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CHAPTER I 

INTRODUCTION 
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A. STATEMENT OF THE PROBLEM 

The existence of discrete small RNAs in the cell nucleus of higher 

eukaryotes has been known for over 20 years (Sporn and Dingman , 1963; 

Muramatsu and Busch, 1965). The conspicuous feature of these small 

nuclear RNAs (snRNAs) was their high metabolic stability relative to 

the larger nuclear RNAs. In Hela cells , several of the smaller RNAs 

had undetectable turnover rates while the half- life of large nuclear RNA 

was less than 15 minutes (Weinberg and Penman, 1966) . Unlike the larger 

nuclear RNAs, the snRNAs were also shown to be extensively methylated 

(Weinberg, 1973). A more detailed characterization of the stable snRNAs 

revealed that several species had a high content of the nucleotide 

uridine; these RNAs were consequently designated the U- RNAs (Busch et 

~·, 1982). Six major species of U- RNA, called U1 , U2 , U3, U4, U5, and 

U6, are now well characterized. U1 RNA is the major U- RNA species in 
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the cell nucleus and is 165 nucleotides long; Furthermore, its nucleotide 

sequence is very highly conserved in all vertebrates thus far studied 

(Branlant et ~· , 1980) . RNAs with similar physicochemical properties 

also exist in many invertebrates ranging from the slime mold Dictyostelium 

discoideum (Wise and Weiner , 1981) to the fruit fly species (Mount and 

Steitz , 1981). 

For many years , the functions of the snRNAs remained a complete 

mystery . The possibility that these RNAs were degradation products of 

larger RNA species was certainly considered (Artman and Roth , 1971). 

However , the discovery that the U-RNAs are specifically associated with 

proteins in the cell nucleus immediately implicated them in some aspect 

of transcript maturation . U1 RNA , and each of the other U-RNAs , is 



now known to be an integral component of the small nuclear ribonucleo

protein (snRNP) particle . The highly conserved nature of these RNAs is 

thought to reflect the fundamental role they play in the removal of 

introns from primary RNA transcripts as part of the maturation process 

that ultimately yields mature messenger RNA (Lerner and Steitz, 1979). 

Necessarily, the coding regions of respective U-RNA genes are also 

highly conserved among higher vertebrates; however, the organization of 

these genes within the genome and the sequences of immediate 5' and 3' 

flanking regions appear to be much less well conserved from one species 

to the next. Multiple human U1 genes are found on the short arm of 

chromosome 1 and are therefore linked to each other; however, these 

sequences are separated by at least 44 kb (Lund et !l·, 1984; Naylor 
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~ ~·, 1984). In contrast, two functional U1 genes in the rat are 

separated by only 3.4 kb (Watanabe-Nagasu et ~·, 1983). Approximately 

20 human U2 genes are tandemly repeated in a single array (Van Arsdell 

and Weiner, 1984), while rat U2 genes appear to be relatively dispersed 

in the genome (Tani et ~·, 1983). Xenopus U1 and U2 genes are organized 

in ma ny tandemly repeating arrays that each contain 15 to 20 copies; the 

number of genes in this organism, however, vastly exceeds the number 

found in mammals, with estimates of 1000 U1 genes (Zeller et !l·• 1984) 

and between 500 and 1000 U2 genes in the Xenopus genome (Mattaj and 

Zeller, 1983). 

Both the organizational differences of U-RNA genes in respective 

genomes and the 5' flanking sequence heterogeneity among genes from 

different species are unexpected considering the ubiquitous nature of 

the gene product. The existence of such diversity, however , raises 

many questions regarding the evolution of these sequences. In all 



species thus far studied, the U- RNA genes exist as mult1gene families . 

Of particular interest are those mechanisms that have undoubtedly 

operated throughout evolution to conserve sequences repeated multiple 

times in the genome. A thorough analysis of U-RNA gene organization in 
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a variety of species may well reveal the nature of such mechanisms, given 

the organizational heterogeneity that appears to exist. Furthermore, 

transcription of U-RNA genes appears not to depend on the usual RNA 

polymerase II recognition signals; the diverse nature of 5' flanking 

sequences of U-RNA genes may similarly allow elucidation of the sequences 

of those regions that are critically important in the transcription of 

these genes . 

The genomes of many organisms are also characterized by the presence 

of many nonfunctional U-RNA pseudogene sequences. Indeed, U1 pseudogenes 

in the human genome nay outnumber their functional counterparts by as 

many as 10 to 1 (Denison et ~., 1981). Detailed characterization of 

these sequences from a variety of organisms has provided considerable 

insight into the possible origins of these pseudogenes. Two mechanisms 

have emerged: first, some pseudogene sequences represent genes that 

were once functional; both the coding and flanking regions bear signifi

cant homology to those of their functional counterparts . Second, other 

pseudogenes appear to have arisen by an RNA-mediated insertion at a site 

in the genome previously unoccupied by such a sequence; the flanking 

regions of these sequences are not shared by any other U-RNA genes. 

The study of these pseudogenes has contributed substantially to an under

standing of events that have influenced the evolution of the eukaryotic 

genome . Furthermore , a detailed characterization of the interrelation

ship between U-RNA pseudogenes and their functional counterparts may well 
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prove essential to the full understanding of events that have shaped the 

U-RNA multigene families. 

The irr~ortance of the U-RNAs themselves, the transcriptional control 

of their respective genes, and the unique insights that a full under

standing of U-RtJA gene:pseudogene organization may afford with regard to 

the evolutionary processes acting on the genome, have all promoted much 

interest in the U-RNA genes; for this reason, I have undertaken a study 

of the Ul multigene family in the mouse, about which very little is 

known. This gene family consists of genes for both mouse Ula and Ulb 

RNAs. Ulb RNA is found only in mouse cells; consequently, a detailed 

study of Ulb genes may well provide unique insights regarding the evolu

tion of U-RNA genes. Since Ulb genes are unique to the mouse, the evolu

tionary time frame in which the Ulb multigene family presently exists 

may be different from that of Ul multigene families in other organisms. 

Events currently shaping the organization of mouse Ulb genes may si~ilarly 

have influenced the organization of Ul genes in other organisms long ago. 



B. REVIEW OF THE LITERATURE 

1. Structure and Proposed Function of the U-RNAs 

A discrete group of small RNA molecules is found in the nucleus of 

all higher eukaryotes. Small nuclear RNA molecules, snRNAs, range in 

size from 90 to 400 nucleotides and have sedimentation coefficient of 

4-7S. Among the RNAs in this size range are SS and 5.8S ribosomal 

RNAs, the transfer RNAs (tRNAs) and their precursors, and six additional 

RNA species each of distinct size that have a high content of nucleotide 

uridine. These RNA molecules are collectively referred to as the 

U-RNAs and are designated U1 , U2 , U3, U4, US , and U6. In Novikoff 

hepatoma cells (rat origin) these RNAs are 165, 188, 214 , 145, 118, and 

108 nucleotides long, respectively (Reddy et ~·, 1974; Reddy et ~·, 

1981a; Reddy _tl.!l_., 1980; Reddy et .!}_., 1981b; Reddy and Busch , 1981; 

Epstein et ~·, 1980) . In Novikoff hepatoma cells, three variants of U3 

RNA have been identified, two of which are referred to as U3a and U3b; 

the third species is a minor variant of U3b (Reddy et~., 1980). U3a 

and U3b are each 214 nucleotides long and differ from one another in 

12 positions. Mouse cell nuclei contain a variant of U1 RNA that is 

designated U1b RNA; this RNA is one nucleotide longer than U1 RNA and 

differs slightly in sequence over a short region in the middle of the 

molecule (Lerner and Steitz, 1979; ~1arzluff et.!l_., 1983). Mouse U1 RNA 

is like the U1 RNA of other vertebrates (see below) but is referred to 

as U1a to distinguish it from the U1b variant. Although other RNA 

species do exist, the tRNAs, rRNAs and U-RNAs comprise a major portion 

of the low molecular weight species found in the nucleus. 
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U1 RNA is the most abundant of the six U-RNA species, with approxi 

mately one million copies of this RNA in each mamMalian cell nucleus 

(Lerner and Steitz, 1979). The other five RNAs exist in concentrations 

of 100,000 to 500,000 copies per cell (Busch et ~-, 1982). These RNAs 

are all unusually stable, with half lives of up to one cell cycle. 

Detailed sequence analysis of Novikoff hematoma U1 RNA has confirmed 

that it contains a large number of uridine residues many of which are 

clustered, and that the molecule is 165 nucleotides long (Reddy et ~., 

1980). Subsequent sequence analysis and RNA fingerprinting have shown 

that the nucleotide sequence of U1 RNA from chicken , rat, and man is 

highly conserved; each is 165 nucleotides long and the sequences are 

identical in all but 9 places where single base changes have occurred 

(Branlant et ~-, 1980; Reddy et ~- , 1981; Lerner et .!}_. , 1980). The 

other five U-RNAs also exhibit a very high degree of sequence conserva

tion with their respective counterparts among vertebrates (for a review 

see Busch et ~-, 1982) . 
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The nuclei of non-vertebrates such as the fruit fly, the sea urchin, 

and the slime mold Dictyostelium discoideum also contain small RNA 

species. Acrylamide gel electrophoresis of these snRNAs indicates that 

there are many differences among these RNAs relative to those found in 

higher vertebrates . However, several of these non-vertebrate RNAs are 

thought to be analogous to the U- RNAs of higher eukaryotes; for example, 

the snRNA D2 from Dictyostelium exhibits several blocks of homology with 

vertebrate U3 RNA (Wise and Weiner, 1980) . Similarly , the nucleotide 

sequence of Drosophila melanogaster U1 RNA is 70% homologous to verte

brate U1 RNA (Mount and Steitz, 1981) . 
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In contrast to the tRNAs and small rRNAs, all the U-RNA species 

are capped at their 5' termini. Following transcription of U1 through 

U5 RNAs, a trimethyl (m2,2 ,7 ) guanylate residue is linked to the 5' 

diphosphate group of the first transcribed nucleotide by a phosphodiester 

bond (Reddy et al., 1974; Reddy et al., 1981a; Reddy et al., 1980; -- --- --
Reddy ~t !l·, 1981b; Reddy and Busch, 1981). U6 is also capped but the 

identity of the nucleotide is not yet known (Epstein et ~·, 1980). 

The ribose portion of the first two transcribed nucleotides in U1, U2, 

U4, and U5 also contains a 2'-0 methyl group while the first nucleotide 

alone in U3 RNA is methylated in this fashion. The corresponding 

positions in U6 RNA are unmodified (Epstein et ~·, 1980). 

The cap structures of the U-RNAs are similar to those found in 

messenger RNA molecules ; however, a methyl (m7) guanylate residue is 

linked to the 5' terminus of mRNA. The first one or two transcribed 

nucleotides in mRNA are also 2'-0-methylated in a similar fashion to the 

U-RNAs. The general similarities of these cap structures has led to 

the suggestion that the U- RNAs may be transcribed by RNA polymerase II, 

the same enzyme that transcribes the mRNA molecules. RNA polymerase I 

is known to transcribe 5.85 ribosomal RNA and the large rRNAs (Reeder 

and Roeder, 1972) while the tRNAs and risobomal 5S RNA are transcribed 

by RNA polymerase III (Weinmann and Roeder, 1974). U1 and U2 biosynthe

sis in both whole-cell and cell - free systems is abolished by alpha

amanitin at concentrations that inhibit RNA polymerase II but not RNA 

polymerase III (Ro-Choi et ~·, 1976; Gram-Jensen et !l·, 1979; Roop et 

~·, 1981). Since RNA polymerase I is insensitive to alpha-amanitin, 

these findings also suggest that RNA polymerase II is responsible for 

the synthesis of U1 and U2 and presumably the remaining U-RNAs. 
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Attempts to define more precisely the molecular environment in which 

the U- RNAs exist proved difficult at first. In 1978, Howard showed that 

Ul and U2 RNAs are associated with two types of r1bonucleoprotein (RNP) 

particles isolated from mouse cell nuclei. One group of RNP particles 

sediments in the lOS region of sucrose gradients while the other group, 

known as heterogeneous nuclear ribonucleoprotein (hnRNP) particles, 

sediments in the 30-60S region of these gradients . HnRNP particles 

consist of a specific group of proteins complexed with heterogeneous 

nuclear RNA, hnRNA. Primary RNA transcripts of structural genes comprise 

the hnRNA population found in the nucleus . Post- transcriptional modifi

cation of these RNA molecules subsequently yields mature messenger RNA. 

Presumably , the proteins associated with hnRNP particles play a crucial 

role in these maturational events. The association of Ul and U2 with 

these particles thus raised the possibility that these molecules may be 

involved in some aspect of the maturational events that yield messenger 

RNA. It should be pointed out , however, that the bulk of small stable 

RNAs were recovered from the lOS RNP particles. 

U3 RNA is also associated with protein in the cell nucleus (Prestayko 

et ~· , 197la; Zieve and Penman , 1976). Unlike the remaining U- RNAs , 

U3 RNA is located exclusively in the nucleolus. Furthermore , this RNA 

is hydrogen-bonded to the ribosomal RNA species 28S and 35S rRNA 

(Prestayko et ~· , 197lb). The association of U3 RNA with both nucleolar 

proteins and the ribosomal RNAs themselves strongly suggests that U3 

RNA may be involved in some aspect of ribosomal RNA maturation from the 

45S precursor transcript . This suggestion is supported by the observa

tion that U3 RNA is not associated with rRNAs in stochiometric amounts , 

as would be expected if U3 RNA were functionally associated with these 

rRNAs in the ribosome . 
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A substantially improved understanding of the interaction between 

the U- RNAs and protein was made possible by the discovery that patients 

with systemic lupus erythematosus have circulating autoantibodies 

directed against nuclear RNP particles (Lerner and Steitz, 1979). 

Antibodies prepared from the serum of one patient selectively immune

precipitate U1a, U1b , and seven proteins , designated A-G, from a mouse 

ascites cell nuclear supernatant prepared by sonicating isolated nuclei . 

This antibody preparation is designated anti(Ul)-RNP . Another antibody 

preparation from the serum of a different patient , designated anti - Sm, 

selectively precipitates U1a, U1b, U2, U4 , US , and U6 and the same set 

of proteins from the ascites nuclear supernatant . U3 RNA is located 

exclusively in the nucleolus (Prestayko et ~· , 1971a) ; since nucleoli 

are not present in the nuclear supernatant preparations, the absence of 

immunoprecipitated U3 RNA was expected. The immunoprecipitated proteins 

range in size from 12 ,000- 35,000 daltons. The cumulative molecular 

weights of the seven proteins and any single U- RNA species is consistent 

with previous estimates of 200 ,000 dalton RNP particles that sediment 

in the 7- 10S range of sucrose density gradients (Mattioli and Reichlin , 

1971; Northway and Tan , 1972; Howard, 1978). The complex of any one of 

the U- RNAs alone with a set or subset of the 7 proteins is thus termed 

an snRNP particle. This concept is supported by the ability of 

anti(Ul) - RNP , which recognizes a physically distinct antigenic determi 

nant from anti-Sm, to precipitate particles that contain U1 RNA alone. 

The presence of unique antigenic determinants in U1 snRNPs not 

found on the other snRNPs suggests that structural differences exist 

between them. This i s supported by the observation that U1 snRNPs are 

slightly l arger and more homogeneous than the snRNP particles recognized 
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by anti-Sm antibodies. These observations were confirmed in a study in 

which U1 snRNP particles were biochemically separated from U2 through U6 

snRNPs (Kinlaw et 2_}_., 1982, 1983; Hinterberger et .!!_., 1983) . All 

snRNPs contain a core of six proteins B, B', 0, E, F, and G. U1 snRNPs 

also have the additional proteins A, C, and a 68,000 dalton protein, none 

of which is found in any of the other snRNPs. Two proteins, A' and B11 

were also shown to be uniquely associated with U2 snRNPs following the 

discovery of antibodies that selectively precipitate these particles 

alone (~1imori et 2_}_., 1984; Pettersson et 2_}_. , 1984). Seven of the 

eleven proteins that comprise snRNPs were previously recognized as con

stituents of snRNP particles by Lerner and Steitz (1979). The presence 

of additional proteins in U1 snRNPs would adequately account for both 

their slightly larger size and the existence of unique antigenic deter

minants. Furthermore , the notion that each snRNP contains a single U- RNA 

has been largely confirmed by these studies . There is one exception , 

however, in that U4 and U6 RNAs appear to coexist in the same snRNP 

particle (Hashimoto and Steitz, 1984) . 

