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I. INTRODUCTION 

The genome of eukaryotes has become now one of the hottest spots of modern 
molecular biology. New technologies accelerate research and the accumulation of new 
experimental, especially structural, data goes very fast. 

Although data on the structure of certain genes and transcriptional units are now 
available, the functional organization of the latter, in particular the regulation of 
transcription in eukaryotes, still remains obscure. Moreover, the studied genes represent 
only a small fraction of all genes contained in the cells. 

Therefore, a lot of work is required before we may understand the principles of the 
functional organization of eukaryotic genes. The aim of this paper is much more modest. 
We shall summarize some early and recent data in order to characterize the main types of 
organization of the genetic material in eukaryotes. To date it has become clear that 
different genes are organized in quite different ways. 

These main schemes of organization are discussed below. As several reviews have 
appeared recently, we shall discuss briefly the major topics dealt with in them, 
concentrating primarily on those topics poorly covered (e.g., multiple genes scattered 
throughout the eukaryotic genome). 

11. MAIN RESULTS OBTAINED IN THE PERIOD PRECEDING 
THE “GENETIC ENGINEERING ERA” 

A. Existence of Excessive DNA; the “One Gene - One Band Concept 
The amount of DNA per mammalian haploid genome comprises 5 X lo6 

kb (1 kb X 1000 base pairs).’’2 The number of genes or discrete genetic units usually 
responsible for the coding of one particular protein is equal to - lo5 according to 
different types of a n a l y s i ~ . ~ . ~ ~ ~ ’ ’  Thus, 30 to 50 kb of DNA corresponds to one gene, which 
is much more than required for coding an average protein (1 to 2 kb). These very rough 
estimations indicate the existence of excessive DNA in the eukaryotic genome. 

The most clear-cut evidence for this has been obtained in genetic experiments of Judd 
and colleagues on D. melanogaster.’ It is well known that polytene chromosomes of 
D. melanogaster consist of alternating bands and interband regions whose chromatin is 
believed to be in a m?re compact or in an extended state, respectively. Judd et al. have 
found that the number of bands in a certain region of X-chromosome coincides quite well 
with the number of complementation groups present in the same r e g i ~ n . ~  Apparently, a 
complementation group corresponds to  one structural gene, and consequently one band 
contains one gene. This result was confirmed by other authors working with different 
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regions of chromosomes.6-8 As a result, the “one band - one gene” concept was created. 
It is surely not the general rule. There is a lot of evidence that in several cases the band 
may contain more than one structural gene, but very often this postulate seems to 
be valid.’-* 

However, the amount of DNA per average band (-35 kb) is much higher than the 
amount of DNA required to code for a singular protein (1 to 2 kb), thus indicating the 
existence of excessive DNA not involved in coding for proteins. 

B. Pre-mRNA Concept 
In 1962, nuclear RNA with a DNA-like base composition (dRNA) was first described 

and then isolated in a pure state.’-” This RNA was found to be very unstable 
metab~l ica l ly . ’~”~ Its average molecular weight was several times higher than that of 
mature mRNA.’27’4-20 Another term for nuclear dRNA is heterogeneous nuclear RNA, 
or hnRNA. Early hybridization experiments suggested the existence of mRNA 
sequences in nuclear dRNA21-24 and a concept was elaborated according to which 
nuclear dRNA was a high molecular weight precursor of mRNA being converted into 
mature mRNA in the course of processing. The latter includes the cleavage of 
pre-mRNA and the breakage of a considerable part of the sequences present in nuclear 
d RN A. 25326 

The existence of messenger sequences was demonstrated later with the aid of more 
specific probes. For example, it was found that virus-specific sequences coding for 
mRNA in SV40 transformed cells were present in the high molecular weight fraction of 
nuclear RNA.27-29 Imaizumi, et al.30’31 were the first to demonstrate, using hybridization 
with cDNA, the existence of globin mRNA in nuclear RNA heavier than mature globin 
mRNA. Similar results were obtained with different cDNA probes (Perry3*). 

Many other examples will be discussed below. Thus, the data on the properties of the 
primary transcripts confirm the existence of high amounts of excessive DNA. At least a 
significant part of this excessive DNA is transcribed, but the corresponding sequences are 
destroyed during the maturation of mRNA. 

The discovery of pre-mRNA allows one to try to answer the question about the gene 
organization by just studying the structure of primary transcripts. This approach led 
several laboratories to the analysis of sequence arrangement in pre-mRNA and mature 
mRNA. In the course of these studies, a number of interesting observations have been 
noted. Long stretches of poly(A) added post-transcriptionally were observed at the 
3’ends of both mRNAs and p r e - m R N A ~ . ~ ~ - ~ ~  Triphosphorylated nucleotides (G and A) 
were found at the S‘end of some of pre-rnRNA~.~’-~’ One may suggest that they 
correspond to the true origins of primary transcripts. However, much more often the 
S‘ends in pre-mRNA, and practically always in mRNA, are represented by the so-called 
caps.42-44 Caps are formed by addition of pppG to  the 5’end of RNA followed by 
methylation of G in the 7’position and of one or two ribose residues adjacent to 5’end. 
Thus, the oligonucleotide 7”‘G5’ppp5‘Nr”’pNrmepN stable to alkaline or RNAase 
digestion is formed. Caps are formed post-transcriptionally in the course of 
pro~essing.~’-~’ There is certain new evidence that caps, in many cases, are formed almost 
immediately after t ran~cr ip t ion .~’~  

There are also some other interesting sequences present in many different pre-mRNAs, 
such as 01igo(A),~~,~’ 01igo(U),~~-’~ and double-stranded hairpin-like  sequence^.'^-'^ 
All these may be used for constructing the map of primary transcripts. These results will 
be discussed in more detail below. 

C. Reiterated Sequences in Eukaryotic Genome 
While studying the kinetics of DNA renaturation, Britten and Kohne have found that 

different sequences of the genome in eukaryotes are represented by a different number of 
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copies.56 In prokaryotes, most of the DNA sequences, with a few exceptions, occur once 
per genome, and prokaryotic DNA renatures as a single kinetic component. The 
renaturation curve for eukaryotic DNA is much more complex. For example, 10 to 15% 
of DNA in mouse renatures very fast at Cot1/2 5 X lo-’ moles X 1-’ X sec (Cot = original 
conc. of DNA X time of annealing in standard conditions; Cotl/2 is a Cot value at which a 
half of DNA component renatures). Simple calculations show that those sequences are 
repeated several hundreds of thousands of times. They are called satellite DNA or simple 
repetitive DNA. Another 10 to 15% of DNA renatures in a broad interval of Cot values 
from to lo2. These are called intermediate repeats or sequences repeated from several 
dozen to several dozens of thousand times in the genome. The rest (70 to 75%) of DNA 
renatures at  high Cot  (in a Cot interval from lo2 to  lo4) and corresponds to unique 
sequences represented by one or a few copies per g e n ~ m e . ~ ~ ’ ~ ’  

Further studies discovered two main types of sequence arrangement in the eukaryotic 
genome. One of them, the “Xenopus type”, is characterized by interspersion of middle 
repetitive sequences (- 300 base pairs in length) and unique sequences (about 1200 base 
pairs). More than a half of the genome is constructed in this way. Another part contains 
longer tracts of unique  sequence^.^^-^^ The most highly repetitive sequences present in 
satellite DNA are clustered and located predominantly in the centromeric or telomeric 
regions of chromosomes in any type of the g e n ~ m e . ~ ~ - ~ ~  

The second type of genome organization is the Drosophila-like type. The characteristic 
property is the existence of much longer tracts of unique DNA which alternate with other 
rather long regions containing different repetitive  element^.^^'^^ 

The Xenopus-like type of genome organization occurs more often than the latter one. 
The significance of these differences is not clear, as sometimes two rather close species 
may have different types of sequence arrangement. For example, the insect Musca 
domestica has a Xenopus-like genome6’ while the birds, duck, chicken, and pigeon have a 
Drosophila-like sequence Since different kinds of sequences are present 
in the genome one may ask if structural genes are repetitive or unique sequences. 

D. The Number of Copies of Structural Genes in the Genome 
Genetic data support the idea that at least a majority of eukaryotic genes are 

represented by unique DNA sequences. Otherwise, point mutation would not be realized 
in phenotypic changes. The direct approach to this problem involved the corenaturation 
of tracer amounts of highly labeled cDNA transcribed from a certain mRNA with an 
excess of total cellular DNA. In most cases, the renaturation of cD,NA took place at the 
stage when the unique sequences became double-stranded. Thus, it was shown that the 
genes for a- and p -g l~b in ,~ ’ -~ ’  ~ v a l b u m i n , ’ ~ ’ ~ ~  silk f i b r ~ i n , ~ ~  immunoglobulin,77~8” 
casein,” serum albumin,82 and many others, are represented by unique DNA sequences. 
Moreover, if cDNA transcribed from total mRNA with excess DNA is renatured, again 
the major part of the latter renatures at Cot values typical of unique DNA  sequence^.^,^^,^^ 
Thus, most of the structural genes are represented by one or a few copies per haploid 
eukaryotic genome. 

However, a number of exceptions have been reported. For example, genes coding for 
ribosomal RNAs (28S, 18S, and 5s)  were found in hundreds or thousands of copies per 

These are not real structural genes, but the same observation was made for 
histone genes. In different species, from several dozen to several hundred histone gene 
copies per genome were f o ~ n d . ~ ~ ” ~  The analysis of renaturation of cDNA to total mRNA 
with excess DNA also showed that a minor, but still significant fraction of mRNA (10 to  
30%) was transcribed from repetitive DNA.4,84390,91 The conclusion may be drawn that 
most of the structural genes are present in a single or a few copies while some of them are 
repetitive. 

This short review of the main results obtained in the period preceding the invention of 
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genetic engineering shows that several fundamental conclusions have been achieved. 
These are 

1. 
2. The pre-messenger RNA concept 
3. 
4. 
5. 

Demonstration of excessive nongenic DNA both transcribed and nontranscribed 

The “one band - one gene” concept 
Demonstration of repetitive and unique DNA sequences 
Conclusions about the number of gene copies 

These results formed the basis for further studies in the field. They were also used for 
constructing several hypotheses of gene regulation. The most intriguing question is the 
nature of excessive DNA both transcribed and nontranscribed. It was suggested that it 
might be involved in the regulation of transcription.2’2s*26 In particular, a possible ratio of 
repetitive DNA sequences in this process was stressed. 

111. NEW APPROACHES IN THE STUDIES ON GENE ORGANIZATION 

A. General Technology 

of new technologies in DNA studies. These are 
The research into gene organization has been much accelerated recently by invention 

1. 

2. 
3.  

4. 

Genetic engineering allowing one to amplify the material of an individual gene or any 
other piece of eukaryotic DNA 
A fast method of DNA sequencing 
The use of a variety of restriction endonucleases making it possible to cut DNA 
fragments at well defined positions 
New techniques for DNA labeling and hybridization which increase the sensitivity of 
the methods by several orders of magnitude 

The most efficient technique of DNA labeling in vitro is nick translation or 
replacement of an unlabeled DNA sequence by a labeled one with the aid of DNA 
polymerase I after formation of nick with DNAse Using 32P or ”’I nucleoside 
triphosphates as precursors, one can obtain as much as 10’ cpm/pg of DNA. 

Another important approach is the use of reverse transcriptase to obtain a highly 
labeled DNA copy of mRNA or any other RNA for which an appropriate primer can be 
~ r e p a r e d . ~ ~ , ~ ’  

The use of restriction endonucleases allows one to cut DNA into quite specific 
fragments which can be further separated by gel electrophoresis. A great variety of 
endonucleases are available now and they recognize different DNA sequences.336 Those 
recognizing six base pairs produce very rare cuts in DNA ( I  per 4 kb on the average) while 
those recognizing five or  four base pairs give much shorter DNA fragments. 

A very important technical achievement was the elaboration of a method for transfer 
of DNA from the gel to a nitrocellulose filter (blotting pr~cedure) .~’  The distribution of 
DNA is conserved and these “Southern filters” may be successfully used for 
hybridization and autoradiography. More recently, the technology for RNA transfers 
was also invented.Il5 

The methods for express sequencing were developed in the Sanger and Coulson 
l a b ~ r a t o r y , ~ ~  and by Maxam and Gilbert.96 They accelerated the procedure many times. 
In the space of a few years, the whole genome of SV-40 (5224 base pairs) has been 

and as large a genome as adenovirus probably will be sequenced in the 
near future. 
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However, the most revolutionizing new technology is the construction and 
amplification of recombinant DNA. Elaboration of safe and convenient vectors such as 
phage Agtloo,'o' and Charon phages1'* or pBR322 pla~mids ' '~  made it very easy. Many 
genes have been cloned and studied within a short period of time and one may expect 
much more rapid progress in this field in the near future. The accumulation of 
information in the field is very rapid, and this drastically changes the theories and ideas. 

B. Isolation and Cloning of Structural Genes and Flanking Sequences 
Very often the investigator needs a DNA sequence corresponding to the structural 

gene itself. The easiest way to do this is to transcribe mRNA into complementary DNA 
by reverse transcriptase, to  synthesize a second DNA strand also with reverse 
transcriptase or  with DNA polymerase, and to insert the double-stranded DNA into 
plasmid Clones containing cDNA have been obtained for many different 
identified and nonidentified individual mRNAs. In contrast to cDNA itself, cloned 
cDNA is completely pure from any contamination which may present in cDNA due to 
the contamination of original mRNA. 

