sequence homology continues past the region shown in fig.3. This would mean that the
whole intergenic region between the human γ2-1 and G4 genes can be aligned with that
between the rat γ2-1 and γ2-2 genes.

Simple sequence DNA
motif(s)

Position

(CA) 9
(CAA) U
CA(TA) 2 (TG) 12 CA(TA) 2
(TG) 10

1741-1758
3014-3049
3863-3898
6999-7Ό18
7157-7199

спч

L
18
36
36 Ζ
20 ζ
43 ζ

Table IV. Simple sequence DNA elements in
the
human
γ-crystallin
gene
region.
Composition, position and total length (L) of
each element are indicated (in bp) A 'Z' marks
Z-DNA elements The ssDNA compnses 0 7%
of the total sequence

15

20

25

30

HUMAN

RAT

20

Figure 3. Schematic drawing showing the sequence match between the orthologous regions of the human and rat
V-crystallin gene clusters The upper part of the figure represents the human sequences while the bottom part
represents that of the rat Top and bottom lines indicate the relative position of the sequences (in kb) in each
organism The genes are shown as bars The shaded middle area joins homologous sequences while blank areas
represent non-homologous sequences or sequences which have a homology below 50% When the latter sequences
are flanked by short direct repeats they are marked with a black square (see text) Triangles (for Alu-like repeats),
lozenges (for LI elements) and small arrows (for ssDNA) indicate where these specific sequences cause non
homologous regions Note that these only serve to indicate the region occupied by these elements, the exact nature,
number and onentation of the elements is shown in figs 1 and 2 The hatched bar represents the duplicated region
in the human sequence A a r d e d В shows where the rat γ2-1 gene contains a SEQ-B element (see text) The
relative positions of the 5' ertd of the human and rat γ2-2 genes is indicated by large arrows

Sequence homology is often interrupted by repetitive DNA, by stretches of ssDNA and by
regions present in the rat genome only. In addition many small gaps had to be introduced to
align the sequences properly. As has been observed when recently duplicated sequences within
an organism [23,24] or orthologous sequences in recently diverged species [25] were compared,
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such gaps are frequently flanked by short direct repeats or by homonucleotide runs The gaps
probably arose through a mechanism called sequence DNA present only in the rat cluster are
also flanked by direct repeats (fig 3) During the evolution of the human cluster recombination
between these DR's could have resulted in the loss of the intermediate regions Alternatively,
the DR's could have originated from a later insertion of these sequences in the rat cluster
Whether any of these regions contain in fact low copy repeats or are truly single copy DNA
has not been further investigated
HUMAN /RAT
ology (7.)

90

05kb

70
50

Figure 4 Sequence homology between the orthologous human and rat y2 1 genes with respect to the position
relative to the human γ2-1 gene The human γ2-1 gene is shown schematically as well as the position of two Alurepeats (bipartite arrow) and a LINE-1 element (black arrow) Each bar represents the percentage homology of a
stretch of 50 bp