The quantitative precipitation of the U-RNAs from nuclear super

natants as components of snRNP particles indicates that the U-RNAs are 

not integral structural components of hnRNP particles as previously 

reported (Demiel et2J_., 1977; Howard , 1978). The core proteins of the 

30S hnRNP particle range in size from 30,000 to 40,000 daltons and are 

clearly different from those in snRNPs . Furthermore, snRNPs are selec

tively immunoprecipiated by anti -Sm from the 30S region of sucrose 

gradients on which nuclear extracts have been fractionated, indicating 

that U- RNAs in this region are components of snRNPs rather than hnRNPs 

(Lerner et 2_}_. , 1980). The association of U- RNAs with 30S hnRNP thus 



seems to be a consequence of the interaction between snRNPs and hnRNPs 

and is likely to represent a functional relationship between the two 

particles (Lerner et al., 1980; Brunel et~. , 1981). -- -
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The high degree of conservation of the U- RNAs and the association 

of the particles in which they reside with hnRNPs immediately implicated 

snRNPs in sorre fundarrental aspect of primary transcript maturation that 

ultimately yields mature messenger RNA (Lerner and Steitz , 1979 ; Murray 

and Holliday , 1979) . One maturational event of particular interest 

involves the removal of regions in hnRNA that are not found in mature 

messenger RNA and therefore do not code for amino acids. These regions 

are known as introns and interrupt the coding regions of hnRNA , the 

exons . Precise removal of introns and the subsequent splicing of exons 

result in the uninterrupted coding message of mature mRNA . A detailed 

sequence analysis of intron -exon splice junctions of severel well 

characterized genes has revealed that the consensus sequence for these 

regions is complementary to the 5' end of U1- RNA (Lerner et ~· , 1980) . 

Bases 4 through 9 at the 5' terminus of U1 RNA are complementary to 

bases at the 5' ends of introns in many genes. U1 bases 10 through 15 

are complementary to bases at the 3' ends of these introns . If base 

pairing occurs between these complementary regions the intron would 

loop out in order to align the bases correctly, and in so doing would 

also bring the exons that are to be spliced together into close prox

imity. Thus , the interaction of U1 RNA with the intron-exon junctions 

of hnRNA might result in a critical spatial arrangerrent of these regions 

that is required if precise intron removal and subsequent exon splicing 

is to take place . Once the appropriate alignment of the splice site is 

attained , the RNA strand scission and subsequent religation reactions 
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that must presumably take place would be accomplished enzymatically by 

one or more of the proteins in the snRNP particle (Lerner et ~·, 1980; 

Rogers and Wall, 1980) . Implicit in these findings is the conserved 

nature of the 3' and 5' ends of introns, at least for a few nucleotides. 

Consensus sequences for the 5' and 3' ends are ~GUAAGU and YYYUNCAG +, 

respectively, where Y represents pyrimidines, N is any base and the 

arrow indicates the intron-exon boundary . The underlined GU and AG 

residues found at the beginning and ends of introns are very highly 

conserved and probably represent the most important features of the 

consensus sequence. These findings implicate the U1 snRNP particle in 

some aspect of intron removal and subsequent exon splicing of pre

messenger RNA to yield mature message. 

The proposed functions of the other snRNP particles have remained 

more obscure since none of the other U- RNAs have regions complementary 

to intron-exon junctions at their 5' ends. Despite this, the generally 

similar nature of these particles indicates that they may have related 

hnRNA processing functions . This is particularly true of snRNPs con

taining U2 RNA ; these molecules are complementary to regions at intron

exon junctions of several genes that fall within the exon , rather than 

the intron as is the case for U1 RNA (Ohshima et ~·, 1981) . The region 

of complementarity in U2 RNA is in the middle of the molecule , rather 

than at its 5' end. The proposed splicing mechanisms for U2 snRNPs are 

otherwise completely analogous to those for U1 snRNPs and may even act 

in concert to ensure speci ficity of splicing (Ohshima et ~., 1981) . 

Similar findings have also been reported for U6 RNA (Harada et ~., 1980) . 

Recently , U2 snRNPs have also been implicated in some aspect of SV40 

viral DNA replication; a sequence at the s• end of U2 RNA exhibits 

homology with the vi ral origi n of replicati on (Savou ret et ~., 1984) . 



The proposed role of the U- RNAs in splicing is strongly supported 

by several observations: First, a mouse RNA , designated Ula* RNA, is 

identical to Ula except that it lacks the cap moiety and the first six 

unmodified nucleotides at the 5' end of the molecule . Ula* , like Ula , 
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is a const1tuent of snRNP particles and is selectively immunoprecipitated 

by anti - Sm from the lOS region of sucrose density gradients . In contrast 

to Ula snRNPs, however , snRNP particles containing Ula* do not cosediment 

in the 30S region with hnRNP particles. The interacti on of Ul snRNPs 

with hnRNPs thus seems to depend critically on the 5' end of Ul RNA , the 

region thought to interact directly with hnRNA (Lerner et ~· , 1980) . 

Second , sequence analysis of a short intron in the chicken ~3 collagen 

gene has revealed the presence of intron-exon splice junction consensus 

sequences complementary to the 5' end of Ul RNA , indicating that splice 

sites may exist within the intron and that this intron ~Y be removed in 

a stepwise fashion by a series of splicing events. The splicing inter

mediates hypothesized on the bas i s of hnRNA- Ul RNA complimentarity were 

subsequently detected , providing the first tangible evidence that the 

suggested mechanism may indeed be accurate (Avvedimento et ~·, 1980) . 

The proposed splicing model predicts that the 5' end of Ul RNA and 

the middle of U2 RNA should be hydrogen-bonded to the intron -exon 

boundaries of hnRNA . The possibility that these interactions exist~ 

vivo has been examined with a psoralen derivative 4-amino-methyl -4, 5',8-

trimethylpsoralen (AMT) , which is capable of penetrating living cells. 

AMT intercalates into accessible regions of base-paired RNA. Exposure 

to 365 nm ultraviolet light subsequently results in a photo- induced 

covalent crosslinking of the RNAs by intercalated AMT . Crosslinks are 

reversed by exposure to 256 nm ultraviolet light , thus allowing 
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separation of formerly crosslinked RNA species. Treatment of Hela cells 

with this reagent and subsequent irradiation at 365 nm resulted in the 

specific crosslinking of both U1 and U2 RNAs to the hnRNA isolated from 

these cells. These results indicate that U1 and U2 are capable of 

hydrogen-bonding to hnRNA and further substantiate the proposed role of 

U1 and U2 RNAs in splicing (Cal vet and Pederson, 1981; Cal vet et ~·, 

1982). 

Another series of experiments more directly supports the contention 

that snRNPs are involved in splicing and are as follows: maturation of 

adenovirus primary gene transcripts froM early regions one and two 

involves splicing and occurs in vitro in nuclei isolated from infected 

Hela cells . Incubation of infected nuclei with either anti(Ul}-RNP or 

anti - Sm antibodies severely inhibits the appearance of mature early 

mRNA species; furthermore , the primary transcripts that ultimately give 

rise to these mRNA species rapidly accumulate in these nuclei . Incuba

tion of nuclei with anti - la antibodies which recognize a different 

class of nuclear RNPs has no such effect (Yang et ~·, 1981). These 

results have been confirmed more recently in an improved ~ vitro 

splicing system; whole cell extracts prepared from Hela cells are 

capable of transcribing one fragment of adenovirus DNA and subsequently 

splicing its RNA product (Padgett et ~., 1983a; Hernandez and Keller , 

1983). The adenovirus DNA fragment contains the first two coding 

segments of the tripartite leader sequence from the adenoviral late 

region. The two coding segments are separated by a short intron. The 

whole cell extract first transcribes a colinear RNA from the DNA fragment . 

The cell extract then catalyzes the removal of the intron segment from 

the transcript followed by the precise joining of the 2 exons (Padgett 
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et ~·, 1983b) . When either anti(U1)-RNP or anti-Sm antibodies are 

pre-incubated with the Hela cell extract prior to addition of the adeno

virus DNA fragment, the only transcribed RNA species aetected is the 

unspliced primary transcript. This experiment shows that although 

transcription occurs normally, splicing of the RNA is inh1bited in the 

presence of antibodies that recognize snRNPs particles (Padgett et ~·· 

1983b). Anti(U2) - RNP, anti-La and other antibodies directed against 

different nuclear RNPs do not inhibit the appearance of the spliced RNA 

product when preincubated with the Hela cell extract and therefore do 

not inhibit splicing. The inability of anti(U2)-RNP to inhibit splicing 

is unexpected; however , since this system examines the removal of only 

one of many hundreds of introns that exist, it is certainly premature 

to rule out a splicing function for U2 snRNPs . 

The evidence that most strongly supports the proposed role of 

U1 RNA and the particle in which it resides was obtained by Mount et 

~· (1983). The interaction of isolated U1 snRNP particles with an RNA 

transcript prepared~ vitro from a cloned major mouse 8 globin gene 

was examined. The artificial primary transcript consists of the entire 

small intron flanked by about 150 bases of coding sequence on either 

side. This RNA molecule therefore has one 5' and one 3' intron-exon 

boundary consensus sequence . The U1 snRNP particle binas specifically 

to the 5' intron-exon junction but not to the 3' junction or the control 

RNA which does not contain the consensus sequence. Mild digestion of 

the snRNP particle with Proteinase K abolishes the ability of the par

ticle to bind to the 5' splice site, but leaves the Ul RNA undegraded 

and the particle fully immunoprecipitable . Thus , the proteins in the 

particle seem to play a crucial role in the ability of the U1 snRNP 
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particle to bind to hnRNA. Conversely, pretreatment of the Ul snRNP 

particle with micrococcal nuclease to destroy the RNA moiety also 

abolishes the ability of Ul snRNPs to bind specifically to the 5' splice 

site. Instead, these particles bind non-specifically to the RNA over 

its entire length. An attractive explanation for these results is that 

Ul RNA governs the specificity of the snRNP interaction with the RNA 

transcript by virtue of its complementarity to intron-exon splice 

junctions, and that the snRNP-associated proteins are essential for a 

stable binding of the particle to those sites. However, these observa

tions do not rule out the possibility that the important interaction is 

between Ul RNA and the proteins of the snRNP particle, rather than the 

transcript . Although these findings substantially confirm the roles of 

Ul RNA and Ul snRNP particles, the lack of detectable interaction between 

these particles and the 3' end of the intron may require a revision of 

the original splicing model. The interaction of Ul RNA with the 3' ends 

of introns may not be as important as at first thought . This possibility 

is supported by the observation that the portion of Drosophila Ul RNA 

that interacts with 5' ends of introns is identical to mammalian Ul RNA 

while the region of Drosophila Ul RNA that supposedly interacts with 

3' ends of introns is quite different {Mount and Steitz, 1981). 

2. The Structure and Organization of U-RNA genes 

The remarkable conservation of U1 RNA among higher vertebrates and 

the proposed biological function of this RNA species have generated much 

interest in the nature of the genes that encode these molecules . The 

first U1 gene characterized was isolated from the chicken genome (Roop 

et ~- , 1981) . Four identical phage clones, each carrying a single U1 

sequence , were isolated from a chicken genomic DNA library using a cloned 
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U1 eDNA probe. The nucleotide sequence of the coding strand of this 

gene is completely complementary to the known chicken U1 RNA sequence 

and contains no introns . The chicken U1 RNA is capped with trimethyl 

guanosine and is therefore one nucleotide longer than its template. The 

only other vertebrate genes lacking introns that are transcribed by RNA 

polymerase II encode the very highly conserved histone proteins . Southern 

blot analysis of chicken DNA with the U1 eDNA probe indicates that there 

are 6 to 10 copies of the U1 gene in the chicken genome (Krista et ~., 

1984). This value is in agreement with the results of reassociation 

kinetics experiments that also estimate gene copy number (Roop et ~., 

1981) . 

A similar study of U1 genes in the human was also conducted (Denison 

et !l· , 1981) . Thirteen different recombinant phage clones were isolated 

from a library of human DNA fragments using a radiolabeled U1 RNA probe. 

Each phage clone represents a distinct genomic locus and contains only 

one U1 sequence . Detailed sequence analysis of one clone (pU1 -11) has 

revealed that the U1 template sequence is incapable of coding for the 

known U1 RNA sequence . The U1 DNA sequence contains point mutations 

throughout its length ; a few of these changes would have altered the 

sequence at the 5' end of U1 RNA , the region thought to interact with 

hnRNA. The DNA sequence is also truncated, missing the last 30 nucleo

tldes that encode the 3' end of U1 RNA. This imperfect and presumably 

nonfunctional U1 DNA sequence is thus called a pseudogene . The U1 

sequence in the remaining 12 clones also appear to be pseudogenes , based 

on the inabil i ty of these clones to completely protect U1 RNA from 

digestion by single- strand specific RNase T1 . The inci dence of U1 

pseudogenes in the human genome was quite unexpected since none was 
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initially found in the chicken genome. Two such sequences, however, have 

recently been isolated from the chicken and characterized in detail 

(Kr1sto et ~., 1984). U-RNA pseudogenes are discussed below in greater 

detail . 

U1 sequences that might represent functional genes were selected 

from a library of human DNA fragments by limiting the ability of a radio

labeled U1 eDNA probe to hybridize to relatively divergent U1 pseudogene 

sequences (Manser and Gesteland, 1981). Seven different phage clones, 

designated HSDl through HSD7, are capable of forming very stable hybrids 

with the U1 sequence probe . Each of the seven fragments of human DNA 

is from a distinct location in the hun2n genome. Each clone contains a 

single Ul sequence that in all cases is a perfect U1 RNA template , as 

determined by DNA sequence analysis . Furthermore , the 5' flanking 

sequences immediately upstream from the coding regions in all seven 

clones are identical for at least 105 nucleotides. The U1 sequences in 

these clones are thus likely to represent functional human Ul genes 

(Manser and Gesteland, 1982). Interestingly , the seven clones can be 

divided into two groups on the basis of restriction map analysis . 

Members of one group , consisting of HSD1 and HSD3 , have a very similar 

pattern of restriction sites that extend from the 5' end of the Ul coding 

region to the end of the cloned insert. A completely distinct arrange

ment of restriction sites is shared by the remaining clones that comprise 

the second group . The pattern of restriction sites upstream from the Ul 

coding sequences in the second group is identical for four kilobases ; 

thereafter , the maps become quite different. Hybridization experiments 

have confirmed that identical restriction maps in all cases are indeed a 

consequence of very similar, if not identical , nucleotide sequences. In 



20 

both groups , the restriction maps downstream from the coding sequences 

are much less well conserved. These findings indicate that multiple 

genes coding for human U1 RNA are found in relatively few distinct 

genomic environments. Genes that share similar 5' flanking sequences 

over many kilobases are thus members of the same rultigene family. Two 

such families are represented by the two groups of clones characterized 

in this study. Although the members of the two r.ultigene families share 

5' flanking sequence homology in the immediate vicinity of the genes , 

this homology does not appear to extend more than a few hundred nucleo

tides. DNA probes prepared from regions further upstream of any gene 

from one family do not hybridize to any portion of a clone that contains 

a gene from the other family. 

The possibility that functional U1 genes are members of multigene 

families is confirmed by Southern blot analysis of human DNA with a Ul 

sequence probe (Manser and Gesteland , 1981 and 1982). The strength of 

several hybridization signals from these blots clearly indicates that 

the corresponding DNA fragments are represented rultiple tines in the 

genome. Furthermore , the sizes of most of these fragments are consistent 

with their having arisen from one or the other characterized rultigene 

faMily. Those fragments that could not be explained in this fashion may 

have arisen from additional multigene families not yet identified. 

Alternatively , these fragments may have resulted from a novel pseudogene 

arrangement since no clones representing these putative families have 

been isolated. These studies have also yielded estimates of about 100 

functional genes and ten times as many pseudogenes per human haploid 

genome, considerably more than are thought to exist in the chicken 

genome (Krista ~!I·, 1984). 
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The immediate 3' flanking sequences of the seven characterized 

human U1 genes are very similar for about 50 nucleotides ; thereafter the 

sequences diverge s1gnificantly . The first 30 nucleotides of the 3' 

flanking sequence of chicken and human U1 genes are 80% homologous. In 

contrast , the s• flanking sequences of Ul genes in these two organisms 

appear to be completely unrelated. No canonical AATAAA poly{A) addition 

signal is found at the 3' end of either the human or chicken genes . This 

sequence is found in many RNA polymerase !!- transcribed structural genes 

and is thought to ensure accurate polyadenylation of gene transcripts 

(Proudfoot and Brownlee , 1976) . 

A particularly interesting feature of the chicken and human U1 genes 

is that no Hogness box is present upstream from the coding region for 

at least 150 nucleotides. The Hogness box has the consensus sequence 

TATAAT and is found approximately 25 bases upstream from the transcrip

tional start site of ~st RNA polymerase II - transcribed genes that have 

been sequenced . The precise initiation of transcription by RNA poly

merase II i s thought to depend at least in part on the interaction of 

this enzyme with the Hogness box DNA sequence (Gorden et !l·, 1980) . 