The second step is the isolation and cloning of a structural gene together with flanking 
sequences directly from the genome. There are two main strategies. The first one is to  
prepare random fragments of DNA, to insert them into a phage or a plasmid, to clone 
them and to select clones containing sequences of interest. It can be done easily with the 
DNA of eukaryotes with a rather small genome such as Drosophila melanogaster. If the 
size of cloned DNA is equal to 10 kb, the complete bank of Drosophila melanogaster 
DNA is represented by lo4 clones. For eukaryotes with a large genome, such as the 
human or mouse genome, this figure is equal to  5 . lo5. However, even in the latter case, 
the problem has been solved. The DNA for cloning was inserted into phage DNA, the 
latter was covered with capsid protein and very high transfection was obtained in these 
conditions.109 The clones were produced at a high multiplicity ( lo4 colonies per plate) and 
one was able to select the clones of interest by a two-step hybridization procedure using 
heavily labeled cDNA as a probe for colony hybridization."'"" Although this procedure 
is rather complicated, it seems to be the most practical one in the selection of clones 
containing genes and flanking sequences. Recently the construction of vectors of a new 
type (cosmids) increased the size of cloned DNA fragments to  20 to 40 kb.Io4 

Another approach includes the preselection of DNA fragments containing the gene to 
be cloned. Different techniques were used. One of them involved the fractionation of 
restriction fragments on RPC-5 cellulose followed by preparative gel electrophoresis of 
the selected fraction."' Another one exploited the formation of the R-loop with 
RNA.''3'114 The hybrids were separated by banding in a CsCl density gradient.232 We 
developed a technology based on the formation of short gaps within long DNA strands. 
After cutting by restriction endonucleases, fragments containing the genes of interest 
were selected by hybridization to mRNA followed by poly(U) Sepharose chromatog- 
raphy.1'6-''8 The purification by hybridization to mRNA was repeated after insertion of 
DNA into plasmid DNA to reduce the background depending on survival of wild 
plasmid. All of the above procedures were used successfully for the isolation of structural 
genes and flanking sequences. This led to a rapid accumulation of information about 
their structure. 

C. The Main Types of Gene Organization in Eukaryotes 
It is quite possible that there is no unique plan of organization for any gene in 

eukzryotes. In contrast, the results of recent works indicate that the structure of various 
genes may be quite different. It has been impossible, so far, to produce a good 
cla&ication of gene types since only a few genes have been studied. However, for 
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convenience of further discussion, we shall discriminate between four types of gene 
organization which have been observed in most cases. 

The first group is multiple clustered genes which usually have a fixed location in certain 
regions of chromatin. As an  example, rRNA genes o r  5s genes may be mentioned. The 
only known representatives among the real structural genes are histone genes. Their 
structural organization has been studied quite thoroughly. The characteristic pattern is 
the alternation of the gene units with nontranscribed spacers. 

The second group includes recently discovered multiple genes scattered throughout the 
whole genome. They are efficiently expressed, at least in cell culture. Their specific 
property is varying localization in chromosomes. The nature of these genes remains 
obscure but it is clear that they are widely distributed in eukaryotes. 

The third group comprises unique genes with specialized functions; they are active 
mostly in differentiated cells where their products are synthesized in high amounts. Some 
examples are the genes for globin, ovalbumin, immunoglobulin, albumin, ceruloplasmin, 
and many others. Sometimes they are referred to as “luxury genes” o r  differentiation 
specific genes. They are represented by one o r  a few copies per haploid genome. Many of 
them have been cloned now and are being studied. For all those studied to  date, the 
existence of intervening sequences and RNA splicing has been demonstrated. 

The fourth (poorly defined) group consists of unique genes (or genes repeated a few 
number of times) which perform the general functions and are active in the majority of 
cells. They are usually expressed less efficiently than the “luxury genes” and therefore it is 
more difficult to isolate the corresponding mRNAs and the genes themselves. As a result, 
our knowledge about the structure of these genes is very limited. Of course, this 
classification is artificial and we use it only for convenience of description. 

IV. MULTIPLE CLUSTERED GENES A N D  SPACERS 

A. History 
In 1965 Ritossa and Spiegelman,86 using saturation hybridization, demonstrated the 

existence of many copies of DNA responsible for coding ribosomal RNA in the genome 
of D.  melanogaster, and showed that this number correlated with the number of 
nucleolar organizers. This was the first biochemical demonstration of multiple genes. 
Later the same result was obtained for 5s RNA(a1so rRNA)”9-’2’ and t R N A g e n e ~ . ’ * ~ ~ ’ ~ ~  
These genes are not true structural genes responsible for coding of proteins. They are 
even transcribed by RNA polymerase (rRNA by RNA polymerase I; 5s and tRNA by 
RNA polymerase 111) different from that used for transcription of usual genes (RNA 
polymerase II).’*~ 

The first example of multiple structural genes are histone genes present in dozens or 
hundreds of copies per haploid g e n ~ m e . ’ ~ ’ ’ ~  Introduction of the in situ hybridization has 
revealed that rRNA, sometimes 5 s  RNA, and histone genes are localized in certain 
specific regions of the genone usually a t  unique p ~ s i t i o n s . ~ ~ ~ ’ ~ ~ ’ ~ ~  Thus,  all copies of these 
genes are clustered in one or a few sites on chromosomes. The next important conclusion 
was achieved in experiments on transcription visualization. The transcribed regions were 
found to alternate with the nontranscribed ones,125 the latter being referred to as spacers. 

The introduction of restriction endonucleases promoted the mapping of multiple genes 
(moreover, they were the first cloned genes). Now they are the subject of extensive 
structural and transcriptional studies and the results obtained are briefly summarized in 
the following sections. 

B. Ribosomal RNA Genes 
1. General Organization in Different Species 

The transcripton for rRNA contains sequences coding for 28S, 18s rRNA, and also 
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for 5.8s rRNA.’26-128 In D. melanogaster, an additional 2 s  rRNA is also encoded by the 
same transcription. Besides these stable sequences, rDNA contains sequences which 
are transcribed but then rapidly degraded within the nucleus during proce~sing.’~’  These 
sequences are referred to as “transcribed spacers”. In Xenopus, for example (Figure 1) a 
-40s rRNA precursor consists of a transcribed spacer of 0.75 kb at the beginning, 18s 
rRNA (-2 kb), another 0.75 kb transcribed spacer, and a 28s rRNA gene (-4 kb) at  the 
3’end. 5.8s rRNA is localized within the second transcribed spacer. In the course of 
processing, 40s pre-rRNA gives rise to  18S, 28S, and 5.8s rRNAs while the spacer 
sequences are cut out and degraded.1272’3’’133”48 In the mouse, a larger pre-rRNA of 
-45S(-4.5 X lo6 daltons) is formed. This is explained by the larger size of transcribed 
spacers, especially the first 

Each transcripton is separated from its neighbour by a DNA region which is not 
transcribed at all. This region is referred to as a “nontranscribed spacer” or as just “a 
spacer”. A transcripton and a spacer taken together comprise a repeating unit which can 
occur several hundred or several dozen times per eukaryotic gen”ne.86”2’”3’9’32 The 
redundancy number is species specific. The region of the genome containing rRNA genes 
corresponds to a nucleolar organizer which may be present either in one, a few, or in 
many c h r o m ~ s o m e s . ~ ~ ’ ~ ~ ~  In D. melunogasfer, for example, both the X and Y 
chromosomes carry a nuclear organizer containing approximately 200 rRNA genes while 
in Xenopus laevis all 500 rRNA genes are clustered at one nucleolar site. ” 

129,130 

2. Sequence Arrangement in Genes and Spacers 
Ribosomal RNAs in different eukaryotes are rather conservative in respect to size and 

base sequences. 31-133’148 Correspondingly, the gene regions in rRNA transcription which 
are responsible for coding the mature rRNAs are also conservative in evolution. 
Different rRNA genes present in the same organism or in the same species are identical 
according to  the hybridization test and to the distribution of restriction ~ i t e s . ~ ” ’ ~ ~  

The transcribed spacer also represents a rather stable sequence. Its size increases in 
evolution, and reaches about a half of the whole transcripton in Differences 
in sequences between different species are more prominent than for the gene i t ~ e 1 f . I ~ ~  
However all transcribed spacers in the same individual or in the same species usually are 
similar to one another. In contrast to  that, nontranscribed spacers are heterogeneous 
even in the same organism. In Xenopus, their size varies from 2.7 to 9 kb.135-138 

However, in spite of the size heterogeneity, different spacers of the same species 
resemble one another in respect to sequences. This is accounted for by the internal 
redundancy of a spacer which consists of short nonperfect repeating units. The longer 
periods were also determined. Two main domains were detected in Xenopus spacers. One 
of them, B, contains a very high number of Sma I restriction sites (CCCGGG) while in 
another, D, these sites are much fewer (Figure la). The simple sequence organization is 
characteristic of spacers of any size. Thus, in respect to base sequences, spacers are 
organized very much like 

It is interesting that the regions of spacers just adjacent to the margins of transcription 
are different from the rest of it. The simple repetitive sequence of D region is spaced by at  
least 200 nucleotides from the site of transcription initiation. The latter was definitely 
located by means of demonstration of the polyphosphorylated 5’end in pre-rRNA. The 
distance between the beginning of transcription and that of 18s gene is -800 
n~c1eot ides . l~~  It is very probable that the sequences before and just after the beginning of 
transcripton are involved in the initiation and regulation of transcription and for this 
reason they are rather conservative. Furthermore, the sequences of the spacer adjacent to 
the 3‘end of transcripton are also not internally redundant. 

We are not discussing in detail the sequencing data as, at the moment, they d o  not give 
much information for understanding the functional role of the corresponding sequences. 
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28s 

- spacer .L 40s 
‘B- D- 3’ 

FIGURE I .  The repeating unit structure in (a) Xenopus laevis, and (b) Drosophilo melonogasier rDNA. 

The organization of rRNA genes in Drosophila is similar to that in Xenopus with one 
difference. In Drosophilia, a significant part of transcripton contains a long insertion 
just inside 28s gene.’143140-’42 The size of insertion varies from 0.5 to  5 kb (Figure 1 b), the 
larger insertions including the sequence of the smallest one. Two types of sequences 
distributed in a specific order between X and Y chromosomes were detected.14’ The 
intervening sequence present in 28s gene may be detected in the other parts of the 
genome. One of them comprises about 0.2% of all chromosomal DNA.’44 The 
significance of this insertion remains unclear. It is probably not transcribed in vivo. At 
least no complementary RNA could be detected in Drosophila culture cells. It is not 
excluded that genes containing such an insertion are inactive. 

Although a lot of information has been accumulated about the structure of the 
ribosomal gene, its transcription and processing, no data concerning the functional 
significance of the sequences are available. 

3. SS RNA Genes 
5s RNA is also present in ribosomes but genes coding for it are located separately from 

genes for other rRNAs. Exceptions are the yeast and Dictyostelium where they are 
present in the same cluster as rRNA genes but form two different transcript on^.'^^-'^^ In 
other cases, they are separated. 

5s  genes have been investigated in detail in D. melanogaster and in Xenopus. Their 
structural organization is described comprehensively in a recent review by F e d ~ r o f f ’ ~ *  
and therefore we shall discuss only some general properties of their structure without 
mentioning many details which can be found in the aforementioned review. 

In general, the structure resembles that of rRNA genes with the difference being that 
The S’end of the size of the transcripton is almost equal to that of the gene i t ~ e l f . ’ ~ ~ - ’ ~ ’  

nascent 5s RNA is triphosphorylated and it is completely conserved in mature 5s RNA 
except the loss of y and ,B  phosphate^.'^^ 

Pre-5S RNA is a little bit longer than mature RNA due to the existence of a short 
unstable sequence at the 3‘end of the molecule.15’~’s3~’s4 However, the repeating unit for 
5s  gene is relatively long and to some extent variable due to  heterogeneity of the 
nontranscribed spacer. The size of the spacer is of 250 base pairs in D r o s o p h i l ~ ’ ~ ~  and 360 
to 570 base pairs in X e n o p ~ s . ” ~  

Again, like rRNA genes, a significant part of the spacer is built up of small simple 
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repeats of 15 bases in length. The number of such short subrepeats determines thesize of 
the repeated unit as a whole, and explains its ~ a r i a t i 0 n s . I ~ ~  

Besides the internally redundant region, each repeat contains a nonrepeated part, 
usually virtually identical in different repeats. These are the sequences flanking to the 
tran~cripton.”~ 

The repeating unit of X.  laevis 5s RNA genes responsible for 5s RNA synthesis during 
embryogenesis is presented in Figure 2. One can see that it consists of a number of 
repeating elements I5 bases in length (AT-rich spacer) followed by a 75-nucleotide 
fragment lacking internal redundancy and preceding a gene 120 nucleotide long. The 
gene is followed by another spacer of 73 bases, and then a strange element designated as a 
pseudogene is located. 15431553157  The latter is somewhat shorter than the gene itself and has 
a very similar, but not identical, base sequence. The flanking sequences are also similar. 
The pseudogene is present in every repeat but it is completely silent. The pseudogene is 
not an obligatory structure for 5s gene repeats. It may be absent from other 5s genes or 
different species. 14’ 

Different 5s repeats have been sequenced to date, and attempts have been made to 
analyze the possible functional significance of the sequences. However, they have not yet 
been successful. There are some homologous oligonucleotides in the regions preceding 
the beginning of the transcription. These were found at the same distance from the 
S‘termini of Xenopus and Drosophila 5s RNA gene as well as of adenovirus VA RNA 
gene all of which are transcribed by RNA polymerase III.”* One may suggest that these 
sequences have a relation to RNA polymerase 111 promoter. 

The pseudogene is also preceded by a sequence very similar to the pregene sequence, 
but it has differences in 13 out of 73 nucleotides which may be responsible for the absence 
of pseudogene e x p r e s ~ i o n . l ~ ~ ’ ~ ~ ~  

A short (n = 4) oligo(dT) sequence can also be found in 5s gene and in pseudogenes just 
after the transcription. 154”58 

Although the progress is still not very great, the prospects seem to be good that 
appropriate systems for the analysis of 5s transcription will soon be available. These 
genes are faithfully transcribed if a gene-containing plasmid is either injected to an 
~ o c y t e ’ ~ ~  or incubated with an.oocyte cell-free preparation.I6’ By removing or modifying 
certain sequences of the 5s repeat one can determine sequences essential for faithful 
transcription of the gene. Actually, the removal of almost all of the internally redundant 
part of the repeat does not influence the transcription of 5s gene.’4g 

Moreover, it was found unexpectedly that the promotor is localized within the 5s gene 
itself 50 base pairs apart from S’end of the gene.337’33* It is possible to obtain the synthesis 
of 5s RNA I 1  6 to 121 nucleotides long upon the removal of all S’flankingsequences and 
even of the first fifty base pairs from the 5’end of the structural part of 5 s  RNA gene. In 
this case, the transcription begins from the plasmid sequence. The end of the control 
region responsible for initiation of transcription is located between 80th and 83rd base 
pairs of the structural gene. Thus the promotor occupies about 30 b.p. in the middle of the 
structural gene. 