Fig 3 shows the regions which could be aligned with a homology of more than 50%
However, this figure gives no information on the strength of the homology detected
Therefore, we calculated the percent homology between 50 bp long segments m and around
the human and rat γ2-1 genes This has been plotted in fig 4 with respect to the human γ2-1
gene It is clear that some areas are much better conserved than others The exons of the
genes show the least sequence divergence Homology drops sharply in the intronic regions and
fluctuates there around 65% Downstream of the genes a stretch of —150 bp is well conserved
but thereafter homology drops rapidly, again to about 65% A similar observation has been
made in the 3' flanking region of the α-globin genes [4] In fact sequences resembling the
-CAAGGACCTCTCTGCAGCTG- sequence identified by the latter authors in the 3' flanking
region of the α-globin genes can be detected at roughly the same distance behind the γcrystalhn genes These conserved elements may be involved in polyadenylation or transcription
termination since recent experiments show that both processes are influenced by sequences
located within 100-200 bp 3' of many genes [26] Directly upstream of the genes a much more
gradual decrease in sequence homology is seen Two well conserved blocks are found relatively
far away from the γ2-1 genes One is located about 1 5 kb upstream, the second about 2 0 kb
downstream (relative to the human γ2-1 gene) The latter sequence may in fact be the
conserved sequence upstream of the 04/γ2-2 genes since the 5' end of these genes are located
not far away from this site (see above) The sequence conservation of these blocks suggests
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that it may be worthwhile to attempt to determine experimentally whether these blocks contain
functionally important elements.
DISCUSSION
Within the 58 kb of DNA containing the rat y-crystallin gene cluster many elements can be
found with a sequence corresponding to the 'consensus' sequence reported for a protein
binding site or an enhancer. In addition, intergenic regions. However, the functional
significance of these elements is questionable. We have searched for transcripts deriving from
the intergenic areas and, with the possible exception of the region between the rat γΐ-ΐ and
γ1-2 genes, we found no evidence for transcription of these regions in, at least, the rat lens.
One ssDNA element that has drawn much attention and which is present in both the rat
and human γ-crystallin gene clusters is the so-called Z-DNA [17]. Such elements consist of
tracts of alternating purine/pyrimidine dinucleotides and can adopt a Z-DNA conformation.
The location of these elements within the rat v-crystallin gene cluster is indicated in fig.l. The
elements are regularly spaced and divide the region into blocks of about 12 kb. Each block
contains a single gene, with the exception of the third block, which contains both the γ2-1 and
γ2-2 genes. This is particularly intriguing since studies at the RNA level indicate that these two
genes may be expressed coordinately [27]. The distribution of these elements thus suggests a
correlation with the regulation of the developmental expression of the rat γ-crystallin genes.
As far as the human γ-crystallin genes are concerned neither the developmental expression
pattern of these genes nor the location of Z-DNA elements outside the region characterized
here is known. Support for a function of Z-DNA in delineating chromosomal regions
containing coordinately expressed genes may emerge from a further study of the human γcrystallin gene cluster or of other gene clusters. To our knowledge, the only gene cluster of
which almost the entire sequence has been compiled is the human ß-globin cluster [2]. An
analysis of the entire sequence for Z-DNA elements has not yet been reported and we
therefore do not know whether in this cluster the Z-DNA elements are regularly spaced.
Other elements that may influence the expression of genes are the repetitive DNA
elements. Experiments have shown that these elements can act as 'silencers' [28] and
hypotheses suggesting that transcription by RNA polymerase III of a repetitive element plays a
role in (the activation of) the transcription of nearby protein-coding genes have been put
forward [14, 16]. Both the rat and human γ-crystallin gene cluster contain many repetitive
elements. No correlation between the presence of these repeats and the expression of the
genes can be discerned. For example, one Bl repeat is located directly upstream (—0.5 kb)
from the rat γ3-1 gene. Nevertheless, the level and time of expression of this gene is about
the same as that of the closely related γ4-1 gene [27], which has no repetitive elements inserted
at a comparable distance upstream. It is not yet known whether any of the repetitive elements
present in the rat γ-crystallin gene cluster is transcribed. Transcripts from B3 repeats are
present in the rat lens, but their genomic origin has not yet been established (Van Leen et al.,
unpublished).
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Another argument against a functional role of the repetitive elements in the control of
gene expression is that, with one exception (see below), the insertion sites of the repetitive
elements differ between rat and man. The short DR's flanking the inserted elements in one
species are often found as single copies in the other species. For example, 12 bp out of the 15
bp flanking DR of the Alu element directly in front of the human γ1-2 gene are conserved in
the rat sequence. These findings suggest that the repeats have inserted during the separate
evolution of the two species examined. At only one site are two Alu-like repetitive elements
located at exactly the same place in both species. A rat B3-element (pos. 30,518) overlaps a
human Alu repeat (pos. h/21,886) within the bordering DR's. At two other sites (see fig.3)
repetitive elements are located in close proximity, ~40 bp apart (positions h/7,439 with 21,051
and h/8,793 with 23,057 respectively). The location of repeats at exactly the same position in
orthologous sequences may be due to the presence of a preferred target sequence. A more
speculative possibility is that an ancestral repeat was located here and that the continuing
presence of repeats results from the propensity of such elements to insert into or near other
repetitive elements. It has been noted that repetitive elements, including Alu-like repeats, are
related over the species barrier and a common ancestor is likely but unproven [16]. A possible
remnant of such an ancestral repeat may be present directly at the beginning of the second
intron of the rat γ1-2 gene. A 100 bp region here is more than 65% homologous to a human
Alu repeat. Curiously, the intron of the human γ1-2 gene happens to contain an Alu repeat at
this site.
One remarkable feature of the human intergenic region is the presence of a 623 bp long
duplication. Within the rat genome this sequence is present in a single copy at a site
corresponding to that of the 3' human copy (fig.3). The 3' human copy is embedded in a
region of homology, while the 5' copy is not. This observation suggests that the copy closest to
the γ2-1 gene is the ancestral sequence and that a duplicate thereof has somehow been inserted
upstream. The duplicated region is not bordered by either direct or inverted repeats, as noted
in similarly duplicated sequences in other genomic areas [29]. It resembles, at least in this
respect, the SEQ-A, -B, and -C elements found within the rat γ-crystallin gene cluster. The
mechanism by which such duplications arise is unknown.
When we compare the overall sequence organization of the rat and the human γ-crystallin
gene cluster it is remarkable that the rat genome contains much more simple sequence DNA
while the human region contains more repetitive elements. If the human γ1-2 gene is indeed a
pseudogene, then this may explain the bias in the number of repetitive elements. The
mechanism(s) responsible for the generation of ssDNA is not known, but DNA repair
mechanisms have been suggested to be involved [18]. If so, the difference in the density of
ssDNA elements between the human and the rat cluster may point to a more fundamental
difference in frequency or extent of DNA repair. Further comparison of human and rat
intergenic DNA sequences is required to show whether the difference found here is indeed
typical for the organization of the entire genome.
The gene flanking and intronic regions of the human and rat γ2-1 genes (and those of the
γ1-2 genes; data not shown) are at least 65% homologous. A substitution rate of 38%
between human and rat or human and murine intronic sequences has been calculated from the
comparison of ten introns [30]. This rate is close to the one found here. Comparisons of
orthologous a- and ß-globin genes showed that sequence homology extends further upstream
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from the genes than downstream [2-4]. We observe a similar phenomenon in the comparison
of the orthologous human and rat γ-crystallin sequences.
Within the a- and ß-globin gene families a conservation of the relative intergenic distances
was noted [31,32]. This led to the suggestion that a proper regulation of the gene expression
within a cluster requires a conservation of the relative distances within that cluster. A similar
distance conservation is observed when the orthologous γ-crystallin sequences are compared.
The extreme ends of the homologous sequences analyzed in this study are 23 kb apart in both
species. The excess in length of the human γ1-2/γ2-1 intergenic region when compared to that
of the rat is compensated by a similar excess between the rat γ2-1 and γ2-2 genes. Thus,
although the intergenic distance in this part of the γ-crystallin cluster is not conserved exactly
there may be an evolutionary conservation of the overall amount of 'spacer' DNA that is
permitted within a gene family.
To show the sequence conservation between man and rat, we have calculated the percent
homology between blocks of 50 bp. Regulatory elements, which merely consist out of short
conserved stretches like those involved in the hormonal response of certain genes (for review
see [1], [33]), may not be detected in this manner. However, recent experiments have shown
that those short elements function only within a certain sequence context [34]. The conserved
sequence blocks identified by our relatively crude analysis therefore may well harbor the
smaller and better conserved regulatory elements. In particular, the unexpectedly high
conservation of far upstream regions suggests that the search for elements involved in the
expression of the γ-crystallin genes should not be confined to the immediate gene flanking
regions.
Finally, it will be clear that it is hardly possible to properly evaluate the sequence
organization of the γ-crystallin gene cluster without extensive information about the chromatin
structure of this cluster, about the organization of orthologous clusters in other species and
about the organization of larger stretches of the rat and human genomes in general. This
study thus provides merely a small part, albeit an essential one, of the knowledge required to
understand the biological significance of the structure of the genome of higher eukaryotes.
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APPENDIX
The corrected restriction map contains besides the fragments shown by Moormann et al. [5] -a 0.37 kb EcoRI
fragment preceding the utmost 5' EcoRI fragment of 2.6 kb, -a 0.16 kb Hindlll fragment between those of 9.3 kb
and 18.5 kb, -a 0.12 kb SstI fragment between the 7.5 kb and 6.1 kb fragments and a 0.19 kb Bglll fragment 5' of
the 6.9 kb fragment of the γ4-1 gene.
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Appendix A
CONSENSUS SEQUENCE OF THE Rattus norvegicus Bl- AND B2-REPEATS