The sequence TATGAG , however , is fou nd starting 36 nucleotides upstream 

from the human Ul gene coding sequence and may be a functional equiva lent 

of the Hogness box . Clearly , precise transcription of the chicken and 

possibly the human U1 genes is likely to depend on different polymerase II 

recognition signal sequences. Several viral genes transcribed by this 

RNA polymerase also lack Hogness boxes. These genes are the adenovirus- 2 

early II (Baker et El· , 1979) , SV40 late (Fiers et .!}_. , 1978 ; Ghosh et 

!l· , 1978) , and polyoma 1 ate ( Fl ave 11 et !l·, 1980} . Thus , the Hogness 

box sequence is not an abso lute requ i rement for transcri ption by RNA 

po lymerase I I. 
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Analysis of phage clones containing functional human Ul genes has 

provided some information regarding the organization of these sequences 

in the genome . All phage clones isolated to date contain a single U1 

sequence in 15 kilobases of human DNA , regardless of whether or not the 

sequence is functional. This observation suggests that human Ul genes 

are not tandemly repeated in the conventional sense; these findings do 

not rule out the possibility that a tandem repeat exists in which the 

genes are separated by more than 15 kilobases . The organization of U1 

genes in the rat appears to be different . Two phage clones have been 

isolated from a library of rat DNA fragments that each contain two U1 

sequences (Watanabe-Nagasu et ~ .• 1983). Both sequences in one clone 

are pseudogenes while the other clone contains perfect rat U1 RNA 

template sequences. The functional genes are separated by 3.4 kilobases 

and are in the opposite transcri ptional orientation, pointing away from 

each other. The two pseudogenes are separated by 3 kilobases and are 

in the same orientation. The two genes share identical 5' flanking 

sequences for 450 nucleotides that are quite different from the corre

sponding regions in both chicken and human U1 genes. Furthermore, 

sequences on the 3' side of each rat gene are also identical for 150 

nucleotides. The conserved 3' flanking sequence of one gene, however, 

is interrupted by the insertion of a 101 nucleotide identifier sequence, 

a middle-repetitive sequence element found in the rat genome. Inter

estingly, the identifier sequence is associated with many rat structural 

genes that are expressed only in the brain; this sequence element, 

however, is not found in association with the corresponding genes in 

other tissues (Sutcliffe et ~·· 1984) . Although this study is far from 

exhaustive, the organization of Ul genes in the rat genome seems to 
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differ from the organization of human U1 genes. Furthermore , the struc 

ture of U1 genes in the chicken , rat, and human appears not to be highly 

conserved; although the coding regions of these genes are necessarily 

similar, the 5' flanking sequences are quite different. 

The organization of U2 genes in the human genome appears to be quite 

different from that of human U1 genes. Approximately 20 U2 genes are 

thought to exist in the human genome , the majority of which are tandemly 

repeated in a single array (Van Arsdell and Weiner, 1984) . The genes 

are separated by 6.2 kilobases and share very similar , if not identical , 

flanking sequences that bear no extensive homology to any U1 gene 

flanking regions. Thus , human U2 genes also comprise a multigene family 

which is characterized by the conserved genomic environment of its 

members . Southern blot analysis of these genes results in hybridization 

patterns that are characteristic of tandemly repeated sequences. A 

similar analysis of the rat genome failed to detect any evidence of a 

tandemly repeated U2 multigene family in this organism (Tani et 2l·' 

1983) . Rather , rat U2 genes appear to be organized as members of gene 

families that are relatively dispersed in the genome , perhaps not 

unlike the organization of U1 genes in the human (Tani et ~., 1983). 

The striking differences in the organization of human U1 and U2 genes 

are surprising considering the structural and functional similarities 

of the respective RNAs . 

As previously discussed , chicken and human U1 genes lack a con

ventional Hogness box 25 nucleotides upstream from the U1 RNA template 

sequence . This is also true for rat Ul genes (Watanabe- Nagasu et ~· , 

1983) and human U2 genes (Van Arsdell and Weiner , 1984). Furthermore , 

Ul and U2 genes from these organisms each have distinct 5' flanking 
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sequences. Thus, features of the s• flanking sequence that are respon

sible for precise initiation of transcription may well be different in 

each case. On the other hand, if a common recognition signal is shared 

by these genes, its structure may well be conserved among otherwise 

dissimilar s• flanking sequences. The transcription of human U1 and U2 

genes has therefore been examined in an attempt to define those regions 

that are important in this process. DNA fragments containing a human 

U1 gene , its 31 flanking sequence, and variable portions of the conserved 

s• flanking sequence were microinjected into the nucleus of Xenopus 

laevis oocytes . Fragnents containing at least 231 nucleotides of s• 

flanking sequence are transcribed efficiently in this system, yielding 

mature human Ul RNA (Skuzeski et ~·, 1984) . A DNA fragment containing 

only 203 nucleotides of s• flanking sequence , however, does not function 

as a U1 RNA template, indicating that the region between -203 and -231 

contains a sequence essential for efficient transcript1on of human U1 

genes . Skuzeski et ~· (1984) also showed that transcription is initi 

ated at the first nucleotide of the U1 gene , rather than at a point 

further upstream in the s• flanking sequence. This finding suggests 

that a U1 RNA precursor extended at its s• terminus is not synthesized 

~vivo, as was previously reported by Murphy et ~· (1982); they noted 

that U1 gene transcripts synthesized in Hela cell nuclear extracts are 

initiated 183 nucleotides upstrea~ from the U1 sequence. In light of 

the study described above, this observation is now considered artifactual 

and is attributed to the shortcomings of the in vitro transcription assay 

(Skuzeski ~.!}_., 1984). 

Skuzeski ~.!}_. (1984) also note that the removal of a portion of 

s• flanking sequence lying between -6 and -105 does not abolish 
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transcriptional activity of the U1 tel'lplate . The transcript , however , is 

incorrectly initiated at - 111 to - 112 , rather than at +1 . The transcript 

is 11 to 12 nucleotides longer than nornal U1 RNA and is capped with 

7-methyl guanosine instead of trimethyl guanosine , the usual U1 RNA 

capping nucleotide. In addition , a Dt~A fragment that is missing nucleo

tides from +27 to - 105 is also efficiently transcribed ; the similarly 

capped transcript is initiated in the same place and is appropriately 

shorter. These results indicate that sequences between -6 and - 105 are 

responsible for precise initiation of transcription at +1 of the U1 

sequence . Furthermore , sequences within the gene itself do not appear 

to be i~ortant in the initiation of transcription. In addition to the 

precise initiation of transcription , sequences between - 6 and - 105 also 

appear to specify the unusual cap structure found in U1 gene transcripts; 

without this region, the RNAs receive the cap structure characteristic 

of other RNA polymerase II transcripts. 

The transcription of the tandemly repeated human U2 genes has also 

been examined (Westin~~· , 1984). A region of the 5' flanking 

sequence lying between - 258 and - 198 is essential for the efficient 

transcription of these genes in Xenopus oocytes. Thus, the transcrip

tional requirement for sequences 200 to 250 nucleotides upstream from 

the coding sequence is shared by both human Ul and U2 genes. The 

corresponding regions in each U1 and U2 gene are characterized by direct 

repeats and are discussed further in the discussion section. Experiments 

similar to those described above to determine the importance of sequences 

closer to the transcriptional start site were not performed . However, 

this study has revealed that a minor portion of the U2 RNA transcripts 

are extended by at least 7 nucleotides at their 3' termini. Pulse-chase 



26 

experiments indicate that this species is a U2 RNA precursor rather than 

an aberrantly terminated transcript (Westin et !l·, 1984). S1 nuclease 

protection experiments have also detected the presence of 3' extended U2 

RNA transcripts in the rat {Tani et !l·, 1983) . Westin et !l· (1984) 

report that the pre- U2 RNA contains a fully mature 5' cap structure 

consisting of the trimethyl guanosine and the first two ribose-methylated 

nucleot1des, but lacks many of the internal methylations found in mature 

U2 RNA. This observation suggests that different methylases may be 

involved in the Maturation of the 5' cap site and internal nucleotides, 

and that capping occurs before internal a-methylation. 

U-type RNAs or their equivalent have been described in lower verte

brates and invertebrates . The three predominant snRNAs in the slime mold 

Dictyostelium discoideum are designated 01, 02, and 03. The 3 RNAs have 

5' terminal cap structures similar to those described for eukaryotic 

messenger RNA (Wise and Weiner, 1981). 02 RNA is the nost abundant 

and exhibits several blocks of homology with rat U3 RNA (Wise and Weiner, 

1980). Five different fragments of Dictyostelium genomic DNA hybridize to 

a cloned 02 gene. Several of these sequences are likely to be functional 

since mino r heterogeneity of the 02 RNA sequence is known to exist . In 

contrast to the functional U- RNA genes of mammals, the flanking regions 

of the 02 sequences do not appear to be conserved. A small nuclear RNA , 

designated snR3, is found in the yeast Saccharomyces cerevisiae and is 

highly conserved among many fungi {Wise et !l·• 1983; Tollervay et ~·, 

1983). The secondary structure and sequence of snR3 suggest that it is 

analogous to mammalian U4 RNA (Tollervay et ~· · 1983). SnR3 and other 

yeast snRNAs are metabolically stable and are capped at their 5' termini. 

In marked contrast to the U- RNAs of higher vertebrates, there is only 
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one gene for snR3 in the yeast genome; furthermore, removal of this gene 

from the yeast genome does not prevent its growth. One explanation of 

this finding is that snR3 is functionally redundant and that other RNAs 

can function in its place . Indeed, five other yeast snRNAs are thought 

to be analogous to the U-RNAs; these RNAs are also encoded by single 

copy genes (Tollervay et ~., 1983). 

U1 and U2 RNAs in Drosophila melanogaster are 70% and 77% homologous 

to the corresponding mammalian RNAs, respectively (Mount and Steitz, 

1981; Alonso et 21·, 1983) . At most, 4 U1 and 4-5 U2 sequences are 

thought to exist in the Drosophila genome; four of the U2 sequences share 

similar flanking sequences and are probably functional (Alonso et 21·, 
1983; Saluz et !l· , 1983). Furthermore, a region upstream from these U2 

sequences extending from -25 to -65 is 80% homologous to the sane region 

flanking the only characterized Drosophila U1 gene sequence (Beck et ~· , 

1984). This region of homology begins with a sequence similar to the 

Hogness box consensus sequence and is thought to be important in the 

transcription of Drosophila U1 and U2 genes . A canonical AATAAA poly-

adenylation signal follows all these sequences at exactly the same 

position in the 3' flanking region; it is likely that this sequence is 

more directly related to the termination of transcription than poly

adenylation since these RNAs are not polyadenylated {Becket 21·, 1984) . 

The predominant small nuclear RNA species in the sea urchin are 

referred to as N1 and N2 and appear to ~ analogous to U-RNAs on the 

basis of their 5' cap structure; furthermore, sequence homology exists 

between N1 and mammalian U1 RNA (Card ~!l., 1982) . The organization 

of genes that encode N1 and N2, however, is quite unusual. There are 

several arrays of tandemly repeated N1 genes in the sea urchin genome . 



Each array conta1ns approximately 20 N1 genes , each separated by 

1. 4 kilobases. A completely analogous situation exists for N2 genes; 

several distinct arrays exist, each containing about 20 N2 genes spaced 

1. 1 kilobases apart . 
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A similar arrangement of U- Rr~A genes exists in the genome of Xenopus 

laevis; U1 , U2 , and US genes are all tandemly repeated in this organism 

(Mattaj and Zeller , 1983 ; Lund and Dahlberg , 1984). Xenopus U1 RNA is 95% 

homologous to mammalian U1 RNA; more than 1000 U1 genes are organized in 

nultiple arrays that each contain 15- 20 tandemly repeated U1 genes . Most 

arrays consist of a 1.8 kilobase repeating unit that constitutes the 

major repeated gene family. A few arrays, on the other hand , consist of 

a 1.2 kilobase repeating unit that make up the minor repeated gene family 

(Zeller et ~·, 1984 ; Lund and Dahlberg, 1984). There is no evidence 

that Ul pseudogenes exist in Xenopus . Between 500 and 1000 U2 genes are 

thought to be arranged in a similar fashion (Mattaj and Zeller , 1983) . 

No Hogness box is found upstream from either Xenopus U1 or U2 genes; 

however, comparison of the dissimilar 5' flanking sequence of these 

genes has revealed the presence of a short, conserved sequence 50 to 60 

nucleotides upstream from the coding region in both genes. The possi

bility that this region is important for the initiation of transcription 

is confirmed by the following observations: a DNA fragment containing a 

Xenopus U2 gene , 3' flanking sequence and 83 nucleotides of 5' flanking 

sequence is transcribed in Xenopus laevis oocytes . An identical 

fragment containing only 55 nucleotides of 5' flanking sequence , however , 

is not transcribed. This indicates that the conserved sequence 50 to 

60 nucleotides upstream from the coding region in this gene may be 

essential for transcription . A similar fragment containing a Xenopus 
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U1 coding region and 149 nucleotides of 5' flanking sequence is also 

transcribed in this system. However, experiments to determine whether 

or not the conserved sequence in the U1 gene is important for transcrip

tion were not performed. Clearly, the features that are important for 

efficient transcription of both Xenopus U1 and U2 genes are distinct 

from those of human U1 and U2 genes (Zeller et !l· , 1984). The important 

signals in Xenopus U2 genes, and quite possibly in U1 genes also , are 

55 to 80 nucleotides upstrea~ from the coding sequence , whereas equiva

lent sequences in human U1 and U2 genes are located 200 to 250 nucleo-

tides upstream in the flanking sequence. 

3. Structure and Organization of U-RNA Pseudogenes 

As previously discussed, preliminary attempts to isolate human U1 

genes revealed the presence of numerous U1 pseudogene sequences dispersed 

in the genome (Denison et al ., 1981) . These sequences appear to be ---
nonfunctional and are thought to outnumber transcriptionally active U1 

genes by as many as ten to one. Multiple pseudogene sequences also 

exist for human U2 and U3 RNAs (Denison et ~·, 1981). Ten human U1 

pseudogenes were isolated by Manser and Gesteland (1982) on the basis 

that these sequences formed less stable hybrids with a U1 probe than 

did functional genes . Detailed sequence analysis of one clone has 

revealed that it contains a full length complement of U1 RNA that is 

mismatched in seven places. The 5' flanking sequence of this pseudogene 

is completely different from the conserved 5' flanking sequences of 

previously characterized human Ul genes . Restriction maps of the other 

nine presumptive pseudogenes are each unique and do not resemble maps 

of either of the two characterized U1 multigene families . These 

observations suggest that at least some human Ul pseudogenes do not share 
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the conserved genomic environments of their functional counterparts . An 

analogous situation exists in the sea urchin and Drosophila; functional 

histone genes in these organisms are tandeml y repeated and therefore 

have conserved flanking sequences . Solitary , nonfunctional copies of 

these genes are found dispersed in the genon~s of these organisms , 

unassociated with the histone gene cluster (Childs et ~- , 1981) . The 

flanking sequences of these copies are completely unrelated to the 

flanking sequences surrounding the clustered genes, just as the flanking 

sequences of some U1 pseudogenes bear no homology to the conserved 

flanking sequences of U1 genes . The solitary histone gene copies are 

called orphons and are thought to have arisen by insertion of a gene 

coding sequence at a new genomic location; histone gene messenger RNA 

is thus strongly implicated in this process (Childs et ~., 1981). 

The possibility that at least some U- RNA pseudogenes might have 

arisen by a similar insertion mechanism is supported by the observation 

that many pseudogene sequences are flanked by short , direct repeats . 

In this context, a direct repeat refers to a single short sequence that 

appears in the same orientation on either side of a pseudogene. The 

previously described human Ul pseudogene Sn01 is flanked by perfect 16 

base pair direct repeats (Van Arsdell et ~· , 1981) . The 5' repeat 

immediately abuts the U1 coding sequence; the 3' repeat is separated 

from the pseudogene by 22 nucleotides of A-rich sequence. Six human U2 

pseudogenes are also flanked by perfect, or nearly perfect direct 

repeats; four of the repeats are 16 nucleotides long while the other two 

are 18 and 21 base pairs long (Van Arsdell et ~·, 1981; Van Arsdell and 

Weiner , 1984) . In al l cases , the 5' ends of the U2 pseudogene sequences 

correspond precisely to the s• end of a U2 RNA template sequence and are 



all immediately preceded by the 5' direct repeats. Each U2 pseudogene , 

however , is severely truncated at its 3' end; the site of truncation is 

different in five of the six clones and occurs 35 to 80 nucleotides 
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downstream from the conserved 5' end. The 3' direct repeats immediately 

follow the site of truncation in all six pseudogenes. Direct repeats 

also flank human U3 pseudogenes (Bernstein et 21·, 1983) and a mouse 

U1 pseudogene (Pychiazyck et il·, 1983) . Although not observed in t he 

U2 pseudogenes just descr ibed , the A- rich region found at the 3' end of 

SnD1 is quite a common feature of many pseudogenes ; A- rich regions 

are found linked to the 3' ends of slightly truncated human U1 pseudo

genes (Van Arsdell et il· , 1981) , full length mouse U1 pseudogenes 

(Nojima and Kornberg , 1983; Pychiazyck et 21·, 1983) and full length 

mouse U6 pseudogenes (Ohshima et ~· , 1981) . Direct repeats and 3' 

A- rich regions appear to be fairly common features of many U- RNA pseudo-

genes . 

Direct repeats were first observed in prokaryotes associated with 

mobile genetic elements known as inserti on sequences (Grindley , 1978 ; 

Calos et ~., 1978) . Short di rect repeats also flank procaryotic Tn 

elements capab le of transposition (Calos and Miller , 1980; Kleckner , 

1981) , movable elements in yeast known as Tyl (Farabaugh and Fink , 1980; 

Gafner and Phi l lippsen , 1980) , and the copia elements of Drosophila 

(Dansmuier et il·, 1980) . Direct repeats , however , are not structural 

components of the transposing genetic elements ; rather they are a 

consequence of its insertion at a new site in target DNA . Both stra nds 

of target DNA are cut at the site of insertion; the cut in one strand, 

however , is a few bases away from the cut in the other , resulti ng i n a 

staggered break . Duplicat ion of the reg i on between the brea ks i s a 



natural consequence of repair synthesis following the insertion of an 

element and ultimately gives rise to the direct repeats . Analysis of 

loci before and after insertion of mobile elements has confirmed that 
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the flanking direct repeats are indeed generated in this manner ; their 

presence is now considered to be the hallmark of an insertional event . 