Recently, the protein fractions have been prepared from K B  cells or from oocyte 
extracts which, being added to RNA polymerase I11 and plasmid DNA containing 5s 
gene, provide the correct transcription of the latter. Thus, the recognition of promoter 
and terminator sites by RNA polymerase 111 requires certain additional protein 
factor(s). 

D. Histone Genes 
I .  General Properties 

Histone genes are the only known real structural genes belonging to the discussed 
group. Using 9s polysomal histone mRNA as a probe, Kedes and Birnstiel“ have shown 
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a 
gene pseudogene AT-rich spacer 

L-2 9 0- 5 00 b 9 5  bll2 0 b 4 3tlm 
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FIGURE 2. 
oocyte of (a) Xenopus laevis and (b) Drosophila melanogaster. 

The structure of the repeating unit 5s DNAs in major 

that these genes are reiterated several hundred times in the sea urchin genome. In 
accordance with the amino acid composition of histone, these genes are very GC-rich 
which facilitates their isolation by CsCl density centrifugation. However, large DNA 
blocks containing histone genes are less GC-rich, thus indicating the existence of 
AT-rich 

The number of histone genes is very high in sea urchins but it is lower in other species 
studied so far, varying from a few dozens to several h ~ n d r e d s . ' ~ ~ - I ~ ~  

Introduction of restriction enzymes immediately led to  the discovery that histone 
mRNA hybridizes to a repetitive unit present in genomic DNA and excised by different 
restriction enzymes. Since mRNAs for individual histones became available, it was 
observed that all five mRNAs coding for five main histone components of the cell 
hybridize to the same repeating unit. In other words, each histone cluster contains all of 
the five histone genes.'66-17' 

The in situ hybridization of sea urchin histone mRNA to Drosophila chromosomes 
has revealed that histone genes are located in one particular position on chromosomes 
(39 D,E) where they occupy about 5 bands.172 

New progress depended on cloning of sea urchin and D. melanogaster histone genes 
which made it possible to analyze the general topography of the repeating units as well 
as to sequence them completely. 

2. Topography of Histone Gene Cluster in the Sea Urchin 
The repeating unit contains five different histone genes separated by spacers which 

are usually somewhat larger than the genes. The order of the genes is the same in all sea 
urchin species, namely, H1, H4, H2b, H3, and H2a (Figure 3). 

All structural genes are located on the same DNA strand and therefore the direction 
of transcription is the same for all of them. The primary structure of the mRNA coding 
sequence is almost the same for the histone genes of all sea urchin species studied: 
Lytechinus pictus, Strongylocentrotus purpuratus and Psammeachinus miliaris.1'3-176 
On the other hand, the spacers are different in sequence although their sizes are more 
conservative than in the case of 5s genes. 

It is noteworthy that in L. pictus and P. miliaris there are two histone gene clusters 
which evolved independently in the same organism. They are separated and not inter- 
mingled. Structural genes in both of them are similar. Spacers inside the cluster are 
homogeneous but differ sharply if different clusters are compared. However, even within 
the spacer, there are regions of homology in the sequences flanking to the structural 
genes. There is a lot of homology in these regions between different species of sea 
urchins.89 

The homology is more prominent in the leader sequence preceding the histone gene. 
Not only are certain sequences of 6 to 12 nucleotides similar but so is their relative 
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H1 H4 H2BH3 H2A 

H1 H4 H2BH3 H2A 

H1 H3M& 

0 1 2 3 4 5 6 7 8  
kb pairs 

FIGURE 3. The structure of histone gene repeat units 
of three sea urchin species and Drosophila melanogasler: 
(a) Lurechinus pictus; (b) Sfrongylocenrrorus purpura- 
[us; (c) Psammachinus miliaris; and (d) Drosophila 
melanogasrer. 

position in respect to the beginning of the 5’end of mRNA. This homology was observed 
also between genes for five different his tone^.^^^'^^ 

If the transcription of histone genes is independent, (see below), these homologous 
sequences may be responsible for the promoter functions. The homology in trailer 
sequences is less prominent but still exists. In particular, they are rich in AT pairs and 
contain short oligo(dT) clusters. 

An interesting feature of the histone gene arrangement is the obligatory existence of 
a simple sequence within one of the spacers. In S .  purpuratus, for example, the spacer 
between genes for H2a and H1 contains a (dCdT)n sequence.’76 Some small variations 
among spacers of the same species were found just in this region. Thus, in the middle 
of the region, one T may be substituted for C. In the spacer on the other side of H1 gene 
a (dGdA)r4 sequence was found.406 A similarly (dCdT), sequence was observed also in 
the histone gene spacer of P. miliaris. Apart from this particular region(s), spacers do 
not reveal a tendency for internal redundancy. 

3. Histone Genes in D.  melanogaster 
Two main types of histone gene repeats were observed in D. melanogaster DNA, 

4750 and 5000 bases long, which differ in either the absence or presence of a 250 base 
pair insertion in the spacer region between HI and H3.”Oa 

The main difference between histone gene clusters from Drosophila and sea urchin 
is that both strands of the former contain structural genes: one for H4 and H2b, and 
another for H2a, H3, and HI (Figure 3). Other properties are very similar. Both gene 
and spacer sequences are homogeneous. No  internal redundancy in spacers has been 
found except one simple sequence (dCdT).”Oa 

Extensive blotting and cloning experiments discovered the sequence arrangement at 
the junction points between histone and nonhistone genes. Such a junction takes place 
between the H2b and HI coding regions (the longest spacer). The flanking sequence is 
multiple, and is present also in the other parts of the genome. 

It becomes clear now that rather long regions (7 to 10 kb) of nonhistone DNA 
sequences interrupt, in certain positions, the uniformly organized histone gene region. 
They were designated as array spacers. The number of such insertions is equal to 6 to 10 
in D. melanogaster genome.407 One can suggest that they may be involved in structural 
organization of chromosomes (see Section VIII). Their number roughly correlates with 
the number of bands in histone gene region. 
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The nature of the sequences present in array spacers is not yet known, but it is possible 
that they represent multiple scattered genes described in the next chapter. Like those 
genes, the location of histone genes in Drosophiia coincides with the region of the 
so-called intercalary heterochromatin (see below). Alternatively they may correspond 
to noncoding sequences involved in DNA association with axial structures of chromo- 
somes (Section VIII). 

4 .  Transcription of Histone Genes 
Like other real structural genes, histone genes are read by RNA polymerase 11.”’ The 

transcriptional unit for the histone gene is not well defined. It has been suggested origi- 
nally that, at least in sea urchin, the transcripton coincides with the repeating element, 
and the primary transcript contains the sequences of both genes and spacers. Hybridi- 
zation experiments performed on the late gastrula of sea urchin and on HeLa cells 
showed the existence of high molecular weight RNA in the However, studies 
on UV inactivation mapping led to a different conclusion. Although transcriptional 
units for the histone gene in HeLa cells are larger than mRNA, all five mRNAs are 
transcribed independently, being located in different transcriptions.’80 Similar results 
were obtained for the cleavage stage of sea urchin. In this case, the sizes of transcriptons 
only slightly exceeded those of ~ R N A s . ~ ~ , ’ ~ ’  The use of a spacer probe in hybridization 
experiments also failed to find the transcription of at least certain parts of spacers among 
the transcribed  sequence^.'^^ 

Although the question has not yet been solved conclusively it seems more probable 
that each repeat consists of five different transcriptons and that the size of pre-mRNA 
is only slightly higher than that of mRNA. It is possible that the conservative sequences 
adjacent to structural genes are also transcribed and then processed rather than the 
whole repeat. 

Recently the computer analysis of the sequences present before the histone genes of 
D. melanogaster led Hognessm8 to a discovery of the sequence common to all known 
genes transcribed by RNA polymerase 11. The canonical form of the sequence is 
TATAAATA located 22 k 3 base pairs before the cap structure of mRNA and enclosed 
between two regions of relatively high GC content. One or two nucleotides in canonic 
sequence may be substituted. The “Hogness box” was suggested to correspond to the 
RNA polymerase I1 promoter. 

In the sea urchin, 20 to 25 b.p. downstream from TATAAATA motif, a unique 
heptanucleotide S’PyPuATGTCPu3’ is located in all histone genes. 5’ termini of all 
histone mRNAs coincide with this h e p t a n ~ c l e o t i d e . ~ ~ ” ~ ~ ’  

Grosschedl and B i r n ~ t i e l ~ ~ *  tried to identify regulatory sequences among the prelude 
sequences of a H2a histone gene, using the deletion mutants. For this, they deleted 
different DNA fragments - 50 b.p. long in the region adjacent to H2a histone gene. 
The DNA fragments containing such deletions were injected into oocytes and the 
histone mRNA synthesis was analyzed. The removal of a sequence containing 
TATAAATA motif did not prevent the initiation but changed its location. A number 
of new mRNAs with changed 5’ends appear in Xenopus oocytes. Therefore the 
TATAAATA sequence (Hogness box) was designated as “selector”. 

The removal of the leader sequence of histone gene leads to the formation of mRNA 
shorter than the native one which contains a fixed 5’end nucleotide. 

In contrast to these deletions, which represent down-mutations leading to  75% de- 
creased rate of RNA synthesis, the deletion extending to - 30 b.p. conservative sequence 
located before selector enhanced RNA synthesis about two-fold. This region was 
referred as “modulator”. 

The authors concluded that eukaryotic selector was not a simple analogy of Pribnow 
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box of prokaryotes. Probably it plays a key role for correct initiation. Certain virus 
genes do not contain TATAAATA motif. On the other hand, their in vivo transcripts 
are initiated from different sequences.363 The situation resembles that in the case of 
histone gene lacking selector. 

The region containing modulator selector and initiation segment is rather large. It 
occupies - 150 b.p. Possibly, in vivo, the initiation requires certain three-dimensional 
organization of chromatin to bring together all the above mentioned regions. 

E. General Conclusions 
It is possible to find certain properties in common for clustered multiple genes. 

In all cases, the genes themselves are very conservative. The transcriptons are not 
very large. Their size is either almost equal to that of the mature product (5s  gene), 
or higher (rRNA genes, histone genes), but not more than twice as large (rRNA 
in mammals) as the size of the final product. The important common feature is 
that all these genes are mounted in the material of spacers. The spacers may be hetero- 
geneous but usually the regions flanking to  the genes are conservative. In all cases, 
regions containing simple repetitive sequences (15 nucleotides long in the 5s and rRNA 
spacers, and 2 nucleotides long in the histone gene spacer) were found. 

A question arises: Why are these spacers necessary? It is possible that the regions of 
spacers adjacent to genes are involved in the regulation of transcription: RNA poly- 
merase binding, binding of regulatory proteins, RNA chain termination. Variable parts 
of the spacer and their simple repetitive segments may play a role in the recognitions 
during recombination processes. The striking conservation of the gene sequences should 
be explained. To this end, different types of rectification models were proposed. How- 
ever, no experimental proof has yet been obtained. A possible explanation for gene 
homogeneity is that spoilt genes are easily eliminated from the genome due to the 
extensive unequal crossingover. The organization of the spacer, in particular the exis- 
tence of simple sequence, should facilitate the recombination process and be responsible 
for rapid duplication and deletions of multiple genes, thus maintaining their uniformity. 

Another possible role of spacer sequences is the involvement in the process of gene 
rearrangements which may take place in the course of ontogenesis. Finally, certain parts 
of spacers may just reflect the history of the genome evolution. For example, 5s pseudo- 
gene may be interpreted in this way. 

V. MULTIPLE SCATTERED GENES 

A. Discovery and General Properties of the Genes 
Multiple scattered genes were detected almost immediately after introduction of the 

genetic engineering technology. Among cloned fragments of D. melanogaster, the 
authors tried to find those containing efficiently expressed genes. Either colony hybridi- 
zation or direct screening of DNA from many clones was used. As a probe for hybridiza- 
tion, total labeled mRNA, prepared from culture cells, was taken.18”182 Hogness and 
co-workers selected in the same fashion two types of sequences presented in several 
different fragments and designated them as Dm 351 or “Copia” and Dm 412.ls2*lS3 In 
our laboratory, originally three DNA sequences designated as Dm 118, Dm 225, and 
Din 234 were selected.”’ 

All these DNA fragments were found to hybridize to a significant proportion of total 
polysomal mRNA, from 0.3 to 0.5% and 3 to  5%. On the other hand, they all are multiple, 
being represented by several dozen or even several hundred copies per haploid 
genome.l 18.183.184 In contrast to multiple clustered genes, they are scattered throughout 
the whole genome. One can detect them in from 10 to  40 sites in polytene chromosomes 
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mdgl 

t. I I I I  . 
cDm234- - Dm225- w H 

1.. I 

I lkb I 

FIGURE 4. Restriction and transcription maps of mdgl (Dm58) and mdg3 (Dm38). Restriction sites: 
Hind111 ( f ) ,  EcoRI (a), Bsul (/); - the region of mdg; + the main direction of transcription;+ 
the minor direction of transcription; H long terminal repeat (LTR). 

using the in situ hybridization technique.’ 1 8 ’ 1 8 3 ~ 1 8 5  An interesting property of these genes 
is their unstable localization in chromosomes. Their distribution varies, even in the case 
of two individuals of the same strain of D. melanogaster.”8”a5 Originally described for 
Dm 225 gene, such instability was also found for all other isolated genes of this 
groUp.294,1 94a The mobility of the genes in the genome may be connected with the exis- 
tence of direct repeats found at the ends of the structural gene sequence.183 These genes 
are preferentially located in regions corresponding to  the so-called intercalary hetero- 
~ h r o m a t i n . ” ~ ” ~ ~  The latter may represent special nests for the location of unstable 
multiple genes. Later more than 20 genetic elements of similar type were isolated from 
D. melanogaster genome.339-341 All of them possess the same main properties. We now 
use for their designation the term “mobile dispersed genes”, or mdg’s. 

The elements described originally as Dm 225 and 234, Dm I 18 and Dm 86 are referred 
as mdg 1, 2, and 3, respectively (see Figure 4). 