During our sequence analysis of the flanking and intronic regions of one rat (Rattus
norvegicus) β- and six rat γ-crystallin genes, we encountered a number of repetitive elements
closely related to either the murine Alu Bl or B2 type repeats [1,2]. Although the presence of
both repeats within the rat genome has been reported (refs. see EMBL sequence data bank),
to our knowledge no consensus sequence of either rat repeat has been published. We deduced
the consensus sequences for these rat elements and show that they are ~90% homologous to
the murine ones.
The Bl consensus was deduced from 12 elements encountered within our sequences as
well as of one published sequence. Three of the Bl elements carried a 7 bp insertion at pos.
62 (fig.l). For the derivation of the B2 consensus we used the sequences of 11 elements
established by us and those of 6 elements reported by others. Five B2 elements differed
considerably from the others and together formed a subgroup; they carried several insertions
and sequence differences increased towards the 3' end. Most Bl and B2 repeats end in long
Α-rich sequences or simple sequence DNA, such as (AG) n . Most repeats were bordered by
short, often imperfect, direct repeats.
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Figure 1. Consensus sequences of the rat Bl and B2 repetitive elements Rat B2 repeats are subdivided in B21
(long) and B2s (short) elements The rat sequences, shown completely for Bl and B2s, are compared to the murine
ones (bottom line), only differences are specified Dashes indicate deletions Sequences in lower case are not
present in all elements (see text) Y=pynmidine, R=punne, N=any, K=G/T and M=A/C
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Kalb, et al , (1983), Nucí Acids Res 11,2177-2184

2

Krayev, et al , (1982), Nud Acids Res 10, 7461-7475
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Appendix В
ORTHOLOGY BETWEEN MAMMALIAN γ-CRYSTALLIN GENE FAMILIES
In the last years the (partial) nucleotide sequences of several mammalian γ-crystallin genes
have become available These include sequences from man, rat, mouse and calf Only in rat
have the sequences of all γ-crystallin genes been elucidated (chapters VI-VIII) From man six
out of presumably seven genes have been sequenced ([1], L -C Tsui and M L Breitman
personal communication, chapters IV-V) From the mouse four cDNA sequences are known
[2], while the genes corresponding to two of these cDNAs have been (partially) characterized
[3,4] The data from the calf are more limited one cDNA sequence is known [5] and, in
addition, some partial protein sequences are available [6]
Comparison of the human, calf and murine sequences with those of the various rat γcrystallin genes shows that all can be identified as orthologous to one of the rat genes In fig 1
all orthologous genes have been aligned maintaining the chromosomal organization where
known Fig 1 then demonstrates that the organization of this gene family is the same in rat and
man This suggests that a γ-crystallin gene family existed in the common ancestor of these
species and that the organization of this gene family is much better conserved than that of, for
instance, the mammalian ß-globin gene family (for review see [7])
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Figure 1. Alignment of orthologous mammalian γ-crystallm sequences The species studied are indicated on the
left Each γ-crystallin is identified according to the nomenclature used by the original author or otherwise by a
questionmark Partially filled rectangles indicate sequenced genes, black rectangles known cDNA sequences and
gray rectangles (partially) determined protein sequences Remaining γ-crystallin sequences, identified as hybridizing
genomic DNA fragments, are represented by white bars Stippled bars indicate as yet unidentified γ-crystallins
Where known, the sequences are shown in their chromosomal organization on an uninterrupted horizontal line,
vertical lines mark presently unlinked sequences The bottom line shows the proposed nomenclature

In spite of their common ancestry, arbitrary names are used for the orthologous γcrystallin genes in the various species (see fig 1) One human gene is even denoted by two
different names This lack of common nomenclature is confusing and hampers, for example, a
comparison between the studies of the expression of the vanous γ-crystallins within different
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species. We thus suggest that a common nomenclature should be introduced. Since the
structure of the rat γ-crystallin gene cluster has been completely elucidated, it can serve as a
basis for devising a nomenclature consistent with the chromosomal location of the genes. A
simple numbering system is excluded since that would conflict with the present usage in the
mouse. We therefore suggest that the genes be named γΑ, γΒ, yC, yD, γΕ, and γΡ as shown
in fig.l.
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Appendix С
EVOLUTION OF THE β/γ-CRYSTALLIN MULTI-GENE FAMILY
According to the theory of Ohno, eukaryotic genes are descendants of tandemly repeated
short sequences, the 'building blocks' [1]. He has detected remnants of such blocks by a
statistical analysis of the frequency of occurrence of a short sequence within f.i. the
immunoglobulin genes [1]. Similarly, the presence of a 15 bp long building block can be
detected in the β/γ-crystallin gene family. For instance, the regular spacing of Tyr-residues at
amino acid positions 45, 50, 55 and 65 within a γ-crystallin sequence (chapter VI, fig.2) reflects
the underlying ancient building block structure. Within the two strongest conserved regions of
each β/γ-crystallin protein motif sequence (chapter III, fig.5) well conserved copies of the
building block are also found. Curiously, the reading frame used in one region differs by -2
from that of the other region. This observation may indicate that the origin of the one-motif
unit not only involved the fusion of several building blocks but also the insertion and/or
deletion of some sequences.
A less speculative ancestor of the β- and γ-crystallin genes is a 'one- motif unit (see fig.l).
This unit represented a complete protein folding domain and could have coded for a protein
product that was already used as a crystallin; it could equally well have been (an exonic) part
of a gene with a completely different function. By duplication of the 'one motif' unit a 'two
motifs/one domain' gene then arose. Although the β- and γ-crystallin gene families both
evolved from this element it marks at the same time the point at which their evolutionary
pathways diverged (fig.l; chapter III). Within the branch of the γ-crystallins the 'intronic'
sequence separating the two motifs was probably lost resulting in a 'one domain/one exon' unit
while the ß-crystallins retained the 'two motifs/two exons' unit. In both cases the elements
initially duplicated to form a two-gene family and in both cases these two genes then fused to
yield the 'four motifs/ two domain' genes as we find them nowadays.
The ß-crystallin gene family evolved further by several gene duplications as well as by the
incorporation of intronic sequences near the 5' end of the gene (chapter III). These sequences
now encode the N-terminal extensions specific for each ß-crystallin protein. One of the first
duplications resulted in the separation of the ß-crystallin genes encoding the acidic and basic
groups of proteins (chapter II). The ß-crystallins are dispersed over several different (human)
chromosomes and close linkage has only been shown for two of the basic ß-crystallins (ßB2
and ßB3). An early dispersion of the ß-crystallin genes may have contributed to the separation
in basic and acidic ß-crystallins.
Likewise, several duplications of the ancestral γ-crystallin gene gave rise to the present
day gene family. The ßs-gene was probably a product of one of the first duplications and it
became evolutionary separated from the remainder of the γ-crystallin gene family. The other
products of the gene duplications, the present γ-crystallin genes, have remained closely linked.
The ß-crystallins are much more heterogeneous in sequence than the γ-crystallins. One
possibility is that the radiation of the ß-crystallins preceded that of the γ-crystallins (for
calculations see [2]). Alternatively, the homogeneity within the γ-crystallin genes may have
been maintained by multiple gene conversions, a process facilitated by close linkage of the
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genes involved (see chapter VI).
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Figure 1. Schematic representation of the evolutionary history of the rat β/γ-crystallm gene family The chequered
square represents the primordial 15 bp building block sequence The 'one-motif unit is shown as a boxed M
Boxes coupled through white rectangles represent the several gene-types β and γ mark the point at which the
evolutionary branches of the β- and γ-like crystallin genes separated A and В indicate the divergence of the βcrystallin genes into acidic and basic groups (for refs see chapters II and HI) ßs marks the evolutionary divergence
of ßs from the v-crystalhns (for refs see [2] and chapters IV, VI and VIII)