The presence of U- RNA pseudogenes flanked by direct repeats in unfamiliar 

genomic environments may well be a consequence of insertion ; by analogy , 

insertion of the sequence bounded by the repeats at a new genomic site 

is thought to have occurred following the introduction of a staggered 

break in the target DNA . 

The sequences flanked by direct repeats are precisely homologous 

only to gene coding regions ; in no cases have flanking sequences from 

known genes been duplicated at new pseudogene sites. These observations 

strongly suggest that the inserted sequence elements are derived from 

an RNA intermediate encoded by these genes rather than from the genes 

themselves . Whether the inserted element is a DNA copy of the RNA , or 

the RNA itself , is not yet known ; the former possibility seems more 

inherently reasonable and is supported by the available evidence . No 

known cellular enzyme is capable of synthesizing DNA from an RNA 

template , a process known as reverse transcription. An enzyme with such 

a function , however , is associated with the nucleoid of retroviruses . 

Furthermore , DNA copies of the retroviral RNA genome are found in the 

DNA of many vertebrates and are thought to have arisen by integration 

of complementary DNA synthesized by the viral reverse transcriptase. 

These proviral copies are also f lanked by direct repeats (Temin et ~. , 

1980; Shimotohno et ~· , 1980 ; Hishimuma et ~. , 1981) . Viral reverse 

transcriptase may thus play an important role in the or igi n of U- RNA 

pseudogenes . 
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The possibility that many U-RNA pseudogenes may have arisen by 

insertion of a eDNA copy of the RNA, rather than the R~A itself, is sup

ported by the follow1ng observations. Four truncated human U3 pseudo

genes have been characterized in considerable detail; two of these 

pseudogenes are flanked by direct repeats and two are not (Bernstein et 

!.1.· , 1983). In each case , the 5' end of the pseudogene corresponds 

precisely to the 5' end of a U3 RNA template sequence while the 3' end 

is severely truncated with respect to this template sequence. However, 

in contrast to the previously discussed U2 pseudogenes, the site of U3 

truncation is not variable and always occurs 69 or 70 nucleotides away 

from the 5' end of the pseudogene . While studying the significance of 

the conserved site of truncation in the four U3 pseudogenes , Bernstein 

et .!)_. (1983) noted that if U3 RNA is incubated with viral reverse tran

scriptase under nondenaturing conditions, a complementary DNA {eDNA) 

molecule is synthesized that is 74 bases long . The reverse transcript 

is complementary to the 5' end of the U3 RNA and is only a few bases 

longer than the truncated U3 pseudogene sequences . Synthesis of a 

complementary DNA strand by reverse transcriptase requires a 3' hydroxyl 

group that functions as a primer. The unexpected synthesis of the eDNA 

appears to be a consequence of U3 RNA secondary structure in that its 

3' terminus is capable of priming the synthesis of the eDNA using the 5' 

end of the RNA as a template . The ability of U3 RNA to function as a 

self-priming template for the 74 nucleotide eDNA is completely consistent 

with proposed secondary structure models for this RNA (Berns tein et ~. , 

1983). These findings support the possibility that the four U3 

pseudogenes may well have arisen from the integration of eDNA synthesized 

by a reverse transcriptase from a self-priming U3 RNA template . A few 
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nucleotides are thought to have been removed from the eDNA during 

insertion , thus accounting for the slightly shorter pseudogene sequences 

(Bernstein et ~· , 1983). No transcript could be identified in similar 

experiments conducted with U2 RNA, suggesting that other means of 

priming reverse transcription may exist (Van Arsdell and Weiner , 1984) . 

Several U- RNA pseudogenes that are flanked by direct repeats have 

A-rich regions at their 3' ends upstream from the 3' direct repeat . 

This A- rich region is neither a part of the U-RNA nor a part of the 3' 

flanking sequence of the gene. These A- rich regions follow both full 

length and slightly truncated human U1 pseudogenes (Van Arsdell et ~·, 

1981) , full length mouse U1 pseudogenes (Nojima and Kornberg, 1983 ; 

Piechaczyk et ~., 1983) , and full length mouse U6 pseudogenes (Ohshima 

et !l·, 1981) . These pseudogenes are thought to have been derived from 

an RNA intermediate that was mistakenly polyadenylated at its 3' end . 

A portion of the poly(A) - tract is subsequently included in the inserted 

sequence (Van Arsdell et ~. , 1981; Denison and Weiner , 1982). The 

existence of A-rich regi ons thus supports the possibility that pseudo

genes may have arisen from the insertion of sequences derived from RNA 

transcripts rather than the genes themselves. 

The proposed insertion mechanism depends critically on the ability 

of RNA to function as an intermediate in this process, either directly , 

or as a template for reverse transcription. Further evidence that the 

origin of many pseudogenes depends on an RNA intermediate is obtained 

from the analysis of several pseudogenes that are derived from structural 

genes. Both the human metallothionein and rat a- tubulin pseudogenes 

are flanked by direct repeats; the 5' repeat is positioned immediately 

upstream from the pseudogene homology which begins precisely at the 5' 



35 
end of the mRNA. The 3' repeats are separated from the sequence corre

sponding to the 3' end of the mRNA by a tract of deoxyadenosine residues 

(Kar1n and R1chards, 1982; Lemischka and Sharp, 1982). Thus, the 

arrangements of these two pseudogenes, 5' repeat - pseudogene homology -

A-rich reg1on - 3' repeat, are s1milar to those described for several 

U-RNA pseudogenes. Interestingly, the intervening sequence present in 

the expressed metallothionein and a-tubulin genes have been precisely 

removed from their corresponding pseudogene sequences. These observa

tions strongly suggest that these pseudogenes are the products of 

similar insertion events involving RNA intermediates which, in this case, 

were fully spliced messenger RNAs. Other intronless pseudogenes have 

been described: Hollis et ~· (1982) have isolated an immunoglobulin 

pseudogene which contains spliced C and Q lambda coding regions. This 

sequence is followed by an A-rich tract and is flanked by direct repeats. 

Wilde~~· (1982a,b) report completely analogous findings for a human 

B-tubulin pseudogene. Intronless mouse a-globin and human dihydrofolate 

reductase pseudogenes have also been characterized (Vanin et ~·, 1980; 

Chen et _li. , 1982). 

The characteristic structural features of pseudogenes that appear 

to have arisen by insertion are also shared by members of middle

repetitlve sequence families in several organisms. This sequence family 

is called Alu in the human and consists of approxi~tely 300,000 copies 

of a 300 nucleotide DIM sequence dispersed throughout the genome. Not 

all members of the Alu sequence family are perfectly conserved but they 

do share a high degree of homology (Schmid and Jelinek, 1982; Sharp, 

1983). A similar sequence element is found dispersed in mouse genome 

and is known as Bl; this family consists of approximately 150,000 copies 
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of a shorter 135 base pair DNA sequence ( Krayev et !l_. , 1980). Many 

members of both these sequence families are flanked by short direct 

repeats of 7- 20 base pa1rs Bell et !l_., 1980; Baralle et .!!_., 1980; 

Duncan et !l_. , 1981; Haynes et ~· , 1981) . Furthermore , these sequence 

eler.~nts have long consecutive tracts of deoxyadenosine at their 3' ends . 

The arrangement of Alu sequence elements, 5' repeat - conserved Alu 

sequence - A- rich region - 3' repeat , is extremely reminiscent of that 

found in several U- RNA pseudogenes; this indicates that both types of 

sequences may well share a common evolutionary origin that involves 

an insertion mechanism. Implicit in this suggestion 1s the existence of 

an Alu sequence RNA intermediate . Interestingly, cloned Alu sequences 

can be transcribed in vitro by RNA polymerase III (Duncan et ~· , 1979 , 

1981 ; Elder!!.!!.· , 1981) . The resulting transcript starts iw~diately 

following the 5' direct repeat and terminates downstream from the 3' 

repeat in single copy DHA . Evidence that these sequences are templates 

~vi vo is much less conclusive , suggesting that most are probably 

not transcribed. Cloned Alu sequences , however , are transcribed in 

monkey cells following amplication in SV40 (Young et ~· , 1982). 

Transcripts of Chinese hamster Alu -equivalent DNA sequences are synthe

sized in vitro by RNA polymerase III . Similar transcripts were subse

quently identified i n Chi nese hamster ovary (CHO) cells (Haynes and 

Jelinek , 1981) . Thus, the required Alu RtA intermediate seems to have 

the potential to exist..:!!!. vivo , if only rarely . 

The most direct evidence supporting the possibility that new Alu 

sequences do indeed arise by insertion was obtained by Kominami et .!!_. 

(1983) . Whil e studyi ng a member of a mouse polymorphic repetitive 

sequence fami ly called PR2 , t hey discovered that its sequence is 
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interrupted by another sequence, designated M2, that is very similar to 

the CHO type 2 Alu -equivalent element. The M2 ele~nt interrupting the 

PR2 sequence is flanked by direct repeats . When the same PR2 locus was 

examined in a different mouse strain, no M2 insertion could be found; 

the host sequence duplicated as a consequence of insertion, however, 

was clearly present . The presence of the M2 sequence in one strain but 

not in another indicates that the insertion has occurred recently in 

mouse evolution. These findings support the idea that new members of 

these middle-repetitive sequence families can arise by insertion and 

confirms the possibility that structurally similar U-RNA pseudogenes 

may have arisen by a sinilar mechanism. 

4. The Evolution of U-RNA Genes 

The structure of many U-RNA pseudogenes suggests that they may be 

a consequence of insertion events; several pseudogenes , however, do not 

manifest the structural features indicative of such an event. These 

pseudogenes can be divided into two groups: the first group consists 

of those sequences found in unfamiliar genomic environments that are 

not flanked by direct repeats. These sequences may be full - length or 

truncated and may or may not contain an A-rich addition at their 3' 

ends. These pseudogenes are thought to have arisen by a similar insertion 

mechanis~ at a new site created by a blunt-ended break in the target DNA, 

rather than a staggered break . Such a break would not generate flanking 

direct repeats (Denison and Weiner, 1982). Two of the four previously 

discussed human U3 pseudogenes not flanked by direct repeats are examples 

of this group . The second group consists of several human Ul pseudogenes 

that are found in familiar genomic environments; the 5' flanking 

sequences of these pseudogenes are clearly releated to the conserved 5' 
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flank1ng sequence of hunan U1 genes (Monstein et ~· , 1982 and 1983; 

Denison and Weiner , 1982). However , sequences flanking the pseudogenes 

have accun~lated nany mutations relative to their funct1onal counterparts . 

These pseudogenes appear to represent sequences that were once functional 

Ul genes. Since many U1 genes exist in the human genome, the possibility 

that certain of these sequences might have been rendered nonfunctional 

by random mutational events see~s plausible . An important question is 

immediately raised by this explanation; if this mechanism operates , why 

have similar random point mutations not created greater sequence hetero

geneity an10ng functional hu01an Ul genes, their flanking sequences , and 

all types of highly ocnserved repeating sequences found in the genome? 

The realization that these sequences would rapidly accumulate point 

mutations led to the proposal of several mechanisms that might operate 

to conserve repeated sequences (Britten and Kohne, 1968; Edel01an and 

Gally, 1970; Hood et ~., 1975). In this context, the existence of 

Ul pseudogenes with flanking sequences clearly related to those of 

functional genes indicates that these sequences 01ay have escaped the 

mechanism that 01aintains conservation an10ng functional loci (Denison and 

Weiner , 1982). 

One mechanism that might preserve sequences represented multiple 

times in the genome is referred to as unequal crossover; sequences 

susceptible to this mechanism, however , must be organized in tandem 

repeats (S~ith , 1974 and 1976) . Unequal crossover involves the exchange 

of genetic infornation between sister chromatids that align incorrectly 

as a consequence of the tandemly repeated sequences. This mechanism is 

potentially capable of either fixing or extinguishing mutations that 

arise wi thin one of the repeats of an array . The conservation of hu 01an 
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U2 genes, and other tandemly repeated U- RNA genes, could therefore be 

explained by the unequal crossover mechanism. As previously discussed, 

analysis of phage clones containing human Ul genes suggests that these 

sequences are not tandemly repeated and consequently appear not to be 

candidates for unequal crossover . However, Lund et !l· (1983) have 

recently shown that most , if not all, functional human Ul genes are 

located on the short arm of chromosome one in band 1p36. In addition , 

Naylor et !l· (1984) have shown that distance separating these Ul 

genes exceeds 44 kilobases . As previously discussed , many functional 

human Ul genes share extensive 5' and 3' flanking homology; the ability 

to determine the extent of this homology 1s limited by the size of phage 

clones but appears to exceed 20 kilobases (Lindgren et !l· , 1984). The 

possibility therefore exists that these sequences may be arranged in 

tandem arrays with repeat distances greater than 44 kilobases. Alter

natively, the genes and their extensively conserved flanking sequences 

may be loosely clustered , separated from each another by sequences that 

are not repeated in association with each gene. Thus , if Ul genes are 

tandemly repeated , unequal crossover could operate to maintain sequence 

conservation . Indeed , unequal crossover may occur even if the Ul genes 

are loosly clustered ; the extent of the conserved flanking regions may 

be suff1cient to allow this mechanism to occur despite the presence of 

interrupting, non - repeated sequences between each gene. However , the 

possibility certainly exists that other mechanisms of sequence conserva

tion may have to be invoked for Ul genes if they are indeed loosly 

clustered. 

As an alternative to the unequal crossover mechanism, Weiner and 

Deni son (1983) have proposed that Ul multigene families may be conse rved 



40 

by e1ther gene anplification or gene conversion. Gene amplification, 

first proposed by Britten and Kohne (1968) as saltatory replication, 

refers to the process whereby one copy of an aging, relatively hetero

geneous gene fa~ily is selected at random and copied multiple times in 

the genor.e to the point that the numerous cop1es now represent the 

functional, homogeneous multigene fam1ly . The members of the old gene 

family are potentially free to further accumulate point mutations, 

beconing nonfunctional. Gene conversion, first proposed by Edelman and 

Gally (1970), refers to the correction of one sequence relative to 

another as a consequence of heteroduplex formation between two closely 

related, homologous sequences; following replication, the nucleotide 

sequences at each location are identical. In contrast to unequal cross

over, gene conversion does not absolutely require that the ho~logous 

sequences be linked. In this model, gene conversion could maintain 

homogeneity in a gene family by virtue of their linkage if they are 

indeed linked; sequences removed from linkage would not be conserved and 

would ultimately become pseudogenes. Alternatively, gene conversion may 

depend on certain conserved recognition sequences within the repeat. 

Regardless of the location in the genome, a repeated sequence with a 

functional recognition sequence would be able to participate in gene 

conversion. Pseudogenes in this model would arise from sequences which 

have lost the recognition site as a consequence of randomly accumulating 

mutations. Thus, in both gene amplification and conversion one would 

predict the appearance of pseudogenes that are clearly related to 

functional sequences. 

Interestingly , human Ul pseudogenes that have flanking sequences 

related to those of functional counterparts are also clustered in the 
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genome; they are located on the long arm of chromosome one in the 

region 1q12 to 1q22 (Van Arsdell and Weiner , 1984; Lindgren et ~. , 

1985). These pseudogenes appear to represent a formerly active gene 

family that has become nonfunctional. The presence of these sequences 

supports the possibility that gene amplification as described above may 

be involved at least partly in the maintenance of the human Ul multigene 

family; selective amplification of one member of the previous family 

may have resulted in the present functional U1 gene family , allowing 

the old family to decay to its present state. It is certainly premature 

to rule out gene conversion as a possible mechanism; indeed , it is very 

likely that both , and other as yet unidentified mechanisms, may be 

involved in this dynamic and undoubtedly complex process . 
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A. GROWTH OF T3- Cl2 MEL CELLS 

Small nuclear RNAs were isolated from rouse erythroleukemia (MEL) 

cells grown in t1ssue culture. MEL cells were propagated as sus~nsion 

cultures in 1 liter plastic roller bottles (Corning Glass Works, 

Corning, N.Y.) containing 100 ml of RPMI 1640 rredium (Flow Laboratories 

Inc . , Rockville , Mel.) supplemented with 10% calf serum (v/v), 100 units/ml 

~nicill in and 100 rng/ml streptomycin. All maniJ::t~lations of cells and 

media were ~rformed in a Baker Sterilgard rood. Cell density was deter

mined using a Coulter counter (Coulter Electronics Inc. , Hialeah, Fla.) . 

New cultures were seeded at a cell density of no less than 5 x 104 cells/ 

ml. Excesswe alkalinity of tre medium, indicated by a J::t~rple color, 

was corrected wren necessary by ventilating the roller bottle with a 

gentle stream of C02 for 3 seconds. Tightly sealed roller bottles were 

incubated at 37°C while slowly rotating at 0 . 5 revolutions ~r minute . 