B. The Properties of Multiple Scattered Genes 
1. Hybridization to mRNA 

All mdg elements described bind high amount of cytoplasmic poly(A) ‘RNA. For 
example, DNA of mdg 1 hybridizes to - 1.0% and of mdg 3 to - 0.5% of total 
poly(A)’RNA of cytoplasm. This figure is high. The average mRNA should comprise 
less than 0.1% of the total. Thus, mRNAs hybridizing to mdg’s belong to the class of 
abundant mRNAs. 

The size of mRNA is specific for each mdg. In many cases (mdg 1 , 3 ,  c ~ p i a ’ ~ ~ , ’ ~ * )  it is 
possible to detect two-size classes of poly(A)’RNA hybridizing to a corresponding 
DNA. For example, mdg 1 binds 29 and 15s RNAs and mdg 3 - 26 and 15s RNAs. 

The important question is whether the poly(A) ‘RNA transcribed from mdg’s are 
translated or not. To answer this question, the poly(A)’RNA was prepared from dif- 
ferent cytoplasmic particles of informosome type 80s. However, a minor but significant 
fraction of them can be detected in heavy polysomes, suggesting the translation of mdg 
transcripts. In contrast, the mRNAs transcribed from regular single copy genes of 
D. melanogaster are mostly located in polysomes and not in free particles.343 One may 
conclude that mdg’s represent the actively transcribed and, possibly translated genetic 
elements also. 
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2. Multiplicity of rndg 
If to hybridize the total labeled DNA of D. melanogaster to the excess of a certain 

mdg, the high amount of total DNA is bound indicating that the D. melanogaster 
genome contains many copies of these genes. The repetitiveness of the mdg’s in embry- 
onic DNA of D. melanogaster varies in a wide range from 10 to 100.’94~340~34’ 

The important point is that the whole transcribed region of mdg is equally repeated. 
For example, the cloned EcoRI DNA fragment Dm 225 which represents the main 
part of mdg 1 (see Figure 4) was cut by HaeIII endonuclease in five smaller subfrag- 
ments. Each of them bound high amounts of poly(A)’RNA proportional to the size 
of the subfragment. At the same time all subfragments efficiently bind total DNA again 
proportionally to their sizes. Poly(A)’RNA competes with total DNA for binding with 
cloned DNA.184 Similar results were obtained with many other mdg’s tested. 

The interesting observation is that in many cases the number of copies of mdg’s per 
haploid set in culture cells is much higher than in embryonic ~ e 1 1 ~ . ’ ~ ~ , ~ ~ ~ * ~ ~ ~  Sometimes 
a ten-fold difference was observed. Thus, certain mdg’s are significantly amplified in 
culture cells. 

3.  Homogeneity of Structural Genes and Variation in Flanking Sequences 
Almost all copies of mdg present in the animal cell or in culture cell seem to be very 

similar if not identical as follows from the restriction experiments which were performed 
with different mdg’s. As an example, we describe the results obtained with mdg 3.940 
Cloned mdg 3 was restricted with different endonucleases and the physical map was 
constructed (Figure 4). 

By hybridization to poly(A) ‘RNA, the transcribed fragments were detected. One 
can see that the transcribed region accounts to about 5.4 kb. Then the total embryonic 
DNA was digested by different restriction endonucleases or by their combinations, 
separated electrophoretically, transferred to filters and hybridized to the DNA of mdg 3 
fragments. It was found that if the restriction cut was located in the transcribed region, 
the hybridization took place with DNA fragments equal in size to the restriction frag- 
ments of cloned DNA. If the restriction cut was outside the transcribed region, many 
hybridizing bands could be detected. Their number was of the same order as the number 
of gene copies in the embryonic DNA.340 

Thus, all copies of transcribed regi’on or of the gene itself are identical but their flank- 
ing sequences are different, i.e., these genetic elements are mounted in different DNA 
sequences in genome. The same results were obtained with all mdg’s tested. In a separate 
experiment, ten independent clones containing mdg 1 sequence were In 
all cases, the cloned part of mdg 1 was identical while the flanking sequences were dif- 
ferent one from another. It is interesting that upon amplification of mdg in cell culture 
its sequence remains unchanged: the whole transcribed region is amplified. 

4 .  Different mdg’s are Often Located Closely One to  Another 
Studying the cloned DNA fragments containing mdg 1 we found that in  addition to 

mdg 1, four other DNA subfragments, which were present in ten different clones, also 
bound significant amounts of poly (A)’RNA. The sequences of RNA bound werediffer- 
ent in all four cases. Further studies of these sequences showed that they were multiple 
and represented mdg’s belonging to other families. Thus, in four of ten cases, mdg 1 was 
found to be located in close proximity to other mdg elements.341 

5 .  Localization of mdg in Chromosomes According to in situ Hybridization 
The in situ hybridization experiments showed that the mdg’s belonging to the same 

family are scattered throughout the chromosomes of D. melanogaster. In general, the 
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number of hybridization sites roughly corresponds to the number of gene copies in 
embryonic cells. Mdg 1 is present in 20 to 30 3 in 10 to 20 sites340 and Dm 47 
in - 100 sites in 

On the other hand, the distribution of sites among various individuals was quite 
different. This was first noticed with mdg 1, in the unpaired regions of giant chromo- 
somes obtained from heterozygous animals (gtwn X gtI3’). Very often two homologs in 
unpaired regions had the hybridization sites in different positions. Experiments 
with animals from two parental strains showed that only 6 of 22 to 23 hybridiza- 
tion sites had common localization. Thus, the localizations of mdg 1 are very different 
among the strains of D. melanogaster. Then the in situ hybridization was performed 
with the individuals from the same laboratory stock of D. melanogaster. Variations of 
the gene localization were much less prominent but still existed. About 20% of the 

These hybridization sites were different when two individuals were compared. 
results clearly demonstrate the varying location of mdg 1. Quite similar results were 
obtained with other mdg families.194’194a’340’344 Although in the cells of the same organism 
they have fixed location, a comparison of two individuals, especially taken from differ- 
ent stocks, reveals strong differences in gene localization. 

118.185 

6. Preferential Localization in the Intercalary Heterochromatin 
The next question is whether mdg’s are distributed randomly or are there specific 

sites in the chromosome which they prefer to occupy. To answer the question, first the 
localization of mdg 1 in a number of different animals was determined. About 70 dif- 
ferent sites where the gene occurred at least once were found. The analysis of these sites 
showed a remarkable correlation between the localization of mdg 1 and that of the 
regions of the so-called intercalary heter~chromatin.’~’ 

Intercalary heterochromatin was described on the basis of two main properties: (1) the 
ability of the regions of intercalary heterochromatin for ectopic pairing, i.e., formation 
of threads connecting nonhomologous sites of chromosomes; ( 2 )  late replication and, 
as a result, underreplication and formation of “weak spots” on chromosomes. There 
are about 100 such regions in the chromosomes of D. melanogaster. The deletions in 
the intercalary heterochromatin regions sometimes may have no phenotypic conse- 
q ~ e n c e s . ’ ~ ’ - ~ ~ ~  It is interesting that the clustered multiple genes (for histones, rRNA, 
5 s  RNA, tRNA) are located in the regions of intercalary h e t e r ~ c h r o m a t i n . ’ ~ ~ , ’ ~ ~  

About 90% of the mdg 1 hybridization sites coincide with the regions of intercalary 
heterochromatin. On the other hand, the sites where mdg 1 may sometimes be detected 
cover about half of all known locations of intercalary heterochromatin. Thus, the corre- 
lation is quite valid. 

Sometimes mdg 1 DNA can be found in two regions of intercalary heterochromatin 
and in the ectopic pairing strand joining them together. In these cases, the material of 
mdg 1 is directly involved in ectopic pairing. In some other cases, one can see the mdg 1 
DNA just adjacent to the break of the chromosome (weak spot).]*’ 

Thus, the distribution of mdg 1 gene is non random. The gene is predominantly 
localized in the regions of intercalary heterochromatin. It was suggested that the latter 
represented special regions on chromosomes with varying information content orga- 
nized in such a way that multiple scattered genes could be rather easily translocated 
from one such site to another in evolution. These sites may be considered as the nests 
for multiple genes. 

Summarizing, one can conclude that the repetitive scattered genes are characterized 
by the following general properties: ( I )  Active transcription (2) multiplicity (3) scatter- 
ing throughout the whole genome; and (4) varying location on chromosomes preferen- 
tially in the regions of intercalary heterochromatin. 
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The Details of the Structural Organization and Transcription of Mobile Dispersed Genes 
I .  Direct Repeats at the Ends of mdg Elements 

It was first found for gene Copia and Dm412 that the transcribed region of mdg was 
framed by two repetitive sequences of 300 to  500 base pairs in length, oriented in the 
same direction, i.e., by two direct repeats. If the insertion into a plasmid was cut into 
two pieces and then rearranged heat-to-head or tail-to-tail, the palindrome appeared 
as a result of such a rearrangement. The authors suggested the involvement of these 
direct repeats in the transfer of the genes from one place to another.la3 

Later, such direct repeats were detected in other mdg’s studied (mdg 1 and mdg3).340*404 
Each type of such short repetitive sequence is family-specific. The direct repeats of two 
different mdg families do not cross hybridize. The regions of internal homology in mdg 3 ,  
mdg 1 and copia have been sequenced. In mdg 3, the perfect direct repeats, 268 base 
pairs long, were determined (Figure 5).345 On the gene distal side of direct repeats two 
mismatched inverted repeats 18 base pairs are located. They are flanked by short 
(5  base pairs) direct repeats probably originating from duplication of cellular target 
sequence at the site of mdg insertion. Mdg 1 and copia end repeats4” have similar struc- 
tural organization. These structures resemble the organization of termini of insertion 
elements in p r o k a r y t e ~ . ~ ~ ~  

2. The Transcription of mdg Elements 
Hybridization experiments showed that all DNA fragments located in between two 

direct repeats bound the labeled poly(A)’RNA. Thus, the whole region of mdg is trans- 
cribed. The direct repeats are also transcribed (Figure 4). With 3‘end probe of RNA 
one can show that the end of the transcription unit is located within the direct repeats. 
The beginning of transcription also seems to  be located there.340’343 

The primary transcript is a rather long RNA of the same size (26 to 31s) as the whole 
transcribed region. It contains sequences complementary to all fragments of a particular 
mdg.183.j40.343 Besides the full transcripts, a shorter poly(A)‘RNAs were detected for 

The analysis performed in the all mdg’s studied (mdg 1, mdg 3, copia, Dm412). 
case of mdg 1 and mdg 3 showed that the small poly(A)’RNA (-15s) contained the 
sequences located at the beginning and at the end of mdg’s. It lacks the middle parts of 

Thus, it seems to be formed from original transcript by a process of 
splicing, i.e., the elimination of internal parts of RNA followed by the joining of the 
ends formed; (see the next Section). 

Another interesting property found with mdg’s is that their transcription seems to 
be symmetric, i.e., both strands are t ran~cr ibed .~~’  It is possible to isolate long double 
stranded RNA (dsRNA) sequences from total or poly(A)’RNA of the D. rnelanogaster 
if this RNA was preincubated in conditions favouring the duplex formation. The dsRNA 
was represented by long stretches resistant to RNase. It hybridized efficiently with 
different mdg’s and did not hybridize with single copy genes (cloned in our laboratory). 
It is interesting that dsRNA hybridizes to all subfragments of mdg I and mdg 3 indi- 
cating that the whole mdg is transcribed in both directions. 

Although the both strands are transcribed, one direction of transcription dominates. 
About 20 times the amount of transcripts from one strand can be found than from 
another one. Thus, the mdg’s possess very characteristic transcription patterns which 
can be used for the search of new genetic elements of this type.347 

340,342,343 

them.340, 343,403 

D. On the Nature of Multiple Scattered Genes with Unstable Location 
All data presented in the above section were obtained with the genes isolated from 

D. melanogaster. It is possible that a significant proportion of the total D. melanogaster 
genome is represented by multiple scattered genes. Approximate calculations show 
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B C 

FIGURE 5. Sequence arrangement of long terminal repeats in mdg elements (a) Nucleotide 
sequence of mdg3 termini. The long direct repeat (268 b.p.) are underlined with one line, the inverted 
repeats (18 b.p.) with dotted line and short direct repeats (5 b.p.) with two lines. Internal palindromes 
or direct repeats are marked with arrows (in L only). (b) The schematic presentation of mdg3 showing 
mismatched inverted repeats and direct repeats at its termini. (c) The demonstration of mismatched 
inverted repeats on the distal sides of mdg I LTR. Normal base pairs are separated by -, GT 
hydrogen pairs by a. 
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that the DNA of the genes described to date comprises of at  least 5% of the total DNA 
which is responsible for the synthesis of - 10% of the total mRNA in the cell culture. 

Genes with similar properties were recently found in yeast.'95 A multiple structural 
gene represented by - 30 copies per yeast genome and surrounded by a direct repeat 
(present in - 100 copies in different places of the genome) was isolated by cloning. This 
gene is responsible for the transcription of abundant mRNA. All copies have their own 
flanking sequences and it is possible to identify all 30 bands by gel electrophoresis of 
yeast DNA followed by blotting and hybridization. Like mdg of D. melanogaster, they 
also have variable localization in the genome of different strains as follows from the 
analysis of hybridization to Southern filters containing yeast DNA. A close analogy 
to  the D. melanogaster gene is quite clear. 

As has been mentioned already, the dsRNA of D. melanogaster is transcribed from 
mdg's. On the other hand, it is well known that mouse cells also contain dsRNA. One 
of classes of mouse dsRNA, namely dsRNA-A is very similar to dsRNA of D. meluno- 
guster cell, represented by very long RNA stretches which are unable to fold back after 
RNA melting.284 The latter means that complementary strands are the parts of different 
RNA chains. 

The DNA sequences complementary to dsRNA-A are represented by many copies in 
the genome. Some of them were cloned and found to bind high proportion of cytoplasmic 
poly(A)'RNA (fromO.O1 to0.4%. The major part ofthispoly(A)'RNAcan bedetected 
in free cytoplasmic particles and only a minor part in p o l y s ~ m e s . ~ " ~ ~ ~ ~  The transcribed 
regions of cloned dsRNA-A coding sequences were found to be homogeneous through- 
out the whole genome while the flanking sequences varied.343 Thus, in  many respects 
the dsRNA-A coding DNA sequences of mice are very similar to mdg of D. melano- 
gaster. The work is in progress to check in a direct way their mobility in the genome. 