Recently, sequence comparisons showed that the β- and γ-crystallin genes are related to
the Myxococcus xanthus S-protein [3] and perhaps, although very distantly, to the myc-gene
[4]. The relationship with the wryc-sequence is rather tenuous and may be merely due to the
use of the same building block. The correspondence in sequence and structure with the
bacterial S-protein is much better, but the distant phylogenetic relationship between the
bacterium Mycococcus xanthus and rat or man make it difficult to suggest a plausible
evolutionary pathway encompassing both the S-protein and the β/γ-crystallins.
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SUMMARY
The lens focuses the incoming light on the retina of the eye. To function properly, the lens
must of course be transparent. It is thought that the special properties of the lens-specific
proteins, the crystallins, insure the maintenance of the transparency. The crystallins are
water-soluble proteins and are subdivided in several classes, namely the α-, β- and γcrystallins. They constitute about 90% of the lens proteins.
At the time the studies presented in this thesis were initiated, the primary structure of the
ß-crystallins at the nucleic acid level was unknown. Therefore the elucidation of the complete
primary structure of a ßBl- and a ßB3-crystallin cDNA clone was undertaken (chapter II).
The deduced ßB3-protein sequence comprises 210 amino acid residues while that of the ßBlprotein contains 247 amino acids. Considerable sequence homology was noted between the
amino- and carboxyl-terminal halves of each protein. The amino acid sequences of the two ßcrystallins show a substantial homology with each other (60%) as well as with the published
amino acid sequences of a bovine and a murine ß-crystallin (55% and 45%). In all cases
differences between the proteins are almost exclusively confined to their extreme ends,
especially the N-terminal end. All proteins show a two domain structure and can be folded
into four similar protein motifs. It is further shown that the ß-crystallin DNA sequences can be
subdivided into two groups, corresponding to the acidic and basic groups observed at the
protein level.
The structure of the rat ßBl-crystallin gene is presented in chapter III. The gene measures
13.6 kb and contains six exons. The coding region of the gene is divided over exons 2-6. Each
functional entity of the protein is encoded by a separate exon except for the C-terminal
extension which shares exon 6 with the fourth protein motif. Exon 2, encoding the N-terminal
protein extension, contains two directly repeated sequences which show an overall homology
of 68% to the rat brain identifier sequence (Alu-like B3 repeat). The transcription initiation
site was determined by Sl-nuclease mapping as well as by analysis of the mRNA sequence.
Exon 1 was shown to be a 27 bp non-coding exon separated from the translation start site by
nearly 1.4 kb of intronic DNA. The 5' flanking region of the ßBl-gene is highly homologous
to that of a γ-crystallin gene.
Although the β- and γ-crystallin families are likely to have a common evolutionary origin,
several differences are observed between them. For example, ß-crystallin genes carry intra- as
well as inter-domain introns (chapter III) while γ-crystallin genes carry only inter-domain
introns (chapters IV and VI). This observation led us to conclude that the two families
descended separately from a presumptive ancestral 'one domain' gene. The probable
evolutionary history of the β- and γ-crystallin gene families is summarized in Appendix C.
In contrast to the γ-crystallins, the ß-crystallins are oligomeric proteins. This difference is
thought to be due to the N-terminal extensions of the ß-crystallins. We show that this
difference is reflected at the genetic level by the existence of an extra exon encoding this
extension (chapter HI).
Finally, the ß-crystallins show a lower degree of mutual homology than the γ-crystallins.
This may be a reflection of the fact that the ß-crystallin genes are at least partially dispersed
and thus less likely to be subject to gene conversions.
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The structure and organization of the γ-crystallin gene family is further detailed by the
studies presented in chapters IV-VIII. In chapter IV we describe a human genomic clone
which carries two closely linked γ-crystallin genes, the yl-2 and γ2-1 genes. The genes are
separated by ~12.5 kb of intergenic DNA. Southern hybridization analysis shows that the
human genome contains several other γ-crystallin sequences. The two cloned genes have the
same mosaic structure as the rat γ3-1 gene. They contain three exons separated by a small
(intron 1) and a large intron (intron 2). A mutation at the splice acceptor site of the second
intron of the γ1-2 gene renders the coding region of its third exon 3 bp longer than that of the
γ2-1 gene. The flanking and intronic regions of the two human genes contain some simple
sequence DNAs and have a very high density of Alul repetitive elements. The repeats are
usually clustered and contain many truncated elements.
The chromosomal localization of the human γ-crystallin genes is presented in chapter V.
All human γ-crystallin sequences were shown to be located within the same chromosomal area,
the pl2-qter region of chromosome 2, suggesting that all human γ-crystallin sequences may be
linked.
To obtain insight in the differences between the individual γ-crystallin genes the complete
set of six rat genes was studied. Sequence analysis showed that the homology between the
genes varies from 80% to 98%. All six genes have the same mosaic structure. The first exons
contain the relatively short (25-44 bp) 5' non-coding region and the first 9 bp of the coding
sequence. The second exons encode protein motifs I and II (domain I), while protein motifs
III and IV (domain II) are encoded by the third exons. The latter exons contain also the 60-67
bp long 3' non-coding regions. Due to a splice acceptor site mutation the coding region of the
rat γ1-2 gene is, similar to that of the human γ1-2 gene (chapter IV), 3 bp longer than that of
the other genes. The first introns are conserved in length (85-100 bp) and sequence, but the
second introns vary considerably in both respects.
The sequences of the second exons of the genes have undergone multiple gene
conversions, a characteristic of concerted evolution. In contrast, the sequences of the third
exons show divergent evolution. Based upon the exon 3 sequences an evolutionary tree was
constructed suggesting that three of the present γ-crystallin genes (γΐ-l, γ1-2 and γ2-1) derive
directly from the genes which originated from a tandem duplication of a two-gene cluster. Two