B. ISOLATION OF 4-7S NUCLEAR RNA 

1. Preparation of MEL Cell Nuclei: 

Ten 100 ml suspension cultures were grown until a density of 

1 x 106 cells/ml was reacred. The cells were chilled on ice and har

vested by centrifugation at 1,000 g for 3 minutes at 4°C. Cell pellets 

were washed in ice-cold TNS Buffer (20 mM Tris-HCl, Pi 7.5 , 140 mM NaCl 

and 11 rrM sucrose) , combined and centrifuged at 1,000 g for 3 minutes. 

The cells were wastEd twice more in ice-cold TNS buffer. The pellet was 

then washed once in 20 ml of ice- cold romogenizing buffer (300 rrM 

sucrose , 5 mM magnesium acetate , 10 rrM Tris-HCl, Pi 7.6, and 0. 1% 

Triton X- 100) and resus~nded in 40 ml of cold romogenization buffer . 
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Tre suspension was quantitatively transferred to an ice-cold Dounce 

mmogenizer and cells broken with 5 strokes of a tight- fitting pestle. 

Tre mnK>genate was tren exaMined by phase contrast microscopy . If nuclei 

were not free of attacred cytoplasmic comJX)nents, tre suspension was 

furtrer romogenized with up to three strokes of the pestle. Nuclei were 

tren collected by centrifugation at 1,000 g for 10 minutes and carefully 

resuspended in 20 ml of homogenization buffer without Triton X-100 . 

Using a needle and syringe, an equal volume of 0.88 M sucrose was 

introduced under tre suspended nuclei and centrifuged at 2,000 gin a 

swinging bucket rotor for 10 minutes. Intact nuclei sedimented through 

tre sucrose cushion leaving cytoplasmic debris at the solution interface. 

Tre supernatant was carefully removed by aspiration . 

2. Isolation of Nuclear RNA: 

The pelleted nuclei were suspended in 10 ml of acetate buffer at 

room temperature (100 rrN NaCl , 10 rrM EDTA, 50 rrM sodium acetate-acetic 

acid, p-i 5. 0) and transferred to a 250 ml Erlenmeyer flask . While gently 

swirling tre flask , 10 ml of acetate buffer containing 0.5% SDS was 

slowly added . Gentle swirling of the flask was continued fo r 3 minutes, 

during which time tre nuclear suspension became viscous. 20 ml of phenol 

saturated with acetate buffer was added to the lysed nuclei and shaken 

vigorously for 20 minutes in a wrist action shaker . Tte nuclear extract 

was transferred to Nalgene tubes and centrifuged at 2,000 g for 6 lilinutes. 

He top aqueous layer was carefully removed and saved . The prenol was 

back-extracted with 10 ml of acetate buffer for 20 minutes. Following 

tte addition of 10 ml of chloroform:isoamyl alcohol (24:1 v/v), the back

extract was centrifuged at 12,000 g for 10 minutes. The two aqueous 

phases were combined and reextracted three times with a mixture consisting 
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of a half volume of saturated phenol and a half volume of chloroform: 

isoa~yl alcohol (24:1), each time vigorously shaking for 20 minutes and 

centrifuging at 12,000 g for 8 minutes. No visible Material remained at 

the interface after the third extraction. 

RNA in the aqueous phase was precipitated by addition of three 

volumes of 95% ethanol containing potassium acetate (2% w/v) and storage 

overnight at -20°C. Precipitated RNA was collected by centrifugation 

at 15,000 g for 10 minutes. The pellet was washed once with cold 70% 

ethanol and dissolved in 1 ml of acetate buffer . The total amount of 

RNA was determined optically in a GCA-McPherson spectrophotometer and 

its concentration adjusted to one milligran/ml acetate buffer . 

3. Fractionation of Nuclear RNA : 

Linear 10-45% sucrose gradients were prepared in 25 ml cellulose 

acetate tubes using an Isco Model 570 gradient former. The sucrose 

(Bio- Rad , Inc ., Richmond , Calif . ) was a nuclease-free grade and stock 

solutions were prepared in acetate buffer . One milligram of RNA was 

applied to each gradient . After centrifugation at 25 ,000 RPM in a 

Beckman 5W- 27 rotor for 18 hours , the gradients were fractionated using 

an Isco automatic recording spectrophotometer fractionator . RNA from 

the 4- 75 region, corresponding to the peak nearest the top of the tube , 

was collected from each grad1ent and pooled . The concentration of sodium 

acetate was adjusted to 0.3 M and the RNA precipitated by addition of 

three volumes of cold (- 20°C) 95% ethanol and storage overnight at - 20°C . 

The precipitate was recovered as described above . 

4. Polyacrylamide Gel Electrophores1s of Nuclear 4- 75 RNA: 

Twenty micrograms of RNA were lyophilized to dryness and 

redissolved in 30 microliters of sample loading buffer (5 M urea, 50 mM 
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Tris -borate , pH 8.3 , 1 mM EDTA , and 0 . 1~ bromophenol blue). The sample 

was heated to 65°C for 5 minutes and quick-cooled on ice immediately 

before loading onto the gel. The gel consisted of a 5% acryla~ide 

stacker gel over a 10~ acrylamide gel; both regions contained urea and 

were prepared as follows: 12 microgra~s of TEMED (N ,N,N' ,N'-tetramethyl

ethylenediamine) was added to 50 ml of 10% acrylamide solution {9 . 75% 

acrylamide, 0.25% bis , 0.1% ammonium persulfate , 6 M urea , 100 mM 

Tris-borate , pH 8.3 , and 20 mM EDTA} , mixed briefly and poured into a 

Hoefer Scient1fic model SE 600 slab gel mold assembled with 1.5 mm 

spacers . Water was carefully layered over the 10% acrylamide which was 

tnen allowed to polymerize for 30 minutes. This water was removed 

following polymerization. The 5% stacker gel was prepared by adding 

five microliters of T~1ED to 20 ml of 5% acrylamide solution (4.875% 

acrylamide , 0. 125% bis , 0. 1% ammonium persulfate, 6 M urea , 100 mM Tris

borate, pH 8.3 , and 20 mM EOTA} , mixing briefly and pouring into the 

mold. A 5- or lO-well comb was then inserted and water carefully layered 

between the teeth of the comb. The stacker gel was allowed to polymerize 

for one hour . The gel was pre- run at 150 volts for 45 minutes in 

electrophoresis buffer (100 mM Tris- borate , pH 8.3 , 20 ~1 EDTA) . The 

sample wells were thoroughly rinsed and samples immediately loaded with 

either a 50 microliter Hamilton syringe of a drawn out capillary . 

Electrophoresis was continued at 150 volts until the bromophenol blue 

indicator dye reached the bottom of the gel . 



47 

C. PREPARATION OF 4- 7S COMPLEMENTARY DNA (eDNA) 

1. Polyadenylation of 4- 7S RNA: 

Nuclear 4-7S RNA was JX)lyadenylated at the 3' terminus with 

maize ATP:nucleotidyl adenylyltransferase using a protocol described by 

Mans and Huff (1975). The enzyrre (a gift from Or . R. Mans, Gainesville, 

Fla.) is particuarly suitable for use in this procedure because it 

lacks substrate s~cificity and has a high capacity to JX>lyadenylate 

RNAs in tte 4- 7S size range (Mans and Huff, 1975}. The RNA was desalted 

by gel filtration through G- 25 Sepradex in order to remove contaminants 

which inhibit tre enzyrre. Small columns were prepared in borosilicate 

glass Pasteur pipettes plugged with unsiliconized glass wool. Fractions 

containing the RNA were determined spectroprotorretrically and JX)oled. An 

aliquot containing 100 micrograms of 4-7S RNA was lyophilized to dryness 

in a sterile 1.5 ml JX)lypropylene microcentri fuge tube (Fisher Scienti fie , 

Inc.). The reaction comJX)nents were then assembled in this tube to give 

a 100 microliter reaction mixture consisting of 100 micrograms of desalted 

4- 7S RNA, 70 rrM Tri s-HCl , P1 8 . 8 , 10 rrM dithiothreitol , 1 rrM ATP + 3H-ATP 

and 1 rrN MnC1 2. After addition of 14 micrograms of tre enzyrre , the 

reaction mixture was incubated at 30°C for one rour. The reaction was 

terminated by extraction with phenol - chloroform (1:1). Polyadenylated , 

labeled RNA was separated from unincorJX)rated 3H-ATP by chromatography 

on a G- 75 Sephadex colurm prepared in a disJX)sable plastic 10 ml pi~tte 

plugged with glass wool. The colurm was pre-equilibrated and RNA eluted 

in 25 rrM sodium acetate, 10 rrM Tri s- HCl , pH 7 . 5. Twenty 0.6 ml fractions 

were collected and 5 microliters of each were counted in 0 .5 ml of water 

and 5 ml of aqueous counting scintillant (Arrersham Corp., Arlington 
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Heights, Ill.) in a Beckman 7500 scintillation counter. The peak frac 

tions were pooled and the RNA recovered by ethanol precipitation. 

The RNA precipitate was dissolved in 0. 2 ml of hig~ salt 

buffer (0.5 M NaCl, 10 ~I Tris-HCl, pH 7.5). Poly(A)+ 4- 7S RNA was 

then purified by oligo(dT) cellulose chromatography as follows: 

Oligo(dT) cellulose (Collaborative Research Inc., Waltham, Mass.) was 

prepared and stored exactly as described by the manufacturer. The 

column was prepared in a borosilicate glass Pasteur pipette plugged 

with glass wool and extensively washed with high salt buffer. The 

polyadenylated RNA was loaded onto the column and five 0.5 ml fractions 

were collected . The high salt buffer was removed fro~ the top of the 

column, which was then allowed to run dry into the sixth tube . Bound 

RNA was eluted for the oligo(dT) cellulose by addition of low salt 

buffer (10 mM Tris-nCl, pH 7.5) and collection of six 0.5 ml low salt 

fractions . Fractions containing radioactive RNA were pooled and RNA 

recovered by ethanol precipitation . 

2. First Strand Synthesis of eDNA : 

Reverse transcriptase was used to synthesize DNA complementary to 

the RNA by elongating an oligo(dT) primer that hybridized to the~ 

vitro synthesized poly(A) tail . Removal of contaminants from poly(A)+ 

4- 7S RNA was accomplished by gel filtration through G-25 Sephadex. AMV 

reverse transcriptase (Boehringer-Mannheim Biochemicals, Indianapolis, 

Ind . ) was used to synthesize DNA complementary to 4-7S RNA with a 

MOdification of a procedure described by Kacian and Meyers (1976). The 

components of the 1 ml reaction were assembled in a 1.5 ml sterile 

microcentrifuge tube on ice as follows: 20 micrograms of poly(A)+ 4-7S 

RNA , 50 mM Tris-HCl, pH 8.3, 8 mM MgC1 2, 50 mM KCl , 6 micrograms of 
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oligo(dT) 12_18 (Collaborative Research, Lexington, Mass . }, 25 mM dithio

threitol, 0.2 mM dCTP + 3H-dCTP, 0. 2 mM each of dATP, dGTP, and dTTP . 

After the addition of 200 units of enzyme the reaction was incubated 

for one hour at 37°C. Immediately following the reaction EDTA, SDS, 

and NaOH were added to final concentrations of 1 mM, 0. 1% and 0.3 N 

respectively, and incubated for an additional 4 hours at 37°C in order 

to hydrolyze the RNA (Kurtz and Nicodemus, 1981). The reaction was 

neutralized by addition of 100 microliters of 3.0 N HCl and terminated 

by extraction with phenol:chloroform (1:1). Separation of single

stranded eDNA from unincorporated 3H- dCTP was accomplished by chromatog

raphy through G- 75 Sephadex as previously described. The eDNA was 

recovered from void volume fractions by ethanol precipitation . The eDNA 

pellet was dissolved in a small volume of water so that it could be 

loaded directly onto a G- 25 Sephadex desalting colu~n. 

3. Second Strand Synthesis of eDNA: 

Following gel filtration of 4- 7S eDNA through G- 25 Sephadex , the 

large fragment of I· coli DNA polymerase I (Boehringer-Mannheim Bio

chemicals) was used to synthesize the second strand of eDNA according 

to the procedure of Kurtz and Nicodemus (1981). An 81 microliter 

reaction was assembled in a 1.5 ml sterile microcentrifuge tube at 4°C 

as follows: 675 nanograms of single- stranded 4- 7S eDNA , 50 micromolar 

dATP , dCTP, dGTP , dTTP, 1 mM mercaptoethanol , 5 mM MgC1 2 and 50 mM 

potasssium phosphate, pH 7.5. After addition of 6. 75 units of enzyme 

the reaction was incubated for one hour at 37°C and subsequently 

terminated by extraction with phenol: chloroform (1:1). The double

stranded eDNA was recovered by ethanol precipitation. 
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Synthesis of the second strand was confirmed by determining 

the resistance of the labeled double-stranded eDNA to single-strand 

specific 51 nuclease . Approximately 1,500 cp~ were renoved and digested 

with 51 nuclease as described in the next section. Following the 

react1on, 100 micrograms of l· coli tRNA (Boehringer-Mannheim Biochemi

cals) was added and nucleic acid precipitated by addition of 5 ml of 

cold , freshly prepared 10% (w/v) trichloroacetic acid (TCA) , 0. 5% 

(w/v) sodium pyrophosphate . After a 20 minute incubation on ice , the 

precipitate was collected on Whatman glass microfiber filters (Whatman , 

Inc . ) . The filters were extensively washed with cold 5% trichloroacetic 

acid, 0.5% sodium pyrophosphate and then dried thoroughly under a Fisher 

infraradiator heat lamp. Filters were counted in 5 ml LSC (Yorktown 

Research , Inc . ) . 

4. Trimming of 4- 7S eDNA : 

The 4-7$ eDNA was digested with S1 nuclease to remove the 

hairpin loop from one end and the single-stranded region from the other 

end of the cOrM , leaving the eDNA essentially blunt-ended . S1 tri mming 

was accomplished using the procedure of Leong~~· (1972) , modified 

slightly to accommodate the unusually small amount of substrate . A 

72 microliter reaction was assembled in a sterile microcentrifuge tube 

at 4°C as follows : 309 nanograms of eDNA, 0. 2 M NaCl , 0.1 M sodium 

acetate , pH 4.5 , and 1 mM Znso4. Thi r ty-one units of Sl nuclease 

(Bethesda Research Laboratories , Inc.) was added and the reaction 

incubated at 37°C for 30 minutes. The reaction was terminated by extrac

tion with phenol :chloroform and eDNA recovered by ethanol precipitation. 
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D. MOLECULAR CLONING OF eDNA 

1. Homopolymeric Tailing: 

Insertion of the eDNA into a bacterial plasmid was accomplished 

by homopolymeric tailing. Terminal deoxynucleotidyl transferase (a gift 

from Dr. J. Wilson , Augusta, Ga . ) was used to synthesize tails on both 

eDNA and linear pBR322 by extending their free 3' termini. Poly(dC) and 

Poly(dG) tails were. added to the double- stranded eDNA and to the Pst ! 

digested plasmid, respectively. The conditions described by 

Roychoudhury et !l· (1976) were used in all tailing reactions and were 

as follows: DNA (eDNA or plasmid) at a concentration of 140 picomoles 

of termini/ml, 10.5 micromola r in either dCTP + 32P-dCTP (eDNA) or dGTP + 

32P-dGTP (plasmid) , 140 ~1 cacodylic acid, 30 mM Tris- KOH , pH 7.6, 

0. 1 mM dithiothreitol and 1 mM CoC1 2 were all assembled in a sterile 

microcentrifuge tube. Approximately 250 nanograms of eDNA was tailed 

in a 53 microliter reaction. The reaction mixtures were prewarMed to 

37°C before addition of the enzyme to a final concentration of 

1,000 units/ml. When possible, the reaction was stopped temporarily 

by chilling on ice , during which time a small aliquot was removed and 

nucleic acid precipitated with freshly prepared 10% trichloroacetic acid , 

0.5% (w/v) sodium pyrophosphate as previously described . 

Average tail lengths were calculated from TCA precipitable 

counts in a known volume of reaction and the specific activity of 

32P-dNTP . The reactions were allowed to progress by continued incuba

tion at 37°C until tail lengths of approximately 15 nucleotides were 

reached. The reactions were terminated by addition of EDTA to a final 

concentration of 12 mM followed by heating at 65°C for 10 minutes . The 



eDNA was recovered directly by ethanol precipitation while the plasmid 

was first extracted with phenol :chloroform and then precipitated. The 

DNA pellets were dissolved in annealing buffer (0 . 1 M NaCl, 10 mM 

Tris -HCl, pH 7.5, and 1 nt-1 EDTA) . 

2. Annealing of Ta1led eDNA and Plasmid : 
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Tailed eDNA and plasmid were mixed in a 1:1 molar ratio at an 

overall concentration of 5 micrograms/ml plasmid DNA in annealing buffer. 

The mixture was heated to 72°C for 10 minutes and then incubated at 43°C 

for 12 hours . The water bath was then turned off and the temperature 

allowed to return to room temperature slowly. 