Since multiple scattered genes are widely distributed, it is important to know the nature 
of these genes. Which protein do they code for? Nothing is known about it so far. As 
these genes are amplified and efficiently expressed in rapidly growing culture cells, one 
may suggest that they are involved in the synthesis of some important "house-keeping" 
genes. However, these genes are not conservative in evolution. For example, no hybridi- 
zation of D. virilis DNA with mdg 1 or mdg 3 of D. melanogaster was observed. On the 
other hand, several mdg elements were isolated from D. virilis genome which could not 
be detected in D. melanogaster DNA.344 

More probable is the idea that mdg's correspond to the endogeneous provirus 
sequences wrapped by the ancestor genome. It is well known that a lot of retrovirus 
genomes, complete or defective, are integrated in normal mammalian genomes. Com- 
parison of their properties with mdg sequences reveals great similarities. The both are 
multiple, scattered throughout the whole genome, framed by direct repeats, responsible 
for transcription of a full gene copy, and smaller RNA formed from the original trans- 
cript with the aid of splicing. Different strains of mice may contain proviral sequence 
integrated to  different positions in the genome. Recently, we found the sequences 
complementary to retroviral RNA among the cloned DNA fragments coding 
~ s R N A - A . ~ ~ ~  Thus, the concept of proviral nature of mdg has some support at the 
moment. 

The role and mechanisms of the movement of mdg elements are unclear. Very prob- 
ably the direct repeats located at the ends of the genes are involved in their transfer. An 
analogy with transposons in prokaryotes is evident but experimental data are still 
absent. There is evidence for existence of circular DNA in eukaryotic in particular in 
D. melanogaster cells.354 It has a rather low complexity and belongs to  the class of inter- 
mediate repeats. The size of the circles is comparable with that of mdg. One can specu- 
late that these circular DNAs are the intermediates in the transposition event. 

349-351 
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How often do changes in the location of multiple scattered genes take place in the 
course of evolution? The experiments were performed with the strains of D. melano- 
gaster containing either attached X-chromosomes or X-chromosomes lacking mdg 1 
and 2.349.345 In the first case, the distribution of the genes studied in attached X-chromo- 
somes did not change. In the second case X-chromosomes through about 10 generations 
did not accept the genes from the other sites. This result indicates that multiple scattered 
genes probably change their location rarely and the most of the differences in their 
distribution may be explained by the preexisting polymorphism and recombination 
during crossing-over. 

However, recently using the Ising system320 with wa gene for demonstration ofjump- 
ing genes in D. melanogaster, Gehring and Par0356 were able to demonstrate the 
transfer of copia-like sequence from 3C position in X-chromosome to a number of dif- 
ferent places on the other chromosomes of D. melanogaster, although the direct involve- 
ment of copia sequence in the transposition has not been demonstrated. This event takes 
place in about lo-’ cases. Similar results were obtained with another system - trans- 
posable gene w in close proximity to where mdg 1 was determined. It disappeared from 
the original site upon the transfer of gene 

Another example is studies on the inbred strains of D. melanogaster selected for low 
viability and low sexual activity. Within such a strain, the localization of mdg’s 1 and 3 
remains unchanged for many generations. However, if to  perform the selection for the 
normal viability, one can find the drastic changes in mdg localization in such flies with 
changed phen~type.~’’ 

Finally, in cell cultures which had common origin but which were then cultivated 
separately for several years, differences in the flanking sequences of gene Dm 225 were 
very ~ r 0 m i n e n t . l ~ ~  

The most clear-cut data were obtained with yeasts. The authors’95 looked for the 
distribution of TY-I hybridizing bands in restricted DNA from original monoclonal 
strain of yeast and from a number of new monoclonal strains obtained from the 
parental one after its 1-month cultivation. In each case few bands on Southern filters 
of the original thirty were changed. Apparently, the genes changed their location in 
these cases. 

The mobility of the multiple scattered genes might have many consequences. They 
may influence the expression of the genes located in close vicinity. There is evidence at 
the moment that some mutations like wn are the results of the presence of mdg near the 
corresponding gene.409 

The genes involved in general functions of the cell, such as tRNA, 5 s  RNA, rRNA, 
or histone genes are present in the regions of intercalary heterochromatin where the 
mdg’s also are located. This may be a mechanism for the mdg influence on the general 
properties of the organism (its viability, etc.). 

The relation of mdg to proviral sequences has already been mentioned. The accumu- 
lated data indicate that acceptance of certain cellular genes by retroviral sequence leads 
to the formation of oncogenic virus. The gene inserted into virus sequence goes out of 
the cellular control and may induce the oncogenic transformation of the cell. In a similar 
way, the rearrangements of mdg could be one of important factors of cell 
transforrnati~n.~’~ 

The discovery of mdg’s also leads to reevaluation of certain widely accepted ideas. 
These genes are, of course, missed in the genetic mutation and complementation analysis. 
Mutations or even deletions in multiple scattered genes should not lead to  phenotypic 
changes. Therefore, the validity of the “one band - one gene” hypothesis should be 
reexamined. It is very interesting but absolutely unclear how the identity of all members 
of a family was supported in evolution. The correction mechanisms proposed for multi- 
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ple clustered genes would not act here. Possibly, the evolutionary pressure for a proper 
structure of the gene was very strong and changed genes were rapidly eliminated, for 
example, by unequal crossing over. 

VI. UNIQUE DIFFERENTIATION 
SPECIFIC GENES (LUXURY GENES) 

A. History 
The genes of this group are not easy to isolate because they are represented by only 

a few copies per haploid genome. However, they are characterized by a very high level 
of expression in particular cells. For example, globin mRNA is the major product in 
erythroid cells but the globin gene is not expressed in other cells. As a result, globin 
mRNA predominates among other mRNAs in p o l y ~ o m e s . ' ~ ~  Ovalbumin mRNA is the 
major mRNA in hen ovalbumin polysomes. The same is true of mRNAs for albumin 
and ceruloplasmin (liver), fibroin (silk glands), cristallin (cristallus), immunoglobulin 
(myeloma cells), e t ~ . ' ~ ~ " ~ '  

First, the globin gene mRNA was purified and tested in the hybridization reaction 
with an excess of DNA. The hybridization took place at very high Cot levels indicating 
that mRNA hybridized to unique DNA sequences.'g8 The same but more clear-cut results 
were obtained when cDNA was used in the reaction instead of mRNA. A conclusion was 
drawn that only one or a few copies of the globin gene occurred in the haploid 
g e n ~ m e . ~ ' - ~ ~  The same type of experiment, with the same result, was performed with 
other above mentioned  gene^.'^-^^ Therefore, the genes actively expressed in specialized 
cells were found to be unique DNA sequences. 

The next step was preparing double-stranded cDNA and its cloning in a p l a ~ m i d . ' ~ ~ - ' ~ ~  
Such cDNA clones are very useful in studies of the gene structure as, in contrast to  
mRNA or the original cDNA, they are free from contaminating sequences. cDNA clone 
for globin mRNA were successfully used for gene ~equenc ing . '~~  They were also em- 
ployed for studying the gene structure in chromosomes and this led to  the discovery of 
split genes.z00-202 

The first indication for the existence of split genes was furnished by experiments with 
transcription of the adenovirus and SV-40 g e n ~ m e s . ~ ' ~ - ~ ' ~  Mature mRNAs were found 
to contain, at  the S'end, sequences which were located in the genome at a far distance 
from the structural gene. They were called "leader sequences". The leader sequences 
are not translated and thus the coding sequences in viral genes are not split. Very soon 
after these findings, Jeffreys and Flavell compared the restriction sites of cloned globin 
cDNA and of globin gene in chromosomes and showed that the latter contained a 
sequence within the coding region which was absent from cDNA or mature mRNA.*" 
At the same time, such an insertion was also detected in the cloned globin gene excised 
from the 

Rapidly accumulating information allows one to conclude that the phenomenon of 
split genes is widely spread in eukaryotes. Many other cases have been described in the 
last few years. 

B. Globin Gene 
1. Structure 

Globin gene was studied in great detail because the corresponding mRNA was readily 
available. Clones containing mouse, rabbit and human a- and P-globin cDNAs trans- 
cribed from the corresponding mRNAs were obtained and their DNAs were se- 

Rabbit P-globin mRNA consists of 589 nucleotides. There 
are 56 nucleotides which precede the coding sequence, and 95 nucleotides located after 

quenced. '05-'08. '99,208,~09,2~ 1 
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it. The coding sequence consists of 438 nucleotides. Close to the 3'end, the sequence 
AAUAAA is located, which has also been observed in many other mRNAs2Io at  the 
same place. Mouse @-globin mRNA is very similar. 

The cloned rabbit and human cDNAs heavily labeled with "P were used as a probe 
for the analysis of the restriction fragments obtained from chromosomal DNA.20',2'5 

It was found that the size of restriction fragments obtained from the rabbit genome 
was different from those from the the cDNA clone. The detailed analysis showed that, 
in addition to sequences present in mRNA, the chromosomal P-globin gene contains an 
insertion 573 base pairs long located within the structural gene, between 104 and 105 
codons of the This sequence, termed as an intervening sequence or inlron 
(in contrast to the gene sequence designated as exon) is present in both embryonic DNA 
and DNA prepared from erythroblasts or reticulocytes. Thus, the intron is present in 
transcribed DNA. 

The same result was gained by analyzing DNA sequences from the clones containing 
mouse P-  and @'-globin genes and their flanking  sequence^.^^^'^'^'^'^ The P and P'-globin 
genes are homologs located in the same chromosome and their sequences differ only 
slightly from one another.2139214 Two introns were observed in the chromosomal 
@-globin gene which were absent from mature mRNA: the first one (1 16 base pairs in 
length) between codons 30 and 3 1 for arg and leu-leu (AGG and CTG), and the second 
major (646 base pairs in length) between codons 104 and 105, also for arg and leu-leu 
(AGG and CTG) 214 (Figure 6). 

The P'-globin gene was also analyzed. The location of introns was exactly the same 
but the structure of introns was different from the two P-globin  gene^.^'^'^'^ 

The sequences of @- and @'-introns are identical only in the regions adjacent to the 
border of the exon. So  far no interesting sequences were found within the introns. Neither 
palindromes nor repetitive DNA were ~ b s e r v e d . ~ ' ~ ' ~ ' ~  

The second intron was also found in the rabbit /3-globin gene.211 It is interesting that 
the introns of mouse and rabbit P-globin genes are rather different ( 50% nucleotide 
substitutions). The most conservative are regions adjacent to the exons.2'1 

The a-globin gene has a similar organization. It contains two small insertions (100 
and 150 base pairs) located in exactly analogous positions to the interruptions in the 
P-globin gene. The sequences of introns for the a-globin gene differs from those of the 
P-globin gene.216 

Human globin genes were also studied. The general structure of the P-  and &globin 
genes is similar to that of P and @' in mouse with an exception that the size and the 
sequence of introns (but not the position in the gene) is 

The distribction of human P-  and /3-like globin sequences has been studied with the 
aid of cloning of a large piece of human DNA, 65 kb long.364 This DNA fragment was 
found to contain the genes for all five P-like polypeptides. Five globin genes are trans- 
cribed from the same DNA strand. The order of the genes reflects the consequences of 
their expression in ontogenesis. Besides them, two other P-like sequences were discov- 
ered which have no relation to any known globin polypeptide. The distances between 
/3-globin genes in the cluster vary from 3.5 to 14 kb. Within the P-globin cluster at least 
seven repetitive DNA sequences were observed. They were located f to 3 kb apart from 
the globin genes. The length of some repeats do not exceed 400 b.p. 

In rabbits, similar 44 kb cluster contains four different P-globin-like genes, again 
possessing the same orientation. About 20 different repetitive sequences, some of which 
do cross-hybridize, are scattered throughout the P-globin cluster. The size of these direct 
and inverted repeats varies from 140 to  1400 b.p. Each P-globin gene is flanked by at 
least one pair of inverted repeats 140 to  400 b.p. long. The whole cluster is flanked by 
inverted repeat of 1400 b.p. in length.36s 
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FIGURE 6. 
ovalbumin. The introns are shown as empty boxes. 

The structure of the genes and mRNAs for (a) mouse globin and (b) chicken 

2. Transcriptional Unit and Mechanism of Processing 
The question arises as to how the intron is removed from the original gene. Does this 

elimination take place at  the transcriptional level or during processing? The answer 
has been provided by experiments on the isolation of globin pre-mRNA. 

Pre-mRNA was prepared from Friend leukemia cells synthesizing hemoglobin. 
Nuclear RNA was isolated after short pulse and passed through a column containing 
globin cDNA. Besides the 10s fraction corresponding to mature mRNA, a 15s compo- 
nent hybridizing to P-globin cDNA was obtained after short pulse. The kinetics of its 
labeling in pulse and chase experiments suggested the precursor-product relationships 
between 15s and 10s R N A s . ~ ' ~  The size of 15s RNA is about twice that of 10s RNA. 
The hybridization of 15s RNA to cloned chromosomal globin DNA demonstrated 
that it contained sequences of the structural globin gene and sequences complementary 
to the introns.218 

In other words, 15s RNA is a transcript from the whole region of chromosomal DNA 
corresponding to the globin gene. Thus, the introns of the globin gene are transcribed 
and their elimination takes place during processing. The latter involves specific cleavage 
of pre-mRNA followed by ligation of the ends. Such a process is designated as splicing. 

15s RNA does not contain sequences complementary to the regions before or after 
the structural genes. The 5'end of the precursor is capped while the 3'end is polyadenyl- 
ated and they correspond to the 5' and 3'ends of mature mRNA.214y2'7 

No RNA complementary to globin DNA of the size greater than 15s was found, and 
the kinetics of labeling and disappearance of 15s RNA suggested it to be a primary 
t r a n ~ c r i p t . ~ ' ~  However, the last conclusion cannot be considered as final. The possi- 
bility of a longer precursor rapidly disappearing in the course of processing cannot be 
excluded. 