duplications of the last gene of the four-gene cluster then yielded the other three genes (γ2-2,
γ3-1 and γ4-1).
The region of the genes encoding protein motif III (facing the outside of the protein) is
more variable than that encoding protein motif IV (one of the two internal protein motifs).
However, a comparison of these rat sequences with the orthologous domain II sequences from
other species showed that all domain II sequences are equally well preserved between species.
Hence, we postulate that each gene duplication was followed by a period of rapid radiation,
which engendered sufficient sequence variation to functionally distinguish the motif III
sequences. Reimposition of the selective pressure would then maintain the variation. This
hypothesis suggests that the functional property of each individual γ-crystallin protein is
specified by protein motif III. Van Leen et al. (réf. see chapter VII) showed that the six rat
genes are differentially expressed during development again emphasizing that they probably
encode functionally different protein products.
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The linkage of five of the six rat γ-crystallin genes within a region of 45 kb of DNA was
the result of a study of Moormann et al. (refs. see chapter VI). The location of the sixth gene
(γ4-1) could not be determined in that study but evidence was presented that, if this gene was
linked to the five gene cluster, the distance should be larger than 25 kb. To find out whether
the γ4-1 gene was directly linked to the gene cluster, the chromosomal localization of all rat γcrystallin genes was determined. In chapter V it is demonstrated that all six genes map to rat
chromosome 9 thereby strengthening the idea that all rat genes are linked. The position of the
γ4-1 gene and its distance towards the five gene cluster awaits further analysis but, from a
structural point of view, we expect that the γ4-1 gene is located 3' of the γ3-1 gene although
the intergenic distance may be considerable (>30 kb).
Appendix В summarizes our present knowledge of the γ-crystallin genes in several
organisms. It is shown that the mammalian γ-crystallin gene family is highly conserved in
number and (probably) order of the genes. Furthermore, we propose a common nomen
clature to be used which should make comparisons across the species border easier.
Chapter VIII describes a comparison between the orthologous flanking and intergenic
regions of the human and rat γ1-2 and γ2-1 genes. We show that conserved sequence blocks
can be detected at rather large distances from each gene although, in general, sequence
homology decreases with increasing distance from the genes, ultimately leading to an absence
of any significant homology in the central area of the intergenic DNA.
The sequence analysis resulted in a detailed characterization of 58 kb of DNA
encompassing the rat γ-crystallin five gene cluster and the γ4-1 gene. In addition, the structure
of a 23 kb region of the human genome containing the human γ1-2 and γ2-1 genes was
elucidated. Several classes of simple sequence DNAs were observed. The spacing of those
that can adopt a Z-DNA configuration is intriguing; it may be correlated with the differential
expression of the γ-crystallin genes. Repetitive sequences were localized everywhere except in
exonic, intron 1 and immediate (<1 kb) gene flanking regions. The location of the repetitive
DNA elements appears to be random and we found no correlation between their respective
positions within the orthologous sequences. The γ-crystallin gene cluster of the rat contains
many Bl and B2 Alu-like repeats. The deduced consensus sequences of these repetitive DNA
elements is presented in Appendix A.
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SAMENVATTING
Het in het oog binnenvallende licht wordt door de lens op de retina gefocuseerd. De lens moet
daarom volledig lichtdoorlatend zijn. Naar algemeen wordt aangenomen is de lichtdoorlaatbaarheid voornamelijk te danken aan de specifieke eigenschappen van de lenseiwitten, de
crystallines. De crystallines zijn water-oplosbare eiwitten die in een drietal klassen kunnen
worden onderverdeeld; de α-, β- en γ- crystallines. Ze vormen ongeveer 90% van de
lenseiwitten.
Op het moment dat met het werk dat in dit proefschrift wordt beschreven begonnen werd,
was er nog niets bekend over de nucleotidenvolgorde van de ß-crystallines. Daarom werd van
twee ratte ß-crystalline cDNA klonen, ßBl en ßB3, de structuur opgehelderd (hoofdstuk II).
De afgeleide aminozuurvolgorde van het ßB3-eiwit bevat 210 residuen terwijl het ßBl-eiwit uit
247 residuen blijkt te bestaan. In beide eiwitten werd een structurele overeenkomst tussen de
N- en C-terminale helften waargenomen. De aminozuurvolgordes van de twee eiwitten
vertoonden onderling een overeenkomst (60%) en ze leken bovendien sterk op de
gepubliceerde volgordes van een kalfs- en een muize ß-crystalline (55% en 45%). Verschillen
tussen de eiwitten worden voornamelijk gevonden aan de uiteinden, met name in de Nterminale arm. Al deze ß-crystalline eiwitten kunnen in vier overeenkomstige eiwitmotieven
worden gevouwen, die twee aan twee de eiwitdomeinen vormen. Tevens werd getoond dat de
nucleotidenvolgordes van de ß-crystallines in twee groepen kunnen worden verdeeld die
corresponderen met de zure en basische groepen die al op eiwitniveau waren gevonden.
In hoofdstuk III wordt de structuur getoond van het ratte ßBl-crystalline gen. Het gen
heeft een lengte van 13,6 kb en bevat zes exonen. Exonen 2-6 omvatten het in eiwit vertaalde
deel van het gen. ledere functionele eenheid van het eiwit wordt gecodeerd door een
afzonderlijk exon met uitzondering van de C-terminale staart die exon 6 deelt met het vierde
eiwitmotief. Exon 2, dat vertaald wordt in de N-terminale arm van het eiwit, bevat twee direct
achter elkaar geplaatste nucleotidenvolgordes die sterk lijken (68% overeenkomst) op het
zogenaamde 'rat brain identifier element' (een Alu-achtige B3 repeat). Met behulp van Slnuclease kartering en door middel van een bepaling van de nucleotidenvolgorde van het 5'
gedeelte van het mRNA kon worden aangetoond dat exon 1 bestaat uit 27 niet in eiwit
vertaalde nucleotiden. Exon 1 wordt door een intron van 1,4 kb gescheiden van exon 2. Het
5' flankerende deel van het ßBl-gen lijkt sterk op het overeenkomstige gebied van een γcrystalline gen. A. Hoewel de β- en γ-crystallines waarschijnlijk een gemeenschappelijke
evolutionaire oorsprong hebben, vertonen ze toch een aantal verschillen. Als voorbeeld
hiervan kunnen we aanhalen dat een ß-crystalline gen zowel in als tussen de domeinen
intronen bevat terwijl de γ-crystalline genen alleen intronen hebben tussen de domeinen