3. Bacterial Transformation : 

The annealing mixture was then used to transform antibiotic

sensitive f. coli (HB101) according to the procedure of Dagert and 

Ehrlich with slight modifications (1979) . Fifty milliliters of prewarmed 

LB broth was inoculated with 0.5 ml of an overn1ght culture of HB101 and 

allowed to grow unt1l its absorbance at 650 nanometers reached 0.5. The 

culture was then chilled on ice and harvested by centrifugation at 

8,000 g for 5 minutes in sterile glass Corex tubes. The bacterial pellets 

were suspended in 20 ml of cold , sterile 0.1 M CaCl 2 and incubated on ice 

for 25 minutes. The cells were recovered by centrifugation and 

resuspended in 500 microliters of 0.1 M Cacl 2. To 100 microliters of 

this suspension , 50 nicroliters of annealing mixture (250 nanograms of 

plasmid) was added and mixed. This mixture was incubated on ice for 

one hour, placed at 37°C for 10 minutes and then returned to ice for 

five minutes . Two milliliters of prewarmed LB broth was then added and 

bacteria revived at 37°C for 90 minutes. Aliquots (0.2 ml) of the 

transformati on mi xture were t hen plated on prewarmed , predried LB plates 



(LB + 1.5% Difco-agar) containing tetracycline (20 micrograms/ml : Sigma 

Chemical Co.) and incubated inverted at 37°C for 12-18 hours . 

E. SCREENING OF TRANSFORMANTS 

All colonies that grew on the LB plates containing tetracycline 

harbored a plasmid that may or may not have been a recombinant molecule 

carrying a 4- 7S eDNA insert. These transformants were screened for Ul 

clones in the following ways: 
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All colonies were inoculated onto LB plates containing a~picillin 

(100 micrograms/ml ; Sigma Chemical Co.). Transfor~ants containing an 

inserted sequence were identified by their inability to grow in the 

presence of ampicillin; the cloned insert disrupts expression of the gene 

that confers ampicillin resistance. Ampicillin-sensitive transformants 

were selected for further characterization of their putative inserts. 

Plasmid DNA from each ampicillin sensitive transformant was 

hybridized to iodinated (125r) mouse nuclear 4-7S RNA. This was accom

plished by colony hybridization exactly as described by Grunstein and 

Wallis (1979). RNA was iodinated according to the procedure of 

Commerford (1971) slightly modified as follows: In a fume hood, 2.5 mCi 

of iodine (125 r; IMS-300, Amersham Corp.) were added to 10 microliters 

of solution A (150 Micromolar potassium iodide, 82 r.t1 nitric acid, and 

50 mM potassiu~ acetate, pH 4.5) and incubated at room temperature for 

20 minutes . Five micrograms of dry RNA were suspended in 10 microliters 

of water and 10 microliters of freshly prepared solution B (50 mM 

potassium acetate, pH 4.0, and 0.5 mM thallic acetate). The RNA and 

iodine solutions were mixed and drawn up into a 50 microliter glass 
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capillary . The capillary was flame-sealed at both ends and placed in a 

60°C water bath for 20 minutes. The reaction mixture was then expelled 

into a cold microcentrifuge tube containing 45 microliters of water and 

10 microliters of lOX TNE buffer (1 M NaCl, 0.5 ~~ Tris-HCl, pH 6.85, 

and 10 rrt-1 EDTA). After mixing, the reaction was heated at 700C for 

15 minutes. Radioactive RNA was separated from unincorporated label by 

chromatography through G- 75 Sephadex. 

Those transformants that hybridized strongly to 4- 7S RNA were 

screened for Ul eDNA inserts as follows: the alkaline lysis method of 

Ish -Horowicz and Burke (1981) was used to rapidly isolate small amounts 

of plasmid DHA froM each colony that hybridized strongly to iodinated 

4-7S RNA . Each DNA sample was then denatured and immobilized on a nitro

cellulose membrane {Schleicher and Schuell, Inc ., Keene , N. H., BA 85) 

with a Dot-Blot apparatus (Schleicher and Schuell , Inc.) according to 

the procedure of Weiner (1980). This membrane was hybridized to puri 

fied , radiolabeled Ul RNA as follows : the membrane was wetted in 

hybridization buffer consisting of 50% deionized formamide , 5X sse 

(20X SSC; 3M NaCl and 0.3 M sodium citrate , pH 7.0) and 10 mM potassium 

phosphate (dibasic), drained and transferred to a Sears Seal -a-Meal bag. 

Hybridization buffer containing the Ul RNA probe was heated to 60°C for 

five minutes and added to the bag. The membrane was incubated at 4~ C 

for 24 hours and then washed in 3 changes of hybridization buffer at 

42°C {Weiner, 1980). 

The Ul probe was prepared by iodinating 4-7S RNA as before , followed 

by electrophoresis of the RNA in a denaturing 10% polyacrylamide gel . 

The RNA was transferred from the gel onto DEAE paper (Bio-Rad, Inc.) by 

electroelution in a Trans -Blot (Bio- Rad , Inc . ) apparatus . Transfer was 
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accomplished in three hours at 30 volts, 0.6 Amps in 25 rrt-1 sodiurr 

phosphate , pH 5.5. Brief autoradiography revealed the location of the 

RNA species; the region corresponding to U1 - RNA was cut out and the RNA 

eluted from the DEAE paper by washing in a 301 (v/v} solution of tri 

ethylanine bicarbonate, which was in turn removed by lyophilization . 

Further identification of the tentative U1 clones was accomplished 

as follows : the components of mouse nuclear 4- 7S RNA were separated by 

electrophoresis in a 10% polyacrylamide gel containing 6 M urea . The 

gel was visualized by staining in ethidium bromide (1 Microgram/ml}. 

The RNA was transferred from the gel onto diazobenzyloxymethyl (OBM} 

paper by electroelution in the Trans-Blot apparatus (Bio-Rad , Inc.} at 

0.86 Amps for 3 hours in 200 mM sodium acetate , pH 6.0 . DBM paper was 

prepared according to Alwine et ~· (1979). The DBM paper with bound 

RNA was then hybridized to nick- translated plasmid DNA isolated from the 

tentative U1 clone . Th i s and all other nick- translations were accom

plished as described by Rigby et !l· (1977) using a commercially prepared 

kit (Amersham Corp.). The hybridization conditions were those described 

by Wahl et !l· (1979) . 

F. PREPARATION OF PLASMID DNA 

Large amounts of plasmid DNA were prepared according to a slightly 

modified procedure of Maniatis et !l· (1982). Bacteria were grown and 

plasmid amplified exactly as described. The bacteria were harvested and 

washed once in STE (0.1 M NaCl , 10 mM Tris- HCl , pH 8.0, and 1 mM EDTA) . 

The cells were resuspended in 10 ml of STE and transferred to a 50 ml 

Erlenmeyer flask . One ml of lysozyme (Sigma Chemical Corp., 
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20 milligra~/ml STE) was added and throughly mixed. After 1- 2 minutes, 

the suspension was gently heated over a bunsen burner until it just 

started to boil, at which point it was quickly transferred to a boiling 

water bath for exactly 40 seconds and then placed on ice for 5 minutes. 

The contents of the flask were transferred to a 25 ml polycarbonate tube 

and centrifuged at 30,000 RPM in a Beckman 50.2Ti rotor for 30 minutes 

at 4°C. The supernatant was removed with a Pasteur pipette , carefully 

avoiding any highly viscous material that might not have pelleted. 

Twenty- two grams of cesium chloride were added and gently dissolved in 

the recovered supernatant . After addition of 1 ml of ethidium bromide 

(10 mg/ml) , the final volume was adjusted to 24 ml with STE and trans

ferred to a 25 ml polycarbonate tube. Gradients were centrifuged at 

40 ,000 RPM for 40 hours at 18°C in a Beckman 5.2Ti rotor. Ethidium 

bromide and cesium chloride were re~ved from plasmid DNA exactly as 

described (Maniatis et ~· , 1982). 

G. RESTRICTION DIGESTION OF DNA 

Digestion of pBR322 with Pst I and all other restriction digests 

in this study were accomplished using commercially prepared restriction 

enzymes and the conditions recomnended by the supplier . The results 

of restriction digests were determined by analysis in either vertical 

agarose gels or horizontal mini -gels . Agarose gels (0.8% to 1. 5%) were 

prepared and run in 20 mM sodium acetate, 2 mM EDTA, and 40 mM Tris

acetic acid , pH 7.9. Mini - gels were run at 60 volts and vertical gels 

(3 and 6 mm widths) were run at 20- 50 volts in a Hoefer Scientific 

SE 600 electrophoresis apparatus. Gels were stained in a 1 microgram/ml 



solution of ethidium bromide , viewed on an ultraviolet light box and 

photographed with type 52 polaroid film. 

H. ISOLATION OF ~10USE U1 GENOMIC CLONES 
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The mouse l1brary chosen for screening was prepared by Dr. E. Vanin 

(Madison , Wis . ) as follows : whole DNA prepared from non - inbred Swiss 

mice was partially digested with the restriction enzyme Sau 3A which 

recognizes the 4 base sequence , ~GATC. The 15- 20 kb fragments resulting 

from this digest were isolated and ligated into Charon 28 lambda phage 

arms generated by digestion with the enzyme Bam HI , which recognizes 

the sequence , A~GATCT . Th1s library was chosen because partial restric

tion with an enzyme that recognizes a 4 base sequence (Sau 3A) results 

in a statistically more random array of fragments than one would have 

obtained from complete digestion with an enzyme that recognizes a 6 base 

sequence (Bam HI). 

1. Preparation of the Ul eDNA Probe: 

This library was screened with a chicken Ul eDNA probe , pU133 , 

kindly provided by Dr. Mi ng-Jer Tsai (Houston, Texas) . The Ul eDNA 

insert in pBR322 is 220 nucleot ides long and is precisely flanked by 

Pst I sites. The insert was purified from plasmid vector DNA as 

follows : 30 micrograms of pU133 were digested with Pst I ; the digest was 

verified by analytical electrophoresis in a 1% agarose mini gel. The 

reaction was terminated by addition of EDTA to a final concentration of 

10 mM. The sample was then heated to 65°C for 5 minutes and loaded 

directly into a single , 2 centimeter-wide well of a 1.5 mm thick 10% 

polyacrylamide gel . The gel (9 . 75% acrylamide, 0.25% bis , and 0. 1% 
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ammonium persulfate) was prepared and run in 20 mM sodium acetate, 2 mM 

EDTA , and 40 ~1 Tris-acetic acid, pH 7.2. The gel was pre-run at 

150 volts for 30 m1nutes and electrophoresis continued at this voltage 

until the bromophenol blue marker reached the bottom of the gel . The 

spacers were removed and the glass plates separated; the gel invariably 

remained attached to one or the other of the glass plates. The plate 

with attached gel was placed in a horizontal electrophoresis apparatus 

with a raised gel platform. A small amount of ethidium bromide 

(20- 50 micrograms/ml) was distributed drop-wise onto the gel surface and 

allowed to soak in for a few minutes. The gel was then visualized with 

a hand-held ultraviolet light source and a small trough cut immediately 

below the band corresponding to the eDNA insert. The trough was cut 

along the entire width of the band, was between 1 and 2 mm wide and 

extended down into the gel to the glass plate. The seal between the gel 

and plate was sufficient to allow the trough to hold 50- 100 microliters 

of electrophoresis buffer without significant loss. Three sheets of 

buffer-soaked Whatman 3 mm paper served as wicks at each end of the gel, 

one end lying on the gel surface and the other end dipping into the 

reservoirs partially filled with electrophoresis buffer . 

The eDNA insert was electroeluted into the trough containing elec

trophoresis buffer at 150 volts for 60-90 seconds, after which the buffer 

was removed and replaced with a fresh aliquot. This process was repeated 

10 to 15 times until no more DNA remained in the gel. The volume of 

the pooled aliquots was measured and reduced by lyophilization in a 

Savant Speed-Vac concentrator to one-fifteenth its original volume, at 

which point the sodium acetate concentration reached 0. 3 M. The DNA 

was then precipitated by addition of 2.5 volumes of cold (-20°C) 95% 
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ethanol followed by incubation overnight at -2CfC. The precipitate was 

recovered in the usual way except that it was washed once in 1 ml of 

cold (- 20°C) 80% ethanol. The DNA pellet was dissolved in sterile water 

and nick- translated in a 50 microliter reaction assembled from a nick

translation kit (Amersham Corp) . Between 0.1 and 0.2 mCi of aqueous 

alpha-( 32P) dCTP (ICN Co., Irvine, Calif.; specific activity, 400 Ci/ 

mmole) was used in each reaction. The reaction was terr.1inated by addi

tion of EDTA to 10 mM and unincorporated label removed from radioactive 

DI~A by addition of an equal volume of 4 M ammonium acetate and 2.5 

volumes of cold 95~ ethanol. The DNA was recovered and reprecipitated 

1n the presence of amMOnium acetate. The pellet was dissolved in 

100 microliters of water and one microliter counted in 0.5 ml of water 

and 5 ml Aqueous Counting Scintillant (Amersham Corp . ) . 

2. Preparation of Replica Nitrocellulose Membrane: 

Approximately 150,000 phage from the mouse Sau 3A library were 

prepared for screening using the procedure of Benton and Davis (1977) as 

follows : an aliquot of bacteriophage was removed from the library stock 

and diluted in SM (0.1 M NaCl, 0.2% (w/v) Mgso4.7H20, 0.01% (w/v) 

gelatin and 50 mM Tris-HCl , pH 7.5) to a concentration of 15,000 plaque 

forming units per 100 microliters . Either l· coli strain Q359 or K802 

was grown to mid- log phase in NZCYM broth (per liter; 10 grams NZ amines , 

5 grams NaCl , 1 gram Casamino acids, 5 grams Bacto-yeast extract, 2 grams 

MgS04.7H20 and pH adjusted to 7.5 with NaOH) at 37°C rotating at 300 RPM 

in a New Brunswick Controlled Environment shaker . Two hundred micro

liters of bacterial suspension were mixed with 100 microliters of diluted 

phage in a sterile , disposable culture tube and incubated at 37°C for 

15 minutes; 6.5 ml of top agarose {NZCY~1 + 0.7% agarose) at 6CfC was 
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then added to the culture tube and quickly spread on a prewarmed, pre

dried 150 nm diameter NZCn1 plate (NZCYN + 1.5% Difco-agar) . Following 

solidif1cation of the top agarose, the plate was incubated inverted at 

37°C for 10 hours, during which time plaques developed. Ten plates 

were prepareo in this fashion . 

After 10 hours the plates were transferred to the refrigerator and 

allowed to cool for 1 hour . Two 137 mm diameter nitrocellulose circles 

(Schleicher and Schuell, Inc., BA 85) per plate were appropriately 

labeled with a black ball - point pen. A plate was removed from the 

refrigerator and a dry nitrocellulose circle laid down in the agarose 

surface with gloved hands. Care was taken to center the filter and 

avoid trapping air bubbles between the agarose and membrane. Phage and 

phage DNA were allowed to adsorb to the filter for about one minute , 

during which time a 26 guage needle coated with India ink was pierced 

through the membrane into the agar below to produce an asymmetric array 

of 3 black reference points. The filter was lifted cleanly off the plate 

with blunt-ended forceps and gently floated DNA side- up in a shallow 

dish of denaturation solution (1.5 M NaCl and 0.5 N NaOH) for 30 seconds. 

The membrane was then completely immersed for an additional 30 to 60 

seconds. The filter was transferred to a dish of neutralizing solution 

(1.5 ~1 Nael and 0.5 M Tris- Hel , pH 8.0) and gently rocked for 5 minutes. 

After a brief rinse in 5X SSe (20X SSe: per liter, 175.2 grams Nael, 

88 .3 grams sodium citrate, pH 7.0) , the membrane was allowed to air dry 

on a sheet of Whatman 3 M~1 paper. The second dry nitrocellulose circle 

was then placed on the agarose surface and adsorption allowed to continue 

for 2 minutes . Using an ink-coated needle, three holes were pierced 

in this membrane directly over three asymmetric reference points in the 



ayar. This membrane was removed and processed 1n exactly the same way 

as the first one. Duplicate filters were obtained for each of the ten 

plates . All me~branes were then baked in a vacuum oven at 7CfC for at 

least 3 hours. All plates were sealed with parafilm and stored at 4°C . 

3. Plague Hybridization 
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Radiolabeled chicken U1 eDNA probe prepared as previously described 

was hybridized to these membranes as follows: the long sides of ten 

Sears Seal -a-Meal bags were cut off with a paper cutter and each bag 

opened up. Membranes were individually wetted by briefly floating them 

in a shallow tray of 50% (v/v) deionized formaMide and 5X SSC. Excess 

buffer was removed from the underside of the filters by gentle blotting 

on paper towels . Each pair of merbranes was placed back- to- back (DNA 

side facing outwards) on the lower leaf of a Seal -a-Meal bag. The upper 

leaf was folded back over the membranes and two of the three sides sealed 

closed with a Sears heat- sealer . Three to five milliliters of prehybridi

zation buffer was added to the bag , the bubbles carefully removed and the 

third side sealed closed . The prehybridization buffer consisted of 

50% (v/v) deionized formamide , 5X SSC, 0. 1% (w/v) Ficoll , 0.1% poly-

vinylpyrrolidone , 0 . 1~ bovine serum albumin (Miles Laboratori es , Inc.) , 

0 . 1~ SDS, 50 micrograms/ml sonicated , heat-denatured l · coli DNA (Sigma 

Chemical Co . ) , and 50 micrograms/ml poly(rA) (Miles Laboratories , Inc.) . 