For example, Bastos and Aviv described a 28s precursor of mouse globin mRNA 
using cDNA as a probe.22' The authors showed that the regions before and after the 
globin gene were transcribed. It is not clear whether the transcription of flanking 
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sequences for a globin gene is obligatory, or occurs only very rarely. If it is obligatory, 
one should postulate a very rapid processing of the primary transcripts. It is also likely 
that the situation may vary in different species. Heavy RNA containing sequences 
hybridizing to globin cDNA was observed in duck r e t i c u l ~ c y t e s . ~ ~ ’ ~ ” ~ ’ ~  

Studies on the transcription of the a-globin gene revealed rapidly labeled RNA to be 
only slightly heavier than mature mRNA. Its sedimentation coefficient is 11 S. No heavier 
precursor has been The size of a-globin pre-mRNA correlates well with 
the fact that the introns are small and thus the total length of the region occupied by the 
a-globin gene in the chromosome is only slightly greater than the structural In 
fact, primary a-globin pre-mRNA consists of mRNA and the short intron sequences 
within it which are eliminated during processing. 

The general conclusion is that the excessive sequences in pre-mRNA in the globin 
gene correspond mostly to the introns and that the processing of globin pre-mRNA is 
the splicing, i.e., the excision of introns followed by ligation of the mRNA ends. 

C. Structure and Transcription of Some Other Genes 
1. Chicken Genes Regulated by Estrogens 

There exist four well-studied genes (in chickens) switched on by estrogens. These are 
ovalbumin, ovomucoid, lysozyme and conalbumin genes which become active in ovi- 
ducts in response to  administration of estrogen. Since these genes are under the same 
hormonal control, their comparative study is of a particular interest. All four have been 
cloned and found to  be split. 

For example, the size of ovalbumin mRNA is 1859 b.p. while the whole region occu- 
pied by the ovalbumin gene in the genome is - 8 kb. The structural gene is split into 
pieces equal to (from the 5’ to the 3’end of mRNA): 46, 185 to  189,45 to 53,129 to 134, 
116 to  119, 140 to 144, 152 to  158, and 1030 to 1034 base pairs. The beginning of the 
coding region is located in piece No. 2, the end in piece No. 8226 (Figure 6). 

The introns possess 
different base sequence except the very small region on the boundary with the exons 
where some homology can be 

RNA complementary to all pieces including both introns and exons (pieces of the 
structural gene) was found in the nuclei although the amount of sequences complemen- 
tary to exons was much higher even in the n u c l e u ~ . ~ ~ ~ , ~ ~ ’  No RNA complementary to 
introns was observed in the cytoplasm. 

A number of ovalbumin containing pre-mRNA species could be detected in electro- 
phoretically fractionated RNA. The largest component contains the sequences com- 
plementary to all introns and exons. The other contain all exon sequences but lack 
certain introns. Using probes containing the cloned sequences of different introns it was 
possible to determine the time of elimination of a particular intron during processing. 
The order of excision of different introns exists, but it is not very stringent. Thus, in 
general the process of splicing of ovalbumin gene is very complicated and creates a 
number of intermediates. Hormonal stimulation accelerates splicing of ovalbumin pre- 
mRNA ~ignificantly.~~’ 

Close to  the ovalbumin gene, two other ovalbumin-like genes designated as X and Y 
are located. Their exons have similar structure and introns are located at  the same 
positions. However, the size and sequence of related introns are completely differ- 

The situation seems to resemble that for f l  and p’ globin genes, although in the 
case of ovalbumin the differences between exons are more pronounced. 

The ovomucoid, lysozyme and conalbumin have the same general plan of structure. 
They are split into from 4 to 17 exons.242,243,367x368 

The attempts to  find general sequences within or outside of the genes which could be 

222-226,242,243,367,368 

226,240,369 The region of the ovalbumin gene was partially sequenced. 
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suggested to be targets for hormone-acceptor complex have not yet been successful. 
However, further work in this direction may lead to understanding the mechanisms of 
hormonal control of gene activity. 

In this respect, it is interesting to analyze the DNA sequences located to the left of the 
cap-sequences. Such analysis was performed for chicken ovalbumin and conalbumin 
genes. Besides TATAAATA motiff, the short blocks of conservative sequences 
around positions -80, -140, -160 and -260 were found. However, there is as much 
sequence homology between the adenovirus 2 early 1 A gene and ovalbumin gene in this 
region as between the two chicken genes. Probably, like the histone genes,362 in this case 
the discussed sequences might play the role of modulators. 

The faithful transcription of cloned ovalbumin and conalbumin genes was obtained 
in both in vitro (incubation with RNA polymerase I1 in the presence of SlOO HeLa 
extract)372 and in vivo (injection into Xenopus o ~ c y t e s ) . ~ ~ ~  

The removal of the sequence before TATAAATA motiff did not influence the correct 
initiation and expression of the genes. Also, the removal of the leader sequence and the 
first intron from ovalbumin gene was without influence on the ovalbumin expression 
in oocytes. 

369 

2. Immunoglobulin Genes 
Another interesting example of split genes is the immunoglobulin genes. Their struc- 

ture is connected with the specific function of immunoglobulins. There are a few genes 
encoding the constant portions of the heavy and light immunoglobulin chains and many 
more genes responsible for the synthesis of variable parts of immunoglobulins.227’322 In 
most of the somatic cells, the distances between variable and constant parts are long. 
The rearrangement of the genetic material takes place during immunogenesis and these 
parts come to be located close to  one another. 

Genes for variable part are separated in a number of families of closely ‘related 
sequences containing 6 to  10 members each. Proteins coded by different members of the 
family have similar amino acid sequences.22872307233~235 

The most-studied example are genes for the K light chains synthesized in mice. In 
the embryonic genome, the gene is split into three parts: variable (V) coding for the first 
95 amino acids, joining (J) responsible for the synthesis of the following 12 amino acids; 
and constant (C) corresponding to the remaining  don^.^^^,^^^*^^^ The C part of the 
gene is represented by one copy in the haploid g e n ~ m e ~ ’ - ’ ~  while V and Ja re  represented 
by 200 to 300 and 4 copies, respectively. 

In embryonic cells, V genes are located very far from C and never have been obtained 
as @he parts of the same restriction fragment.230’23’.233’2)5 Different V genes are spaced 
by 6 to  8 kb of noncoding DNA, forming clusters in certain region of chromosome. On 
the other hand, J-sequences are located 3 to 5 kb apart from C gene. Five sequences 
were found in EcoRI restriction fragment containing C. They are separated by - 0.5 kb 
spacers.235 

In myeloma cells producing immunoglobulins, the genetic material is rearranged in 
such a way that one of V genes is transferred to one of J fragment. The recognition is 
probably based on the existence of complementary regions (palindrome) just after V 
sequence and before every J sequence. Really, in germ line cells all five JK segments and 
Jh segments are preceded by blocks of short conserved sequences: consensus palin- 
dromic heptamer CACTGTG and consensus nanomer GGTTTTTGT separated by 
short spacer sequences of a fixed size. At the same time, the embryonic VK and V h  genes 
contain inverted complements of the nanomer and heptamer in the 3’noncoding 
 region^.'^^'^^^ 

Thus, in myeloma cells the entire region of the chromosome containing the V DNA 

230-237 

228,229,233,235 
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segment, J DNA segment, J-C intron and C DNA segment is transcribed into a single 
RNA molecule from which a mature messenger RNA is generated by RNA 
splicing.238,238a. 239 Usually such rearrangement takes place in one homologous chromo- 
some, explaining the phenomenon of allelic exclusion in immunoglobulin production.235 
However, sometimes it may take place in the both. 

Similar mechanisms for V-J joining were observed for heavy chain genes. In this 
case also, the junction between one of VH genes and one of four JH segments is deter- 
mined by heptamer and nanomer conserved sequences present in embryonic VH and JH 
gene segments. These sequences according to their primary structure and organization 
are similar to corresponding sequences in V and J gene segments of the light chain 

The presence of closely related conserved sequences in the corresponding 
position of both light and heavy chain germ line V genes and their J DNA segments 
suggests that all recombination events necessary for the generation of complete somatic 
V genes are carried out by the same or similar mechanism. It is interesting that the dis- 
tance between heptamer and nanomer in V and J gene segments for both heavy and 
light chains is fixed and equal to either 12 or 23 nucleotides, i.e., corresponds to either 
one or two turns of double-stranded DNA. One may postulate the existence of a special 
joining enzyme (recombinase) recognizing conservative heptamer and nanomer 
sequences located at  the distance of one or two turns of DNA. Joining one to another, 
these enzymes may form a complex in which the two gene segments are subsequently cut 
and ligated together. 

It should be pointed out that the exact junction point is not strictly fixed and may 
take place with some shift. This event leads to the appearance of the so called “third 
hypervariable zonen in imunoglobulin molecules close to V and J segments junction. A 
comparison of VH and JH gent segments in germ line and myeloma cells showed the 
absence in the germ line VH and JH gene segments of at least 13 nucleotides present in 
the rearranged VH genes. Therefore, the additional D-gene segment was postulated, 
which played an important role in generation of heavy chain diversity. 

Thus, at the first stage of heavy chain gene rearrangement the joining of V, D, and J 
gene segments with formation of a V-region coding sequence takes At 8 kb 
from J segments a Cp gene is localized. It lies at the start of a cluster containing all the C 
region genes. The C region gene sequences are interrupted by noncoding sequences 
to give a series of exons which coipcided with the domains and the hinge region in the 
C region amino acid sequence.245 Therefore, at  the first stage of recombination the u 
chain transcription unit is created. 

The second stage of rearrangement takes place during maturation of myeloma cells. 
It results in the situation where any VH gene may be expressed with any of seven other 
different CH genes. For this, the one or several CH genes (according to their order in 
cluster) are deleted whereas a part of JH -C, intron is c ~ n ~ e r v e d . ~ ~ ~ , ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~  For identi- 
fication of specific DNA sequences which could mediate the heavy chain switch, the 
sequence of JH-C, intron and S’sequences of several CH genes were determined. As a 
result, the short sequences occurring in equivalent positions in JH-C~ intron and in 
other CH genes were For each of CH genes, these sequences were 
different. It seems that the switch sites are different for the different class switches and 
may even vary within one type of class 

The heavy chain genes are also split. The introns separate the main protein domains: 
V, CI,  C2, and C3 regions.245 

234,237 

234,374 

D. Other Split Genes 

all of them are split. The list includes the genes for 
and others. 

At the moment, many other genes active in differentiated cells have been cloned and 
vitellogenin:80 fibroin,381 
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The most peculiar gene is that for chicken collagen which was found to be split in 
more than fifty exons interspersed with introns of various sizes. Some exons are very 
short coding for 18 amino acids only and may repeat several times reflecting the regular 
structure of collagen. The length of introns varies from 60 to 4000 b.p.382,383 Thus, all 
unique luxury structural genes studied so far in detail are split and the processing of 
pre-mRNA involves the excision of introns. 

The situation is not clear in the case of a gene responsible for the synthesis of salivary 
gland proteins in Chironomus. 24’ The high molecular weight (- 75s) transcript is 
synthesized in the Balbiani rings of Chironomus chromosomes but the size of cyto- 
plasmic mRNA is of the same order.24’ It seems that no introns are present in the 
Balbiani ring gene and no processing takes place. However, detailed mapping experi- 
ments have to be done before final conclusion are drawn. 

E. Splicing in Viral Systems 
I t  follows from the above sections that at least luxury unique genes in eukaryotes are 

often split and pre-mRNA is processed by rejecting introns and rejoining exons. 
The existence of the splicing reaction was discovered first in oncogenic viruses includ- 

ing Adenovirus,203-20s3249 SV40,206*257 and then in r e t r o v i r ~ s e s . ~ ~ ~ ’ ~ ~ ~ - ~ ~ ~  In many respects, 
the transcription in these viruses resembles that in the noninfected cell. Thus, they may 
serve as a useful model of the eukaryotic gene. 

We shall not discuss in detail the splicing in viral pre-mRNA, but just illustrate the 
situation using the late Adenovirus transcription as the clearest example. 

As was shown i n  the work from the laboratory of Darnell, et al. at the late stage of 
Adenovirus 2 infection in permissive cells, most of the transcripts are started near the 
left end of viral DNA and proceed through the whole viral Almost imme- 
diately after transcription start, the S’end of RNA is The release of RNA 
polymerase takes place near the right end of viral DNA. There are five main groups of 
structural genes localized along the late strand of viral and all of them are 
transcribed. Soon after transcription, a break occurs in one of the five sites located after 
the structural genes and the released 3‘end is polyadenylated after such a 
This RNA may be considered as a pre-mRNA. 

The next step in the maturation of mRNA is the splicing. This leads to the connection 
of three short leader sequences located at  the beginning of pre-mRNA (at 0.16, 0.19, 
and 0.26 units of the Adenovirus DNA length) to one another and to mRNA located 
at the 3’end of ~re-rnRNA.~’~-~’’ All other sequences located between the leaders and 
the last mRNA are eliminated. The body of mRNA may start from different points 
depending on which site in mRNA region the leaders are spliced. Therefore, several 
different mRNAs may originate from the same region of the genome. 

A similar situation is found in the case of the early A d e n o v i r ~ s , ~ ~ ~ * ~ ~ ~  SV40,206,257 and 
retrovirus genes.244’323-326 

In all cases, the leader sequence is spliced to the body of mRNA. Besides this, in several 
cases the genes themselves may also be split.397 Moreover, in several cases different types 
of splicing create mRNAs containing common sequences but encoding quite different 
polypeptides due to either the frameshift or elimination of terminatory codon. Such a 
situation takes place, for example, in the case of early polyoma gene where the same 
region of the genome is responsible for the coding of the three proteins - large, middle, 
and small T - a n t i g e n ~ . ’ * ~ * ~ * ~ ’ ~ ~ ~  

On the other hand, the difference between eukaryotic and viral genes may be explained 
by a necessity for virus to include a certain amount of genetic information in the genome 
of limited size. Therefore, the obligatory introns occupy less space, and some sequences 
are used for encoding more than one polypeptide. 
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In spite of certain, differences, one may expect that the general mechanisms of splicing 
are similar for eukaryotic and viral genes. 