(hoodfstukken IV en VI). Deze constatering heeft ons doen veronderstellen dat de twee
families vanaf hetzelfde voorouderlijk 'een-domein gen' ieder hun eigen weg hebben gevolgd.
In appendix С is de meest waarschijnlijk evolutionaire geschiedenis van de β- en γ-crystallines
weergegeven.
In tegenstelling tot de γ-crystallines zijn de ß-crystallines oligomere eiwitten. Men veronderstelt dat het vermogen tot oligomerisatie van de ß-crystalline's opgesloten ligt in hun Nterminale arm. In hoofdstuk III laten we zien dat deze arm op gen niveau wordt weerspiegeld
door de aanwezigheid van een extra exon.
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Tot slot moet nog opgemerkt worden dat de ß-crystallines onderling een geringere
gelijkenis vertonen dan de γ-crystallines. Dit kan mogelijk verklaard worden door het feit dat
de ß-crystallines verspreid in het genoom voorkomen en daardoor een geringere kans hebben
om bij genconversies betrokken te raken.
De hoofdstukken IV-VIII beschrijven in detail de structuur en organisatie van de γcrystalline genfamilie. Hoofdstuk IV beschrijft de analyse van een genomische kloon die twee
gekoppelde humane γ-crystalline genen bevat, γ1-2 en γ2-1. Ze worden gescheiden door een
gebied van ~12,5 kb. Met behulp van 'Southern' hybridisaties werd aangetoond dat het
menselijke genoom nog verschillende andere γ- crystalline genen bevat. De twee gekloneerde
genen hebben een zelfde opbouw als het ratte γ3-1 gen. Ze bevatten 3 exonen die gescheiden
worden door een klein (intron 1) en een groot intron (intron 2). Een verandering op de intron
2/exon 3 overgang van het γ1-2 gen maakt het coderende deel van dit derde exon drie
nucleotiden langer dan dat van het γ2-1 gen. Zowel de intronen als de aan het gen grenzende
gebieden bevatten enkele stukken DNA met een eenvoudige nucleotidenvolgorde. Bovendien
wordt in deze gebieden een aanzienlijk aantal Alul repetitieve elementen aangetroffen. Deze
repetitieve elementen worden meestal in eikaars nabijheid gevonden en zijn vaak niet volledig.
In hoofdstuk V wordt beschreven op welk menselijk chromosoom de γ- crystalline genen
zijn gelegen. Het blijkt dat alle genen in hetzelfde gebied worden gevonden, namelijk het
pl2-qter gebied van chromosoom 2. Dit doet vermoeden dat alle genen in het genoom direct
gekoppeld zijn.
Om meer inzicht te krijgen in de onderlinge verschillen die er tussen de diverse γcrystallines bestaan, werden de zes ratte γ-crystalline genen nader bestudeerd. Een onderlinge
vergelijking laat zien dat de overeenkomst tussen de genen varieert van 80% tot 98%. Alle zes
de genen hebben dezelfde opbouw. De eerste exonen bevatten de relatief korte 5' nietvertaalde gebieden (25-44 bp) alsmede de eerste 9 bp van het wei-vertaalde deel. De tweede
exonen bevatten de informatie voor de eiwit-motieven I en II (domein I), terwijl de informatie
voor de motieven III en IV (domein II) zich op de derde exonen bevindt. Laatstgenoemde
exonen bevatten tevens het 60-67 bp lange 3' niet-vertaalde deel van het RNA. Door een
verandering op de overgang van intron 2 en exon 3, zoals die ook werd aangetroffen in het
humane γ1-2 gen (hoofdstuk IV), is het vertaalde deel van exon 3 van het ratte γ1-2 gen drie
nucleotiden langer dan dat van de andere genen. Terwijl de nucleotidenvolgordes alsmede de
lengtes van de eerste intronen geconserveerd zijn gebleven zijn ze dat niet in de tweede
intronen.
De tweede exonen zijn verschillende keren betrokken geweest bij genconversies, een
kenmerk van gezamenlijke evolutie. De derde exonen vertonen echter tekenen van een
onafhankelijke evolutie. Op basis van de exon 3 sequenties kon de evolutionaire geschiedenis
van de ratte γ- crystalline genfamilie gereconstrueerd worden. Deze geeft aan dat drie van de
huidige genen (γΐ-l, γ1-2 en γ2-1) direct afstammen van de genen die ontstonden na de
verdubbeling van een twee-genen set. Twee verdere verdubbelingen van het laatste gen uit dit
groepje van vier leidde tenslotte tot het onstaan van de drie andere genen (γ2-2, γ3-1 en γ4-1).
Bij alle γ-crystalline genen blijkt dat het gebied dat vertaald wordt in motief III (liggend
aan de oppervlakte van het eiwit) een veel grotere variabiliteit vertoont dan het gebied dat
vertaald wordt in eiwitmotief IV (een van de twee inwendig gelegen motieven). Een
vergelijking van de volgordes over de soortenbarrière heen laat echter zien dat de motieven III
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en IV met een vergelijkbare snelheid evolueren. Daarom hebben we gepostuleerd dat iedere
genverdubbeling gevolgd werd door een periode met een hoge mutatiesnelheid die er toe
leidde dat de motieven III functioneel van elkaar gingen verschillen. Door de selektiedruk
zouden deze verschillen vervolgens gehandhaafd zijn gebleven. Deze hypothese veronderstelt
dat de eigenschappen die de γ-crystallines onderscheiden voor een belangrijk deel liggen
opgesloten in het derde motief. Door van Leen et al. (zie hoofdstukken VII en VIII) is recent
aangetoond dat tijdens de ontwikkeling de γ-crystalline genen op verschillende tijden tot
expressie komen wat opnieuw aangeeft dat ieder γ-crystalline gen waarschijnlijk zijn eigen
funktie heeft.
Door Moormann et al. (zie hoofdstuk VI) was reeds aangetoond dat vijf van de zes ratte
γ-crystalline genen gekoppeld liggen op een stuk DNA van 45 kb. In deze studie kon de plaats
van het zesde gen (γ4-1) ten opzichte van de andere genen niet worden bepaald. Wel werd
aangetoond dat, als die koppeling bestaat dat, de afstand dan tenmiste 25 kb moet zijn. Om
na te gaan of een directe koppeling van het γ4-1 gen eigenlijk wel tot de mogelijkheden
behoort, werd bepaald op welk ratte chromosoom de genen zijn gelegen. In hoofdstuk VII
wordt aangetoond dat alle ratte γ-crystalline genen in ieder geval op hetzelfde chromosoom
worden gevonden en wel op chromosoom 9. Een directe fysische koppeling van alle genen is
daarmee eigenlijk al een feit. Nader onderzoek zal moeten leren of de koppeling tussen het
γ4-1 gen en de andere genen op een niet al te grote afstand ligt. Op basis van hun onderlinge
overeenkomst mag worden verondersteld dat dit gen 3' van het γ3-1 gen gelegen is al zal de
tussenliggende afstand aanzienlijk zijn (>30 kb).
Appendix В vat onze huidige kennis van de γ-crystalline genen binnen verschillende
organismen samen. We laten zien dat deze genfamilie bij de diverse zoogdieren nauwelijks in
grootte en (waarschijnlijk) evenmin in gcnvolgorde is veranderd. Bovendien stellen we voor
om een algemene naamgeving in te voeren die vergelijkingen tussen de diverse diersoorten kan
vergemakkeli j ken.
In hoofdstuk VIII zijn de orthologe gebieden in en rond de γ1-2 en γ2-1 genen van mens