Bags were carefully checked for leaks before prehybridizing for 3 hours 

at 4ZOC in a Dubnoff shaking water bath . A sufficient amount of probe 

was denatured by boiling for 5 minutes in the presence of 20 micrograms 

of poly(rA) and then quick- cooling in ice water . After prehybridization , 

a corner was cut from each of the ten bags and probe added to a concen

tration of 1 to 2 million cpm per ml of hybridization buffer . Bags were 
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immediately resealed and probe thoroughly dispersed by repeatedly sliding 

a glass rod back and forth across the bag . Hybridization was continued 

for 18 hours at 4~ e. 

Filters were removed from the bags and transferred to a pyrex baking 

dish containing 200 ml of 50% (v/v) deionized formamide, 5X sse and 

washed at 4~e for 30 minutes. The filters were then washed in 200 ml 

of 50% formamide, 2X SSe for 30 minutes at 50°e. This was followed by 

three 30 minute washes each in 500 ml of 2X SSe at 65°C. Membranes 

were individually wrapped in Saran-Wrap and autoradiographed with 

Kodak XAR film at - 7ife \'lith Dupont eronex Lightning- Plus intensifying 

screens for 2 to 5 days . Autoradiograms were aligned using the reference 

marks on each Membrane ; positive autoradiographic signals were dis

tinguished from background signals by their duplication on both membranes. 

Background signals occur randomly on each membrane and do not line up . 

Regions of the agar plates corresponding to the positive signals were 

recovered as follows : 137 mm circles were cut out from Seal-a- Meal bags . 

Membrane reference points and possible positive plaques were marked on 

these circles with a felt - tip pen . A 5 mm diameter hole was introduced 

at each positive signal on the plastic sheet by melting away the plastic 

with a hot needle . The template circles were laid over their respective 

agar plates , with reference marks aligned , and an agar plug removed from 

each hole. The plug was dropped into 1 ml of SM containing a drop of 

chloroform and phage allowed to diffuse from the agar. Phage from this 

SM were replated and rescreened at successively lower plaque densities 

in exactly the same way as just described until unambiguous identifica

tion of a U1 sequence-containing phage was accomplished. 
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I . ANALYSIS OF PHAGE CLONE DNA 

Small amounts of phage DNA were prepared from each positive phage 

clone using a rapid plate- lysate method (Maniatis et ~·, 1982). Phage 

were grown at high density in l· coli K802 on NZCYM-agarose (1 . 5%) 

plates as previously described. Phage particles were eluted from the 

plaques by swirling several ml of SM over the agarose surface for a few 

hours at room temperature . Bacterial nucleic acid was removed from the 

phage suspension by addition of RNase A and DNase I (Sigma Chemical Co.) 

to final concentrations of 10 and 1 microgram/ml, respectively , followed 

by incubation at 37°C for 30 minutes. Phage particles were precipitated 

by addition of an equal volume of polyethylene glycol (PEG) solution (20% 

PEG, 2M NaCl in SM) and chilling on ice for 1 hour . After recovery of 

the phage by centrifugation at 10 ,000 g for 20 minutes at 4°C , particles 

were resuspended in 0.5 ml of SM and transferred to a 1.5 ml microcen

trifuge tube ; remaining debris was removed by brief centrifugation in a 

microcentrifuge and transfer of the suspension to a fresh tube . Phage 

particles were lysed by addition of 5 microliters each of 10% SDS and 

0.5 EDTA, pH 8.0 , followed by incubation at 68°C for 15 minutes. Nucleic 

acid was purified by extraction with an equal volume of phenol followed 

by three extractions with chloroform:isoamyl alcohol (24 :1) . Two volumes 

of 95% ethanol (no sodium acetate) were added and the precipitate 

recovered and washed as described above. 

One microgram amounts of DNA from each phage clone were digested 

with a variety of restriction enzynes . The products were analyzed by 

e l ectrophoresis in 3 mm thick 1% agarose gels using bacteriophage lambda 

DNA cut with Hind III as a molecular weight standard . DNA fragments 
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were transferred from gels onto nitrocellulose membranes by blotting as 

described by Southern {1977) . DNA was denatured by soaking gels in 

denaturation solut10n {1.5 M NaCl and 1.5 M Tris- HCl , pH 7.0) . DNA was 

blotted from the gels onto nitrocellulose membranes in 12X SSC for 

18 hours. Membranes were then baked at 70°C ~vacuo for at least 

3 hours and hybridized to radiolabeled U1 eDNA probe under conditions 

identical to those used to screen the mouse library. 

J . SUBCLONING OF PHAGE DNA FRAGMENTS 

The bacterial plasmid pAT153 , a derivative of pBR322 , was used as 

the vector in all subcloning procedures. Large amounts of this plasmid 

were prepared as described in the "plasmid preparation" section. Thirty 

micrograms of pAT153 were digested with either Pst I or Eco RI ; digests 

were verified by analytical electrophoresis in 1% agarose mini gels. 

Reactions were terminated by addition of EDTA to 10 mM followed by 

extraction with an equal volume of saturated phenol. The top aqueous 

phase was then reextracted 3 times with chloroform:isoamyl alcohol {24 :1) 

and DNA recovered by ethanol precipitation. The pellet was washed once 

in 1 ml of cold , 80% ethanol and dried briefly in a Savant Speed- Vac 

concentrator. The amount of DNA recovered and its purity were determi ned 

from its absorbance at both 260 and 280 nanometers. Absorbance scans 

{220-320 nanometers) were also performed in a Beckman spectrophotometer. 

1. Dephosphorylation of Plasmid DNA: 

Phosphate groups were removed from the 5' termini of linear pAT153 

with calf intestinal aklkaline phosphatase {Boehringer-Mannheim Bio

chemicals , Indianapolis , Ind . ). Reaction components were assembled in 
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a sterile microcentrifuge tube as follows: plasmid DNA at a concentra

tion of 150 micrograms/ml , 100 Micromolar ZnC1 2, 1 mM MgC1 2, and 10 mM 

Tris- HCl , pH 8.0. Calf intestinal alkaline phosphatase was dissolved 

in 1X reaction buffer immediately prior to use at a concentration of 

1 milligram/ml . One unit of enzyme (10 micrograms) per 15 micrograms 

of DNA was added to the reaction and incubated at 50°C for 30 minutes . 

If the plasmid was l i nearized with Pst I a second identical aliquot 

of enzyme was added and i ncubated an additional 30 minutes at the same 

temperature. Reactions were terminated by addition of EDTA to 10 mM 

and phenol extraction followed by three chloroform extractions as before. 

Dephosphorylation was confirmed by the inability of T4 DNA ligase to 

concatamerize the dephosphorylated plasmid DNA. The ligation conditions 

were identical to those described below except that the DNA concentration 

was 25 micrograms/ml . Products of ligation reactions were examined in 

1% agarose mini gels . 

2. DNA Ligation Reactions: 

Small amounts of rapidly prepared phage DNA were also digested with 

either Eco RI or Pst I and subsequently extracted with phenol and chloro

form as described above. Dephosphorylated plasmid and digested phage DNA 

were mixed in a 10:1 molar ratio; for every 10 plasmid molecules, there 

was a single phage DNA restriction fragment. Plasmid and phage DNA were 

ligated at an overall concentration of 0. 5 micrograms/ml plasmid DNA in 

a reaction mixture composed of the following : 50 mM NaCl , 10 mM MgC1 2, 

10 mM dithiothreitol, 50 micrograms/ml bovine serum albumin {Miles 

Laboratories , Inc.) , 1 mM ATP (Sigma Chemical Co . ) and 50 mM Tris- HCl , 

pH 7.5. Four-hundred units of T4 DNA ligase (New England Biolabs , Inc . ) 

were added and the reaction incubated at 16°C for 12 to 18 hours . 
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Ligation was verified by analysis of the products in 1% agarose mini 

gels. Aliquots of the ligation reaction were used directly in bacterial 

transformation of HB101, exactly as described previously. Revived 

bacteria were plated on LB plates containing 20 micrograms/ml tetracycline 

and colonies allowed to grow overnight at 37°C. Approximately 200 

colonies from each ligation reaction were replica-platea onto nitrocellu

lose circles overlaying LB plates and allowed to regrow. The colonies 

were lysed and immobilized on these membranes as described in the colony 

hybridization procedure of Grunstein and Wallis (1977) . Radiolabeled 

chicken U1 eDNA probe was hybridized to these filters using the condi

tions described for phage library screening. Plasmid DNA was rapidly 

prepared from positive colonies using the alkaline lysis method of 

Ish-Horowicz and Burke (1981). Subcloned fragments were excised from 

the plasmid vector by appropriate restriction digestion and resolved 

by electrophoresis in 1% vertical agarose gels . DNA frag~nts were 

blotted onto nitrocellulose membranes and hybridized to the U1 eDNA 

probe to confirm that the correct phage fragments had been subcloned. 

K. RESTRICTION MAPPING 

Restriction maps were determined for each plasmid subclone as 

follows: digests were performed with commercially prepared restriction 

enzymes using the conditions recommended by the supplier . Digestion 

products were analyzed in 1 to 1.5% vertical agarose gels as previously 

described. A mixture of bacteriophage lambda DNA cut with Hind III 

(Bethesda Research Laboratories, Inc.) and Phi X 174 DNA cut with Hinc II 

(l~ew England Biolabs, Inc.) was used as a molecular weight standard on 



these gels. Restriction fragment lengths were determined using a 

computer- generated standard curve . When necessary, gels were blotted 

as previously descr1bed and me~branes hybridized to the U1 eDNA probe 

either under conditions identical to those used for library screening, 

or as follows: Membranes were prehybridized for 2 to 4 hours at 68°C 
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in a prehybridization solution consisting of 3X sse , 0. 1% (w/v) Ficoll, 

0. 1% polyvinylpyrrolidone , 0. 1% bovine serum albumin , 0. 1% SDS , 100 mM 

sodium phosphate, pH 6.8 , 50 micrograms/ml poly(rA) (Miles Laboratories , 

Inc . ) and 30 micrograr.s/ml of sonicated, heat-denatured l· coli DNA . 

Heat denatured probe was added to the prehybrldization solution to a 

final concentration of 1 million cpm/ml and hybridization continued for 

12 to 18 hours at 6SOe. The membrane was washed for 90 minutes in 

several changes of 3X sse at 6SOC . 

Methylation- free plas~id DNA was prepared by first transforming 

l · coli bacterial strain GM33 with the plasmid of interest. Plasmid 

prepared from this strain was then used to transform NEB208 (both 

strains were a gift from Or . Jeff Wilson, New England Biolabs, Inc.). 

NEB208 is methylase-deficient but has the K restriction MOdification 

system; it is therefore poorly transformed by DNA prepared directly from 

commonly used bacterial strains such as HB101 or e600 . Plasmid DNA 

isolated from GM33 is resistant to K restriction and consequently trans

forms NEB208 efficiently. Restriction enzymes that are acutely sensitive 

to methylation , such as Bel I , efficiently digest plasmid DNA isolated 

from NEB208. 
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L. CHEMICAL SEQUENCING OF DNA 

1. 5' End La be 1 i ng: 

DNA restriction fragrrents were 5' end- labeled as follows: 5' 

phosphate groups were removed with calf intestinal alkaline phosphatase 

(Boehringer-Mannheim Biochemicals , Inc.) exactly as described in the 

subcloning section. These termini were rephosphorylated with T4 poly

nucleotide kinase and gamma 32P-ATP in a 50 microliter reaction mixture 

consisting of 50 nt1 Tris - HCl , pH 7.6, 10 rrM MgCl 2, 5 mM dithiothreitol , 

0.1 nt1 spermidine (Sigra Chemical Co.) , 0.1 rrM EOTA, 2- 3 micrograms of 

dephosphorylated DNA fragment, at least 50 picomoles of gamma (32P) -ATP 

(150 microcuries at a specific activity of 3000 Ci/mmole; New England 

Nuclear , Inc . ) and 20 units of T4 polynucleotide kinase (Bethesda 

Research Laboratories, Inc . ). Following a 30 minute incubation at 37°C, 

the reaction was terminated by addition of EDTA to a final concentration 

of 20 mM and extraction with an equal volume of phenol . The top aqueous 

phase was reextracted twice with an equal volume of chloroform:isoamyl 

alcohol (24:1); DNA was recovered by addition of an equal volume of 4 M 

ammonium acetate and 2 volumes of cold (- 20°C) 95% ethanol followed by 

chilling to -700C in a dry- ice:ethanol bath . The DNA was reprecipitated 

in this fashion to further remove unincorporated isotope . 

2. Purification of Restriction Fragments from Agarose Gels : 

Restrict i on fragments were resolved by electrophoresis in ei ther 

low melting point agarose or acrylamide gels, depending on the s i ze 

of the fragment . Fragments larger than 1 kilobase were recovered from 

1% to 1. 5% low melting point agarose gels prepared exactly as previously 

described except for the use of low melting point agarose (Bethesda 
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Research Laboratories, Inc.). Following electrophoresis, fragments were 

located by removing the two outermost lanes from each side of the gel, 

staining them with ethidium bromide (1 m1crogram/ml) and using the loca

tion of the stained bands in these lanes to determine the location of 

the unstained bands in the remainder of the gel . It is important 

neither to stain nor expose to UV light DNA fragments that are to be 

sequenced; exposure to UV light is avoided by placing the unstained 

portion of the gel on appropriately trimmed Mylar sheets sandwiching 

black construction paper. Recovered gel slices were placed in 30 ml 

glass corex tubes and heated to 7CfC until the agarose had completely 

melted (10 to 20 minutes). The volume of the molten agarose was 

measured by drawing it up in a 1 ml Pipetman; 4 volumes of 0.625 M NaCl 

in TE (10 rrt,l Tris-HCl, pH 7 .2, 1 rrt-1 EDTA) were then added and incubation 

continued at 70°C for an additional 10 minutes. A NACS-Prepac (Bethesda 

Research Laboratories, Inc.) column was hydrated with 2M NaCl in TE 

and then equilibrated with 3 ml of 0.5 M NaCl in TE. After adjusting 

the temperature of the gel solution to 4JOC, 1 ml aliquots were succes

sively removed and loaded onto the NACS column . The agarose was forced 

through the column at a flow rate of no greater than 1 ml/minute by 

applying pressure with a 1 ml Pipetman. After all the agarose had been 

forced through, the column was washed with 5 ml of warm (43°C) 0.5 M 

NaCl in TE . DNA was eluted from the NACS resin in three 100 microliter 

aliquots of 2 ~~ NaCl in TE and precipitated by adding an equal volume 

of distilled water and two volumes of cold (-20°C) 95% ethanol. The DNA 

was precipitated overnight at -20°C and recovered as previously described. 
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3. Purification of Restriction Fragments from Acrylam1de Gels: 

Fragments of less than 1 kilobase in length were resolved in 10% 

polyacrylamide gels prepared as follows: 9.75% acrylamide, 0. 25% bis 

and 0.1% ammonium persulfate (all w/v) were prepared in electrophoresis 

buffer (20 nt-1 sodium acetate, 2 rrt-1 EDTA , 40 nt-1 Tris-acetic acid, pH 7.2) . 

After addition of 0. 25 microliters of TH1ED per ml of acrylamide, the 

solution was poured into a gel mold assembled with 1.5 mm spacers. All 

gels were prerun in electrophoresis buffer at 150 volts for 30 minutes 

prior to sample loading; electrophoresis was then continued at the same 

voltage until the bromophenol blue marker reached the bottom of the gel. 

DNA fragments were located as described above or by autoradiography. 

The appropriate region of the gel was excised and the acrylamide finely 

ground; this was accomplished by placing the gel slice in a 1.5 ml 

microcentrifuge tube and using a 0.5 ml microcentrifuge tube as a 

pestle. Approximately 1 ml of 0. 2 M NaCl in TE was added and DNA eluted 

by rocking overnight at 37°C. For best results the acrylamide should 

form a 11Slurry" in the salt solution. A NACS-Prepac column was hydrated 

with 2M NaCl in TE and equilibrated with 3 ml of 0.2 M NaCl in TE. The 

acrylamide slurry was then transferred to the NACS column and solution 

slowly forced through with a 1 ml Pipetman; a porous plug prevents the 

passage of solid acrylamide through the resin. An additional 1 ml 

aliquot of 0. 2 M NaCl in TE was added to the barrel of the column and 

thoroughly mixed with the acrylamide fragments. This aliquot was then 

also forced through. All acrylamide fragments were then removed from 

the barrel with a Pasteur pipette by repeatedly rinsing with 0.2 M NaCl 

in TE . The resin was then washed with 5 ml of 0.2 M NaCl in TE and 

DNA recovered from the column in three 100 microliter aliquots of 1 M 



NaCl in TE. DNA was precipitated by addition of 2 volumes of 95% 

ethanol and incubation overnight at - 2CfC. 