F. Enzymes for Splicing 
Intensive work on the isolation of splicing enzymes is in progress now in a number of 

laboratories. The first nonpurified splicing enzyme preparation designated as editase 
(editing enzyme) was prepared as a yeast ribosomal wash or crude nuclear extract and 
tested with an intron containing pre-tRNA used as a probe. The enzyme converts 
pre-tRNA into tRNA by excising the intron ~ e q u e n c e . ~ ~ ~ * ’ ~ ~  Unfortunately, it is very 
unstable, thus making difficult more detailed studies on its properties. 

Cell-free systems (nuclei + cytoplasmic supernatant) were isolated from Adenovirus 
infected cells in which certain viral pre-mRNAs were converted into mature ~ R N A s . ” ~  
However, in this case no real enzyme preparation has yet been obtained. 

The mechanisms of splicing reaction remain unknown. No long ds regions were 
observed in introns, thus making the attractive concept of their involvement in splicing 
unreliable. On the other hand, the existence of similar short sequences at  the boundaries 
of exons and introns suggests the recognition of these ends by a splicing enzyme. The 
current thought is that editases contain small RNAs which form duplexes with the ends 
of exons and fix them closely to facilitate their joining after cleavage and removal of 
an intron. Small RNA was found in RNAase P2’* involved in tRNA processing in 
bacteria. Its binding to enzyme is essential for the enzymatic activity. Recently the 
above-mentioned idea has received strong support from the studies on snRN A-protein 
complexes (see the next section). 

252 ,254  

G. Why Split Genes and Splicing? 
The discovery of split genes and splicing induced a wave of speculation to explain this 

very amazing phenomenon. In the case of viruses, the idea of economy in using the 
genetic information was put forward. Indeed, the same leader can be used for many 
mRNAs, and the same region of the genome for transcription of different mRNAs. 
However, the existence of insertions in eukaryotic genes cannot be explained so easily. 

The ideas are concentrated on the evolutionary significance of insertions. Gilbert 255 

considered a possibility that introns represent the material used by Nature for creating 
new genes. Changes in introns should not influence the function of a gene where it is 
located, but once a useful sequence is constructed it may be involved in transcription, 
and fixed evolutionary as a new genetic element. In many cases, the exons correspond 
to different protein domains.2459256 It may be that in such cases two different proteins 
evolved separately but at  some stage were combined with the aid of acceptance of signals 
for splicing. 

Another evolutionary role of introns may be their influence on the process of recom- 
bination. Many genes in eukaryotes are present in two copies per haploid set of chromo- 
somes. These can be lost or their number can be increased during the unequal crossing 
over. However, if these two genes have different introns (and this is the case in two 
p -globin genes), then the recombination process between two nonhomologeous genes 
would be pre~ented .~”  

It  is very probable that the significance of introns is beyond the frame of evolutionary 
events. We believe that one of their most important functions is to be involved in the 
regulation at  the processing level. The existence of regulation at  the post-transcriptional 
level in eukaryotic cells was postulated in a number of theoretical papers. A question 
arises: why do  eukaryotic cells choose this type of regulation? A possible answer is that 
this allows the cell to use the nucleic acid - nucleic acid recognition instead of the 
protein nucleic acid recognition - which is encountered in the regulation a t  the tran- 
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scriptional level. Double-stranded DNA is involved in transcription and the possibility 
for specific interaction of the oligonucleotide regulatory factors with the double- 
stranded template is very limited. The main regulation processes involve the protein- 
DNA interaction. However, the formation of a new protein requires the machinery 
not only for its coding but also for the regulation, and such a process cannot go on 
endlessly. On the other hand, the use of short oligonucleotides for the regulation is very 
inexpensive. That is why a new level of regulation is created. At the level of processing, 
single-stranded pre-mRNA molecules act. They are in an easily available state being 
spread on the surface of informofers and can be recognized by other single-stranded 
o l i g ~ n u c l e o t i d e s . ’ ~ ~ ’ ~ ~ ~  

A possible first step in the splicing reaction, as has been mentioned above, is the 
formation of a double-stranded complex of small RNA present in the enzyme (the 
editorial RNA) with the two regions of pre-mRNA to be spliced. It has been shown 
that the short sequences at  the exon-intron and intron-exon junctions have some 
homology for different introns in eukaryotes and to the S’end of certain small nuclear 
RNAs ( s ~ R N A s ) . ~ ~ ~ , ~ ~ ’  SnRNAs are represented by seven or more species of poly- 
nucleotides of 90 to 220 nucleotides long, very stable m e t a b ~ l i c a l l y . ~ ~ ~ ’ ~ ~ ~  Nine-nucleotide 
sequence at  the S‘end of one of them (Ul)  is very similar to the consensus sequence 
constructed from the analysis of all known intron-exon j u n ~ t i o n s . ~ ~ ~ , ~ ~ ’  Thus, snRNA 
may form duplexes with pre-mRNA sequences corresponding to the intron ends, joining 
in this way the termini of two adjacent exons. 

SnRNA-protein complexes were isolated from nuclear extracts with the aid of 
natural antibodies present in patients with certain forms of lupus erythematosus. They 
contain one molecule of snRNA and a specific set of seven polypeptides with molecular 
weights between 12,000 and 35,000.386,390 It is very probable that such complexes possess 
the splicing activity as the treatment to  isolate nuclei with anti-snRNA antiserums led 
to  the loss of ability to  convert viral pre-mRNA into mature mRNA.410 The variations 
in the junction sequences may influence the efficiency of splicing of a particular 
pre-mRNA. 

Some other RNAs may also be involved in splicing. For example, a strong homology 
has been found between exon-intron and intron-exon junctions and the regions present 
in the actively transcribed repetitive DNA sequences of (see below). Some 
other mechanisms for involvement of RNA sequences in splicing are discussed by 
S loni ms ki et al. 400,40 

VII. OTHER GENES (UNIQUE GENES OF GENERAL FUNCTIONS) 

A. General Comments 
Among genes which have not yet been cloned and studied, the main group seems to be 

represented by unique genes expressed in the majority of cells. This conclusion is based 
on two well documented findings. First, according to hybridization between cDNA and 
mRNA, polysomal mRNA possesses a high complexity indicating that there are dozens 
of thousands of different mRNA  molecule^.^'*^-^^'^^^ Cross-hybridization experiments 
with mRNA and cDNA taken from different tissues have demonstrated close similarity 
in the sets of their ~ R N A S . ~ ’ ~ * ’ ~  Also, according to the renaturation of polysomal cDNA 
in the presence of total DNA used as a driver, most of the cDNA reannealing occurs in the 
course of unique gene r e a s s ~ c i a t i o n . ~ ’ ~ ~ - ~ ’  

These genes have not yet been cloned because of a very low content of the 
corresponding mRNAs that makes the selection very difficult, at  least so far. Therefore, 
we have almost no information about the structure of individual representatives of this 
group of genes. On the other hand, this group is the most numerousand only by learning 
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their structure can one obtain the representative general picture of the gene organization 
in eukaryotes. We shall discuss below some of their general features, observed in 
experiments with total nucleic acids and, in a few cases, with cloned genetic material. 

B. The Existence of High Molecular Weight mRNA Precursor 
We have already mentioned that the average molecular weight of nuclear pre-mRNA 

is several times higher than that of mature mRNA. It has been clearly demonstrated for 
the g l ~ b i n , ~ ” * ~ ~ ~  immunoglobulin,238’239 and ovalbumin222 genes. The question arises 
whether it is also typical of other mRNAs. 

If the heavy fraction of nuclear pre-mRNA is isolated and hybridized to cDNA 
prepared on polysomal mRNA, significant hybridization involving almost all cDNA 
takes place. In denaturing conditions, the size of nascent pre-mRNA is only several times 
(3 to 4 times) higher than that of mature mRNA, but again this heavy material contains 
almost all of the sequences present in mRNA. Thus, it seems very probable that at least 
the majority of mRNAs have high molecular weight precursors.32,453260-261 

Another type of experimental approach to the problem is to  find which part of heavy 
nuclear pre-mRNA corresponds to sequences represented in mature mRNA. One way is 
to isolate DNA able to hybridize with mRNA and then to hybridize labeled pre-mRNA 
with an excess of this DNA fraction.264 Another approach is to  transcribe heavy nuclear 
pre-mRNA with reverse transcriptase and then hybridize the labeled product with an 
excess of mRNA.263 In the latter case, RNA to which the poly(A) ends were added should 
serve as a template, or a scattered DNA primer should be used in the reaction. Both 
approaches gave the same answer. From 10 to 30% of the sequences present in heavy 
nuclear pre-mRNA can account for mRNA sequences. The content of mRNA sequences 
is higher in the light fraction of nuclear pre-mRNA, which is heavily labeled only after 
long pulse or in chase conditions. Thus, mRNA sequences are accumulated during the 
processing in the more stable pre-mRNA fraction. 

Recently a number of cloned cDNAs became available and these were hybridized to 
the fraction of nuclear pre-mRNA and mRNA. In all cases, the size of hybridizable 
material in the nucleus was several times higher than in the cytoplasm, indicating the 
existence of high molecular weight ~ r e - r n R N A . ~ ’ ~  

The data on the information content in heavy pre-mRNA do not prove 
unambiguously the physical precursor-product relationship between it and mRNA. The 
interpretation of kinetics experiments is also ambiguous. To  solve the question, a 
technique exploiting the UV inhibition of transcription was used. 

The UV inhibition for mapping of the transcription unit was introduced originally by 
Mantieva and Ari01-1.’~~ The principle of the method is based on the fact that thymine 
dimers formed during UV irradiation irreversibly stop the transcription. Therefore, the 
UV sensitivity of transcription of any given sequence is proportional to a distance 
between the beginning of the corresponding transcripton and this sequence. For 
example, in the above paper, the authors have shown thar repeated sequences are 
preferentially located at  the beginning of pre-mRNA and that the beginning of the 
ribosomal operon in mouse consists of the transcribed spacer.265 

If transcription of the whole transcripton is necessary for the mature RNA molecule to 
appear, then the UV sensitivity of the sequence should give the target size of the 
transcript on. 

Being applied to mRNA transcription, this method has revealed that transcriptons for 
mRNA are 2 to 5 times greater than mature ~ R N A S . ’ “ ~ ~ ~ ~  It is very interesting that the 
size of the transcripton determined in the UV-inhibition experiments coincided quite well 
with that assayed in the above experiments on hybridization of pulse labeled RNA to 
cloned cDNA. It follows therefore that the 2 to 5 X difference in size between the primary 
transcript, i.e., pre-mRNA, and mature mRNA is typical of eukaryotes. 
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C. The Localization of mRNA in Pre-mRNA 
Early hybridization experiments performed at rather low Cot value suggested that 

some mRNA was located at the 3’end of the precursor.39,40’270-272 The next indication for 
the 3‘end localization of mRNA was obtained from the studies on poly(A). The latter was 
found to be conserved during processing. Since it was observed at the 3’end of both 
mature and heavy pre-mRNA, one may conclude about the 3‘end location of the mRNA 

However, the conclusion was made questionable by the data on the Send groups of 
mRNA. Almost all mRNAs in eukaryotes are capped.276 The caps are conserved during 
the processing and the capped sequences are virtually completely transferred into the 

The caps were found in pre-mRNA, in particular in heavy pre-mRNA, 
indicating that the mRNA sequence might be located at  the Send of the p r e c u r ~ o r . ~ ~ , ~ ’ , ~ ’ ~  

These controversial results may be explained now in terms of splicing. In fact, in the 
15s globin mRNA precursor, both modified ends do already exist and the only sequences 
to be eliminated are localized within ~ r e - r n R N A . ~ ’ ~ , ~ ’ ~  The question arises as to  how 
often split genes are represented in the total population of eukaryotic genes. The question 
probably will be solved in the near future but some data can be considered even now. 

It is clear that the caps are formed post-transcriptionally during the processing. Thus, 
strictly speaking, they cannot be considered as markers of real beginnings of primary 
transcripts. More reliable candidates for the role of such markers are triphosphorylated 
5‘ends which are also present in pre-mRNA but not in mRNA.4’,479275 

The 5‘end triphosphorylated oligonucleotides were prepared from randomly cleaved 
nuclear pre-mRNA with the aid of chromatography on hydroxyl-a~atite.~’ They were 
polyadenylated and used for preparation of highly labeled cDNA probe (S’cDNA). The 
latter, as well as cDNA transcribed from internal regions of pre-mRNA, were used for 
hybridization with mRNA and pre-mRNA preparations. The conclusion from these 
experiments was that a t  least about half of sequences adjacent to the triphosphorylated 
5‘ends of heavy nuclear RNA are also present in mature mRNA. A possible explanation 
of this result is the wide distribution of split genes among the discussed group of genes.330 

To check this possibility, cDNA was transcribed from total mRNA of mouse 
carcinoma cells, fractionated electrophoretically, and several fractions of unique size 
were excised from the gels. These cDNAs were hybridized either to mRNA or to heavy 
nuclear pre-mRNA, treated by nuclease S1, and gel electrophoresis was repeated. In the 
case of hybridization to mRNA, the size of most material did not change, while after 
hybridization to pre-mRNA, a significant part of cDNA moved faster than before the S 1 
nuclease treatment. The result may be interpreted as an indication of the discontinuity of 
the mRNA sequence in ~ r e - m R N A . ~ l ’  

It is possible therefore that many structural genes in eukaryotes, in particular in 
mammals, are split and that the beginning of a transcripton in some of them may coincide 
with the beginning of a structural gene. In other cases, the beginnings of transcriptons 
may correspond to nonconservative leader sequence. However, the final conclusions may 
be drawn only after accurate studies of many individual genes and the corresponding 
pre-mRNAs. 

sequence.4Q.262,273.274 

D. Repetitive DNA Sequences in Transcriptons 
Many of the unique genes described in the above Chapter do  not contain repetitive 

DNA sequences. This is true of the globin gene,71-73 and immunoglobulin gene.77-80 This 
is not surprising because there are long regions free from repetitive sequences, even in 
animals with the interspersed genome, like mice. 

On the other hand, there is strong evidence in favor of the existence of reiterated base 
sequences in the transcriptons. First of all, nuclear pre-mRNA contains a lot of 
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transcripts from repetitive DNA comprising from 15 to 30% of the total 
sequences. 