en rat aan een nauwkeurige vergelijking onderworpen. We laten zien dat geconserveerde
gebieden op grote afstanden van de genen gevonden kunnen worden alhoewel, in het
algemeen, de overeenkomst tussen beide gebieden afneemt naarmate men zich verder van de
genen verwijdert. In het centrale gebied tussen de genen worden nauwelijks overeenkomsten
gevonden.
Het nucleotidenvolgorde onderzoek zoals dit in hoofdstuk VIII wordt beschreven, heeft
ertoe geleid dat de basenvolgorde van 58 kb aan DNA rond de vijf gekoppelde ratte genen en
het γ4-1 gen nu bekend is. Bovendien werd de volledige structuur opgehelderd van de 23 kb
rondom twee menselijke genen. Er werden verschillende klassen van eenvoudige DNA
sequenties gevonden. De ruimtelijke scheiding van die eenvoudige sequenties die een Z-DNA
vouwing kunnen bewerkstelligen is intrigerend; hij is mogelijk gecorreleerd aan de differentiële
expressie van de γ-crystalline genen. Repetitieve elementen werden overal gevonden behalve
in exonen, in intron 1 en in de directe omgeving (<1 kb) van het 5' uiteinde van de genen. De
positie van de gerepeteerde elementen lijkt willekeurig te zijn en er bestaat ook geen
overeenkomst in hun positie tussen mens en rat. Het bestudeerde ratte gebied bevat vele Aluachtige BI en B2 repeats. Een afgeleide gemeenschappelijke nucleotidenvolgorde van deze
repeats wordt gepresenteerd in Appendix A.
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EENVOUDIGER VERTELD
Niet alleen de mens, maar ieder levend wezen is in feite opgebouwd uit een grote massa dode
materie. Al snel begon de mens zich af te vragen waar de wonderbaarlijke levenskracht
vandaan kwam, het begin van het biologisch onderzoek. Wij weten nu dat alle levende
wezens zijn opgebouwd uit grote hoeveelheden losse bouwstenen, de cellen. Alles wat zich in
een cel afspeelt, hoe hij er uitziet, wat hij doet en hoe hij op zijn omgeving reageert, wordt
bepaald door het erfelijke materiaal in de cel, het DNA. We kunnen dit DNA beschouwen
als een groot boek, of beter nog als een grote encyclopedie geschreven in een alfabet van vier
letters; A, G, С en T. Dit proefschrift nu gaat in feite over een heel erg klein deel van deze
encyclopedie. Het beschrijft hoe een deel van de totale informatie, in dit geval de informatie
voor de opbouw van een aantal eiwitten die we in de ooglens vinden, hierin is vastgelegd.
Een encyclopedie bevat vaak zoveel informatie dat hij in verschillende delen is gesplitst.
Het geheel aan erfelijk informatie van zoogdieren is ook te groot om in één boek opgeslagen
te kunnen worden. In de cel is het daarom in verschillende stukken verdeeld, de
chromosomen. In de afzonderlijke delen van een encyclopedie zijn de onderwerpen op een
kunstmatige manier gerangschikt. Deze rangschikking, bijvoorbeeld op alfabet, heeft meestal
niets met de onderlinge verwantschap van de onderwerpen te maken. Zo is het ook met de
onderwerpen, de genen, op de chromosomen. Er is geen duidelijke lijn in hun volgorde te
zien. Afleidingen van een bepaald onderwerp zijn wel bij elkaar geplaatst (genfamilies) en
iedere afleiding heeft een verwante betekenis. Soms behandelen onderwerpen nagenoeg
hetzelfde maar omdat ze met een andere letter beginnen (fiets t.o.v. racefiets) staan ze geheel
ergens anders in de encyclopedie. Zo vinden we ook verwante genen op verschillende
chromosomen.
Ieder onderwerp heeft een heel duidelijke eigen betekenis, een boodschap. De boodschap
die van een gen wordt afgelezen, het RNA, wordt vertaald in een product, een eiwit. Dit eiwit
tenslotte zorgt voor een bepaald effect. Het maken van een eiwit is de opdracht vervat in de
taal (RNA) die wordt begrepen en wordt uitgevoerd door de werkzame eenheden van een
levend wezen, de cellen.
Een encyclopedie bestaat niet alleen uit zinvolle tekst, er is ook veel lege ruimte die
gebruikt wordt om alles overzichtelijk te rangschikken. Hetzelfde geldt voor de chromosomen.
De genen zijn gescheiden door grote lege ruimtes die niet gebruikt (lijken) te worden. In het
DNA komen met name in deze lege ruimtes bepaalde elementen (de repeats) telkens weer
terug. Ze lijken geen echte functie te hebben al beïnvloeden ze hun omgeving wel.
Zoals al werd opgemerkt behandelt dit proefschrift slechts een zeer klein deel van het
totale erfelijke materiaal, deels van de mens en deels van de rat. In totaal is de volgorde
opgehelderd van verschillende stukken DNA met een totale lengte van ruwweg 100.000 letters.
Dit lijkt heel wat maar we moeten wel bedenken dat het totale DNA van mens en rat zo'n
3.000.000.000 letters beslaat.
De genen die in dit proefschrift worden beschreven worden in de ooglens gebruikt. De
genproducten (de eiwitten) waar het om gaat zijn de crystallines; de β- en γ-crystallines. In de
verschillende hoofdstukken wordt achtereenvolgens beschreven hoe een ß-crystalline eiwit er
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uitziet (Hfdst. II), hoe een ß-crystalline gen (Hfdst. III), hoe twee menselijke γ-crystalline
genen zijn opgebouwd (Hfdst. IV), op welk menselijk chromosoom deze genen worden
gevonden (Hfdst. V), hoe alle zes ratte γ- crystalline genen er uitzien (Hfst. VI), op welk ratte
chromosoom ze zijn gelegen (Hfdst. VII) en wat er in de ruimtes tussen de γ-crystallinc genen
van zowel mens als rat wordt gevonden alsmede hoe een onderling vergelijk van deze gebieden
uitvalt (Hfdst. VIII).
Wat is nu het nut van deze studies? Het antwoord daarop is moeilijk en deels
onbevredigend. Dit onderzoek valt binnen het zogenaamde fundamentele wetenschappelijke
onderzoek en levert ons de basale kennis van de crystallines en hun genen. Deze kennis is
noodzakelijk voor een verdere bestudering van de gebeurtenissen die zich in de ooglens
afspelen. Een huis kan ook niet gebouwd worden dan nadat de eerste steen is gelegd, terwijl
achteraf het verwijderen van deze eerste steen het uiteindelijke gebouw echt niet zal doen
instorten. Toch was ook de eerste steen belangrijk.
De gegevens uit dit onderzoek konden reeds gebruikt worden om de expressie van de
genen (de aanmaak van het RNA) te bekijken. Ook kon op basis ervan met behulp van
computers de ruimtelijke opbouw van de crystalunes bestudeerd worden. Verder zijn deze
gegevens van belang bij het onderzoek naar de genetische achtergronden van erfelijke staar bij
de mens (een troebeling van de ooglens). Uiteindelijk wordt het misschien mogelijk om te
begrijpen hoe staar ontstaat en hoe deze kan worden voorkomen. Verder heeft dit onderzoek
hopelijk een steentje bijgedragen aan het totaal van onze kennis over de manier waarop de
erfelijke gegevens in het DNA zijn vastgelegd en wat hiermee zoal kan worden gedaan of kan
gebeuren.
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STELLINGEN

1.

De door Hess en medewerkers gesignaleerde 'gradient of sequence divergence' is geen gradient maar een trapsgewijze toename van de sequentie
divergentie waarbij elke trede met een eindpunt van een genconversie
overeenkomt.
Hess, J.F. et al. (1984): Science 226, 67-70.

2.

De hersenspecifieke transcriptie van de ratte 'brain identifier repeat'
wordt veroorzaakt door de toevallige gevoeligheid van zijn promotor voor
een hersenspecifieke transcriptie factor.
Milner, R.J. et al. (1984): Proc.Natl.Acad.Sci. USA 81, 713-717.

3.

Het gebruik van de methode van Bhat en Spector voor het detecteren van
homologien leidt tot de ongeloofwaardige conclusie dat nagenoeg het hele
menselijke genoom uit de Alu-repeat is ontstaan.
Bhat, S.P. and Spector, A. (1984): DNA 3, 287-295.

4.

Het vergelijk van 5' flankerende sequenties van genen is. slechts zinvol
wanneer de 5' uiteindes van deze genen ook werkelijk bepaald zijn.
Quax-Jeuken, Y. et al. (1985): Proc.Natl.Acad.Sci. USA 82, 5819-5823.

5.

Gezien het feit dat CG-dinucleotiden in zoogdier DNA voornamelijk voorkomen in stukken DNA met een unieke sequentie is, voor het selectief
kloneren van deze sequenties, het gebruik van een CGCG-knipper (FnuDIl)
aan te bevelen boven die van een CG-knipper (Hpall).
Bird, A. et al. (1985): Cell 40, 91-99.

6.

Het door Caras en medewerkers gevonden verschil tussen de twee types
'decay-accelerating factor' mRNA is niet het gevolg van de aanwezigheid
van een niet gespliced intron maar van een differentiële splicing van
een flexon zoals eerder gevonden by het «A 1 1 1 3 mRNA.
Caras, I.W. et al. (1987): Nature 325, 545-548.

7.

Het in het genoom van eukaryoten veelvuldig voorkomen van in lengte en
samenstelling variërende stukken 'eenvoudige DNA sequenties' doet vermoeden dat er in de eukaryotische cel een matrijs onafhankelijke DNA
synthese activiteit aanwezig is welke mogelijk een rudiment is uit de
zeer vroege evolutie.

8.

Voor de uitvoering van het huidige moleculair biologisch onderzoek is
het ter beschikking hebben van een DNA-synthesizer zeker zo essentieel
als een ultracentrifuge.

9.

De verkeersveiligheid zou ermee gebaat zijn wanneer (brom)fietsers niet
aan de rechter- maar aan de linkerkant van de weg zouden rijden.

10. Het door de regering van Iran genomen besluit om, ter voorkoming van
aanvallen, plutonium in een in aanbouw zijnde kerncentrale op te slaan
kan als het eerste defensieve gebruik van kernwapens worden beschouwd
maar geeft wederom aan hoe gevaarlijk het bezit van splijtstof is.
11. De bewering van Yamada en medewerkers dat tussen het humane en het
kippe collageen gen 'horizontal gene transfer' heeft plaats gevonden
wint aan geloofwaardigheid indien wij aannemen dat onze voorouders hun
kippeboutjes rauw aten.

Johan den Dunnen, 10 april 1987.
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