According to the UV-transcription mapping, repetitive sequences are concentrated 
closer to the S’end of pre-mRNA.26s Moreover, the reassociation analysis of the sequences 
adjacent to the genes suggests that the majority of structural genes are located in close 
neighborhood to repetitive DNA.278 

To gain a better insight into the situation, individual genes and individual pre-mRNAs 
should be analyzed. However, at  this point, one can analyze the properties of certain 
repetitive sequences widely distributed in the eukaryotic genome. 

One class of such transcribed repeats is oligo(dT) and oligo(dA) sequences from 15 to 
30 bases in length. Oligo(dA)-oligo(dT) stretches of such a length were described in the 
genome of different e ~ k a r y o t e s . ~ ~ . ~ ~ ~  Their content can reach 0.3%. They were also found 
in nuclear ~ r e - r n R N A . ~ ~ ’ ~ ~  Oligo( A) may be separated from long post-transcriptionally 
added poly(A) by differential elution from a poly(U) Sepharose column. On the average, 
about one oligo(A) sequence and two to three oligo(U) sequences occupy one pre- 
mRNA chain although this does not mean that each pre-mRNA contains such 

This is probably the case with Dictiostelium discoideum. Such pre-mRNA contains a 
short repetitive sequence and a short oligo(dA) sequence possiblyat the 3‘end.49 Thus, in 
this case, oligo(dA) may be located at the end of each structural gene. 

Using oligo(U) carrying an alkylating group bound to its terminus, Grineva et aL4I2 
cleaved D. discoideum DNA into pieces in the regions of oligo(dA)-oligo(dT) sequences. 
Gene-sized fragments were obtained. It is not excluded that the termination of 
transcription occurs right in these regions. 

The localization of oligo(dA) sequences in mammalian pre-mRNA have not yet been 
determined accurately. It seems that they are located in the nontranslatable region of 
mRNA.48,331 

Oligo( U) sequences are located far from the polyadenylated 3‘ends of ~ r e - r n R N A . ~ ~ ~  
At least some of them are closely associated with the triphosphorylated S’ends as 
oligo( U) was detected in the fraction of 5’end  fragment^.^' The significance of either 
oligo(A) or oligo(U) in pre-mRNA remains unclear. Most of these sequences are 
degraded in the course of processing although low amounts of oligo(U) in mature mRNA 
have been r e p ~ r t e d . ~ ~ I ’ ~ ~ *  

40,272,273,277,280 

I 

E. Double-stranded RNA Sequences and DNA Palindromes 
Other interesting types of sequences present in pre-mRNA but not in mature mRNA 

are double-stranded sequences (dsRNA). Early studies of Montagnier”’ demonstrated 
the existence of dsRNA in eukaryotes. In 1972 Ryskov et al? as well as Jelinek and 
DarnellS4 found that dsRNA was present in nuclear pre-mRNA, being an integral part of 
it, and possibly having a hairpin-like configuration. 

DsRNA was isolated from pre-mRNA by RNAase treatment and fractionated into 
three size classes: ds RNA-A, B and C. DsRNA-A (300 to 800 nucleotides in length) is 
not able to snap back after heavy RNA melting and possibly its existence reflects the 
symmetrical transcription of certain parts of the eukaryotic genome. On the other hand, 
dsRNA-B and C are able to snap back after RNA melting. Thus, both branches are parts 
of the same pre-mRNA molecule. DsRNA-C is shorter (- 20 to 30 base pairs in length) 
and GC-rich while dsRNA-B is much longer (100 to 200 base pairs) and 

Both dsRNA-B and C become unable to snap back after RNAase treatment since the 
strand joining the two branches of the hairpin loop is cleaved. Therefore, they may be 
melted and used in renaturation and hybridization experiments. Both hybridize to the 

AT-rich. 54,55,202-284 
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fraction of reiterated DNA.54,5s’2727277’283 dsRNA-B being a more unusual structure has 
been studied in more detail. 

Soon after the discovery of dsRNA in pre-mRNA, similar structures were detected in 
denatured DNA. A small but significant fraction of the latter (1 t o  3%) was able to 
renature a t  an  indefinitely low Cot value due to the presence of complementary sequences 
in the same DNA ~ t r a n d . ” ~ ’ ~ ~ ~  These sequences were called palindromes.286 Palindromes 
vary in size. Some of them have the same size as dsRNA-B.288 

Hybridization experiments demonstrated directly the complementarity of a certain 
fraction of DNA palindromes to  ~ s R N A - B . ’ ~ ~ - ’ * ~  Later palindromes were fractionated 
and the fraction of palindrome 100 to 200 base pairs in length was represented by 
repetitive DNA whereas longer palindromes have a much higher It is very 
probable that the former correspond only to the sequences responsible for dsRNA-B 
transcripton. 

Renaturation experiments on dsRNA-B suggested its very low complexity as it 
reassociated at low Cot values. Rough calculation gave a figure from one to  three 
different kinds of sequences present in the dsRNA-B The fingerprinting of 
dsRNA TI hydrolysates supported this c o n c l ~ s i o n . ~ ~ ~ ’ ~ ~ ~  

Further evidence of dsRNA-B homogeneity has been obtained in cloning experiments. 
It was found first that  sequences complementary to  dsRNA-B occurred very often in the 
cloned hamster290 and mouse291 DNA fragments. Hybridization of cloned DNA to 
dsRNA revealed two very abundant sequences in mouse dsRNA designated as sequences 
BI and B2. Sequence B1 binds about a half and B2 about a quarter of all dsRNA-B. 
According to  their melting properties, all the members of B1 family are almost identical 
(no more than 2% of bases may vary) whereas the members of B2 family are more 
heterogeneous (up to 8 to 9% of  substitution^).^^^ Thus, different pre-mRNAs contain 
the same sequences which are under strong evolutionary pressure and therefore should 
play an  important role in the cell  function^.^^^'^^^ 

B1 and B2 sequences are present not only in dsRNA and in palindromes. A lot of them 
(- 3 / 4  of total number) occur just as simple repeats. About 1 % of total DNA and 1.5 to 
2% of total pre-mRNA consist of these two types of rather simple sequences.291 Thus, 
they are widely distributed in pre-mRNA. 

It was found that mRNA, i.e., poly(A)’RNA, isolated either from the cytoplasm o r  
from purified polysomes, was able to hybridize with dsRNA-B.272x283,292-295 In saturation 
conditions, u p  to 25 to  30% of melted dsRNA form hybrids with mRNA which may be 
isolated, for example, by poly( U)-SepharoseB chromatography. This result has been 
obtained in experiments with total polysomal mRNA and with purified globin mRNA. 
From a quarter to a third of RNA survived the following RNAase treatment.283’294’295 
Thus, a part of one of the hairpin branches is complementary to mRNA. Cot curves 
showed that only a rather small part of mRNAs contained such  sequence^.'^^'^^^ 

One can demonstrate directly (using clones) that only about 3% of mRNA combines to  
DNA containing B1 and B2 sequences and that only a small part of it (- 1% o r  0.03%of 
total mRNA) forms an  RNAase-resistant 

Recently, Bl sequence responsible for transcription of the most abundant fraction of 
mouse dsRNA-B has been sequenced.391 The repeating unit consists of 130 base pairs 
(Figure 7). The individual sequences deviated from the consensus one by - 4% of total 
nucleotides. The interesting point is that B1 unit contains several interesting sequences. 
In particular, two regions homologous to the exon-intron and intron-exon junctions 
were found. Especially good coincidence was observed upon comparison of B1 sequence 
and junctions of large P-globin i n t r ~ n . ~ ~ ’  The homology extends to  the exons and this 
may explain some hybridization of globin mRNA to  dsRNA-B. Another interesting 
sequence is the oligonucleotide homologous to the origin of replication of papova 
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C C GGG C AGT G GTG GTG C ATG C C TT T A AT C c C AGC A C TC G G G AGGC AG AG G C AGG C GG ATT 

TCTGAGT TCG AGGCCAGCCT GGTCTTCAGA GTGAGTT CCA GGACACCAGG GCTACAGAGA 

AACCCTGTCT 

FIGURE 7. The nucleotide sequence of the ubiquitous repetitive DNA sequence BI complementary to the 
most abundant class of mouse fold-back RNA. The consensus sequence is given. The sequence between 1 and 57 
nucleotides shows homology with human Alu sequence. The regions homologous with exon-intron junctions 
and replication origin of papova viruses are underlined with one and two lines, respectively. 

viruses, for example of SV-40. Such homologs suggest the functioning of B1 sequence in 
splicing reaction as well as in replication.393 Preliminary experiments suggest that 
recombinant DNA plasmid containing pBR322 and mouse DNA fragment with B1 
sequence is able to  replicate in mouse cell in contrast to pBR322 itself.343 

Similar results were obtained in experiments on ubiquitous dispersed sequence ( A h  
sequence) in human. Also, between human and mouse sequences one can find 
considerable homology. It would appear that interspersed repetitive sequences play an  
important role in the genome functioning. 

The question arises whether mRNAs containing short sequences complementary to  
dsRNA-B represent a specific subset of mRNAs, or do  they contain all types of mRNA 
but underprocessed and therefore conserving some extra sequence? The question is under 
investigation now. Its solution is very important for understanding the role of B1 and B2 
sequences. 

It has been suggested that they may correspond to ds sequences localized at the 
borderline between mRNA and noninformative sequences in pre-mRNA serving as 

In this case, many different genes should be signals for processing enzymes. 
located close to  B1 and B2 sequences. 

It was shown that RNA duplexes similar t o  dsRNA-B and C should be found not only 
in purified RNA but in pre-mRNP as well.2982299 They are probably free from protein, 
which interacts only with RNA in the single-stranded This 
observation is compatible with either the first or the third idea about the functional role 
of dsRNA. In any case, the wide distribution of dsRNAs and their sequence homogeneity 
indicates their important functional role in the gene structure or function. 

392,394 

272,293-297 

F. Final Remarks 
We d o  not know much, so far, about this poorly defined group of genes. The main 

conclusions are the following. In most of the eukaryotic genes, the size of a transcripton is 
several times larger than that of a structural gene. Therefore, pre-mRNA is larger than 
mRNA. 

At least some structural genes are localized, often close to the end of a transcripton; 
and mRNA sequence close to  the 3'end of pre-mRNA. O n  the other hand, some of the 
original S'ends of pre-mRNA also may be conserved in mRNA. It is possible that a high 
proportion of genes, at least in mammals, are split, and splicing is an important part of 
pre-mRNA processing. 

There are certain sequences which are common for many different transcriptons and 
many different pre-mRNAs. These are repetitive DNA, oligo(A) and oligo(U), and 
double-stranded hairpin-like sequences. They can be present in the noninformative part 
of pre-mRNA and be involved in the regulation of transcription or processing of 
pre-mRNA, or the replication of DNA. Clarification of the topographyand functions of 
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the above mentioned genes requires their cloning and studies of individual DNA 
fragments. 

VIII. CHROMATIN STRUCTURES CORRESPONDING TO 
GENETIC ELEMENTS 

Data have accumulated to date which indicate that gene activity is regulated a t  the level 
of the genome transcription. However, all these data are too scattered and indirect to 
make understanding of the regulation mechanisms possible. For this, one needs more 
knowledge about the real state of the genomic structure in chromatin and about the 
interaction of certain DNA sequences with proteins and possibly also with the RNA 
components of chromosomes. Much is known about the structural organization of 
chromatin but the work to make a bridge between the gene organization studies and 
studies on chromatin is just being started. As a conclusion for this paper, we shall briefly 
characterize the main trends in this direction. 

At least three levels of chromatin organization are known.3003309 These are: 
( 1 )  nucleosomes forming nucleosomal fibrils 100 A in diameter,30’ (2) a solenoid or a 
chain of super-beads (nucleomers), and (3) a chain of chromosomal loops attached 
to the axial structures of chromosomes (nucle~nems).’~~-~~~’~’~ The support of the first 
level of organization depends on a histone ~c tarner ,~”  that of the second on histone H 
and its h o m 0 1 o g s ~ ~ ~  and that of the third on the interaction of DNA with nonhistone 
proteins of nucleonems. 

The question is: What is the relationship between the genetic elements and the 
chromatin structure? It is clear that DNA of a nucleosome (200 base pairs) or of asuper- 
bead (1.5 kb) is too short for this function. On the other hand, the length of DNA in a 
single loop (30 to 100 kb) roughly coincides with that in a chromomere or a band of the 
polytene chromosome of D. rneZunoga~ter.~-~ As was mentioned above, the latter seems 
to correspond to the structural-functional element of the genome. 

The chromatin loop was suggested to represent an independent structural element of 
chromatin. Its transfer from the tightly packed compact state (which may correspond to 
the solenoid state) to a more extended configuration (an open loop) may be responsible 
for activation of the loop DNA in chromatin. The latter, for example, takes place during 
puffing of bands in the polytene chromosome.678 These changes may depend on the loss or 
modification of histone H13” and/or  on the interaction with certain nonhistone proteins, 
in particular with proteins of the HMG-type. It seems very probable that the loop 
may contain more than one gene. For example, the distance between two different globin 
genes is 7 kb2I3 which is much less than the postulated average size of the loop. Distances 
between multiple clustered genes and also between multiple scattered genes located in the 
same region of a chromosome are even shorter. 

In lampbrush chromosomes where loops may be analogous to the ones discussed, only 
one transcriptional unit (Christmas tree), or a few of them per one I o o P , ~ ’ ~  can be 
discerned by electron microscopy. Nevertheless, it is possible that genes located in the 
same loop are functionally connected and transcribed coordinately. 

So far, the loops have been studied only morphologically. Recent progress makes it 
possible to start the sequence analysis. Razin et al.31533’6 isolated ’ DNA fragments 
attached to the axial structures of metaphase chromosomes as well as interphase nuclei 
and found that they predominantly contained repetitive DNA sequences: satellite and 
most abundant intermediate repeats. These can be separated by banding in a CsCl 
density gradient. Abundant nonsatellite repetitive sequences are linked with less 
repetitive and unique sequences. Thus, they seem to be responsible for the attachment of 
chromatin fibrils to the axial structures of chromosomes and may be used as marker 

302,304 

305,307 

312,3 I 3  
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sequences limiting two ends of a loop in the genome. The attachment points of the DNA 
loop remain unchanged during the cell cycle. We believe that further studies on the loop 
topography will throw more light on the general organization of genetic elements in the 
genome as well as on the gene functioning. 
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