4. Sequencing Reactions: 

Single end- labeled restriction fragments were sequenced using 

slightly modified procedures of Maxam and Gilbert (1977,1980) . Five 

sequencing reactions were routinely performed, G, G+A, C, C+T, and A 

greater than C, and were accomplished as follows: 
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a. The G reaction: The following reagents were assembled in a 

sterile 1.5 ml microcentrifuge tube and chilled on ice: 200 microliters 

of OMS buffer (50 nt1 sodium cacodylate, pH 8.0 , 10 nt1 ~1gC1 2 and 1 nt1 

EDTA), 1 microliter of carrier DNA (1 mg/ml sonicated calf thymus DNA 

in water; Worthington Biochemical Corp.), and 5 microliters of end

labeled DNA fragment in water (50 ,000 cpm). In a fume hood, 1 microliter 

of dimethylsulfate (Aldrich Chemical Co.) was added to the reaction with 

a calibrated glass capillary , mixed and incubated at 20°C for 12 minutes . 

The reaction was terminated by addition of 50 microliters of OMS stop 

solution (1.5 M sodium acetate , pH 7.0, 1M mercaptoethanol , and 

100 micrograms/ml i · coli tRNA) and 750 microliters of cold (- 20°C) 95% 

ethanol followed by chilling at - 70°C in a dry ice:ethanol bath for 

5 minutes. DNA was recovered by centrifugation in an Eppendorf micro

centrifuge for 7 minutes at 4°C. The pellet was washed once in 1 ml of 

cold (-2CfC) 80% ethanol and then resuspended in 250 microl iters of 0.3 M 

sodium acetate , pH 5. 2, and reprecipitated by addition of 750 microliters 

of cold 95~ ethanol followed by chilling at -7CfC for 5 minutes. The 

pellet was recovered as before and washed twice with 1 ml a l iquots of 

cold 80% ethanol. After brief dry i ng i n a Savant Speed- Vac concentrator , 

the sample was ready for the piperidi ne cleavage react ion (see be l ow) . 
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b. The G+A reaction: The following reagents were assembled in 

a sterile 1.5 ml microcentrifuge tube and chilled on ice: 10 microliters 

of d1stilled water, 1 Microliter of carrier DNA and 10 microliters of 

end-labeled DNA fragment in water (100,000 cpm) . Two microl1ters of 

freshly prepared 1 ~1 pyridinium formate (400 microliters of absolute 

formic acid and 20 microliters of piperidine per 10 ml of water) were 

added and the mixture incubated at 20°C for 80 minutes . The reaction 

was then frozen solid in the dry ice:ethanol bath and lyophilized to 

dryness in the Speed- Vac concentrator. The sample was redissolved in 

20 m1croliters of water , refrozen and redried as before. The reaction 

was now ready for the piperidine cleavage reaction (see below). 

c. The C reaction: The following reagents were assembled in a 

1.5 ml sterile microcentrifuge tube and chilled on ice: 15 microliters 

of 5 M NaCl, 1 microliter of carrier DNA and 5 microliters of end

labeled DNA fragfll:!nt in water (50,000 cpm}. In a fume hood, 30 micro

liters of 95% hydrazine (Eastman Organic Chemicals) were added , mixed 

gently and the reaction incubated for 15 minutes at 20°C. The reaction 

is terminated in exactly the same way as C+T reaction and is described 

below. 

d. The C+T reaction: The following reagents were assembled in 

a sterile 1.5 ml microcentrifuge tube and chilled on ice: 10 microliters 

of distilled water, 1 microliter of carrier DNA and 10 microliters of 

end- labeled DNA fragment in water (100,000 cpm). In a fume hood, 

30 microliters of hydrazine were added, gently mixed and the reaction 

incubated for 12 minutes at 20°C. The reaction was terminated by addi

tion of 200 microliters of ice-cold hydrazine stop solution (0 .3 M sodium 

acetate, 0.1 rrt-1 EDTA and 25 micrograms/ml !_. coli tRNA) and 



73 

750 microliters of cold (- 2CfC) 95% ethanol . The coMponents were mixed 

by invers1on and chilled at - 7CfC for 5 minutes. The precipitate was 

recovered by centrifugation in an Eppendorf microcentrifuge for 7 minutes 

at 4°C. The supernatant was quickly removed and the pellet was washed 

in 1 ml of cold (-20°C) 80% ethanol. It is extremely important not to 

let the reaction warm up at any point during the recovery or washing 

of the precipitate; these steps should be performed as quickly as 

possible . The pellet was then redissolved in 250 microliters of 0. 3 M 

sodium acetate, pH 5. 2, and DNA again precipitated by addition of 

750 microliters of cold 95% ethanol followed by chilling to -70°C 

for 5 minutes. The precipitate was recovered as described before and 

washed twice in 1 ml aliquots of cold 80% ethanol. After brief drying 

in the Speed- Vac concentrator , the sample was ready for the piperidine 

cleavage reaction. 

e. The A greater than C reaction: The following reagents were 

assembled in a 1.5 ml microcentrifuge tube: 100 microliters of 1. 2 N 

NaOH , 1 microliter of carrier DNA and 5 microliters of end- labeled 

DNA fragment in water (50,000 cpm) . Teflon tape was placed under the 

cap and the reaction incubated at 90°C for 12 minutes ; a weight was 

placed over the tube to keep it sealed. The reaction was terminated 

by addition of 150 microliters of cold 1 N acetic acid, 5 microliters 

of f. coli tRNA (1 mg/ml) and 750 microliters of cold (- 20°C) 95% 

ethanol . The precipitate was recovered by chilling and centrifugation 

as described above and was washed twice with 1 ml aliquots of cold 

80% ethanol. After brief drying in the Speed- Vac concentrator , the 

sample was ready for the piperidine cleavage reaction . 
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To each of the 5 samples, 100 microliters of freshly diluted 1 M 

piperidine was added and tubes sealed with Teflon tape. The reactions 

were then incubated at 90°C for 30 minutes under a heavy weight to 

prevent the tubes from popping open . Piperidine was removed by lyo

philization overnight in the Speed-Vac concentrator. The samples were 

redissolved in 10 microliters of water and redried; this was repeated 

twice more . Following the removal of piperidine, the reaction samples 

were dissolved in 10 microliters of loading buffer (80% v/v deionized 

fornamide, 50 mM Tris - borate, pH 8.3, 1 mN EDTA, 0.1% w/v xylene cyanol, 

and 0.1% w/v bromophenol blue) . Two microliters of each sample was 

transferred to a 0.5 ml microcentrifuge tube and heated in a boiling 

water bath for 1 minute and then quick-cooled on ice; the aliquot was 

immediately loaded onto a sequencing gel with a drawn-out glass capillary 

and a Thumb- Pump {Fisher Scientific, Inc.). 

Sequencing gels were prepared in a BRL model SO (40 em) sequencing 

gel apparatus equipped with 0.35 mm spacers. Gel molds were sealed 

with Scotch 3M type #56 tape (available through BRL , Inc . ) and gels 

prepared as follows: gel solutions containing 50% (w/v) urea (Sigma 

Chemical Co.) and either 8% or 20% polyacrylamide (19:1 acrylamide to 

bis) were prepared in 0. 5X TBE buffer (lOX TBE: 100 mM Tris-borate, 

pH 8.3, 2 nt1 EDTA) . Immediately prior to gel pouring, ammonium per

sulfate was added to a final concentration of 0.1% (10% w/v freshly 

prepared stock in water) followed by addition of TEMED (0 . 25 micro-

liters/ml of gel) . After placement of the comb, the gel was allowed to 

polymerize horizontally for 1 hour . Gels were warmed prior to sample 

loading by applying 1500-1900 volts (0.5X TBE; 30-45 milliamps) for at 

least 30 minutes using an LKB model 912 constant power supply 
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(Gaithersberg , Md.). Electrophoresis was continued after sample-loading 

at this voltage. Sample wells were rinsed thoroughly immediately prior 

to loading and immediately after samples had entered the gel . Following 

electrophoresis, a glass plate was carefully removed and a piece of old 

X-ray film placed on the gel surface. The film with adhering gel was 

then lifted from the remaining plate; the gel was covered with Saran-Wrap 

and autoradiography conducted at -7oP C with Kodak XAR film. 

M. PREPARATION OF FORMAMIDE AND PHENOL 

For~mide (Bethesda Research Laboratories , Inc.) was deionized 

when necessary with AD 501 X8 mixed bed resin (Bio-Rad, Inc.). 

Approxinately 1 gram per 25 ml of formamide was gently stirred for 1 hour 

and subsequently removed by filtration through filter paper. All phenol 

extractions performed in eDNA synthesis were accomplished as follows: 

water-saturated, distilled phenol was thoroughly pre-equilibrated with 

the buffer system in the aqueous phase to be extracted. Half-volumes of 

this phenol and chloroform:isoamyl alcohol were used in all extractions 

in the eDNA synthesis steps. Phenol used in all other extractions was 

prepared according to Blin and Stafford (1976) as follows: an equal 

volume of 0.1 ~~ Tris, pH 9.0, was mixed with 500 grams of distilled 

phenol melted at a temperature not exceeding 60°C. After discarding the 

top aqueous phase, the phenol was further saturated with 1.0 M Tris, 

pH 9.0; this step was repeated until the pH of the phenol reached 7.5. 

To the remaining phenol, 70 ml of m-Cresol (12% v/v) and 0.5 grams of 

8-hydroxy quinoline was added. After further separation of the two 

phases, the phenol was equilibrated with 50 mM EDTA, pH 8.0, and stored 

at -200C in small aliquots under this solution (Blin and Stafford, 1976) . 
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A. OVERVIEW 

Isolation and detailed analysis of mouse Ul genes and pseudogenes 

requires a molecular probe specific for these sequences . Although Ul 

RNA is potentially suited for this purpose, the substantial difficulties 

associated with the purification of Ul RNA from other species of nuclear 

RNA in the 4- 7$ size range have prohibited its use as a probe . To 

circumvent this problem, complementary DNA was synthesized from mouse 

nuclear 4- 7S RNA and cloned into the bacterial plasmid pBR322 . This 

approach was expected to yield eDNA clones representative of all the 

RNA species in the 4- 7$ size range. The clones were then screened for 

the presence of a cDtiA insert complementary to mouse Ula RNA that would 

be suitable for use as a gene probe. The results of these experiments 

are described in section I. 

Section II describes the isolation and characterization of presump

tive mouse Ul genes and pseudogenes. A cloned Ul eDNA probe was used 

to screen a library of mouse genomic DNA fragments in the bacteriophage , 

Charon 28 . Five recombinant phage clones containing sing le Ul sequences 

from distinct sites in the Ul sequence f rom each phage clone were 

inserted into the bacterial plasmid , pAT153 , and restriction maps were 

obtained for each of the subclones . The complete nucleotide sequences 

of two Ul sequences and their flanking regions were determined; in 

addition , partial sequences were obtained for two of the other clones . 



SECTION 1: MOLECULAR CLONING OF DOUBLE-STRANDED eDNA 

COMPLEMENTARY TO MOUSE 4-7S RNA 

1. ISOLATION OF ~lOUSE 4-7S NUCLEAR RNA 
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U1a RNA is a major RNA species in the 4-7S size range of mouse 

nuclear RNA . When eDNA is synthesized from mouse 4- 7S nuclear RNA, a 

proportion of the product should be complementary to U1a RNA. Nuclear 

4-7S RNA was isolated from mouse erythroleukemia (MEL) cells as described 

in the methods section. One milligram quantities of this RNA were size

fractionated by equilibrium density centrifugation through 10 to 45% 

linear sucrose gradients. RNA was recovered from the gradients using 

an automatic recording spectrophotometer fractionator; an optical profile 

of a representative gradient is shown in Figure 1. The absorbance 

peak near the top of the gradient contained 4-7S RNA and was collected 

from each gradient. Approximately 300 micrograms of mouse nuclear 

4-7S RNA was purified from 3 to 4 milligrams of whole nuclear RNA. 

Mouse nuclear 4- 7S RNA was analyzed by electrophoresis in 10% 

denaturing polyacrylamide gels to verify that significant degradation 

of the RNA had not occurred during the isolation procedure. Figure 2 

shows the results of the analysis of 20 micrograms of 4-7S RNA on such 

a gel. Note that U1a and U1b are major species in this size range; SS 

RNA is also a major component. Ribosonal 5.8S RNA comigrates with U1a 

RNA and undoubtedly comprises a portion of the RNA found in this region 

of the gel (Lerner and Steitz, 1979; Roop et !1·, 1981). 



FIGURE 1. Absorbance trofile of a 10-45% linear sucrose gradient con
taining nuc ear RNA i~lated from roouse Erythroleukemia cells. 

Nuclei were prepared from MEL cells by Oounce 1-omogeniza
tion in tre presence of 0. 3 M sucrose and 0.1 Triton X-100. 
Nuclei were furtrer r:uri fied by centrifugation through a 
0.88 M sucro~ cushion and subsequently lysed by treatlrent 
with 0. 5% SOS. RNA was tren recovered from tre lysate by 
extraction with prenol:chloroform at pH 5.0. One milligram 
quantities of RNA were loaded onto 10-45% 1 inear sucrose 
gradients and centrifuged at 25,000 RPM for 18 l-ours in a 
Beckman SW-27 rotor. Gradients were fractionated using an 
Isco automatic recording s~ctroprotometer-fractionator. 
Tre figure srows a typical 280 nanometer absorbance profle 
of such a gradient. "Top" and "bottom" refer to tre top and 
bottom of tre sucrose gradient and tre sedimentation values 
are noted above each ~ak. 
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FIGURE 2. Analysis of roouse 4- 7S nuclear RNA in a 10% (X>lyacrylamide 
gel containing 6 M urea. 

Mouse nuclear 4- 7S RNA was prepared by fractionation of 
wmle nuclear RNA in 10-45% sucrose density gradients. Twenty 
micrograms of tt"E RNA recovered from the 4- 7S region of these 
gradients was analysed by electroptnresi s in a bi s:acrylamide 
gel (9 . 75% acrylamide, 0.25% bis} containing 6 M urea as the 
denaturant; the gel alS? contained a 5% stacker (see 
"Mettnds") . The RNA was dissolved in 5 M urea , 50 rrM tri s
borate , pH 8.3 , and 1 rrM EDTA . Immediately prior to gel 
loading , tre sample was reated to 65°C for 5 minutes and 
then quick- cooled on ice . Electroptnresis was conducted at 
150 volts until tre brorooprenol blue marker reached tre 
bottom of tre gel. Tre gel was pre- run at this voltage for 
45 minutes. Following electroptnresis, the gel was stained 
with ethidium bromide ( 1 microgram/ml) and ptntographed. The 
major RNA s~ci e s in tre 4- 7S RNA size range are indica ted ; 
RNA s~cies were identified according to previously J:.Ublished 
Rf values for trese RNAs in similar gel systems (Lerner and 
Steitz , 1979) . Note that Ula and 5.8S RNA comigrate in this 
ge 1 system. 
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2. SYNTHESIS OF COt1PLEMENTARY DNA (eDNA) FROM 4- 7$ NUCLEAR RNA 

The steps involved in the synthesis of double- stranded eDNA from 

mouse nuclear 4- 7$ RNA are outlined in Figure 3. Nuclear 4- 7$ RNA was 

used as substrate in these reactions rather than purified U1a RNA for 

the following reasons: 
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A) The multiple steps involved in the synthesis of double- stranded 

eDNA require at least several micrograms of RNA temp late as start ing 

material. The purification of U1a RNA in quantities suffic ient for eDNA 

synthesis proved to be impractical . 

B) As previously mentioned , 5.8$ ribosomal RNA comigrates with 

Ula RNA; a purified Ula RNA preparation would undoubtedly contain sig

nificant amounts of this RNA species as a cont aminant. 

C) The use of 4- 7$ RNA , rather than purified Ula RNA , in the 

preparation and molecular cloning of double- stranded eDNA should result 

in eDNA clones for every RNA species in the 4- 7$ size range . Thus, 

eDNA clones of other interesting U- RNA species could subsequently be 

isolated, characterized , and used as probes for their respective genes . 

a . Polyadenylat i on of 4- 7$ RNA : 

When complementary DNA i s synthesized from a messenge r RNA template, 

short oligonucleotides of thymidine function as primers for reverse 

transcriptase by hybridiz i ng to the poly(A) tails of mRNA. Since small 

nuclear RNAs lack poly(A) tails , oligonucleotides of thynidine cannot 

be used directly as primers in the synthesis of eDNA from these RNAs. 

This problem was solved by adding poly(A) tails to the 3 ' te rmini of 

the 4- 7$ RNA species with the enzyme ATP :po lynucleotide adenylyltrans 

fe rase i so lated from mai ze seed l ings (Ma ns and Huff , 1975) . The enzyme 
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FIGURE 3. Tre scheme used for tre syntresis of double- stranded 4- 75 
eDNA. 

This figure outlines tre major steps involved in tre 
synthesis of double- stranded complerrentary DNA (eDNA) from 
mouse 4- 7S nuclear RNA. The thick line represents RNA while 
tre thin line represents eDNA. Abbreviations used: ss- DNA , 
single- stranded DNA; d s-DNA, doub 1 e- stranded DNA . 



POLYADENYLATION 

FIRST STRAND 
ONA SYNTHESIS 

SECOND STRAND 
DNA SYNTHESIS 

HAIR PIN LOOP 
REMOVAL 

5' 3 ' 4-7S Nuclear RNA .;.... ___ _ 
1

1. Adenylyl Transferase 
2. Oligo - (dT) Cellulose 

Chromatography 

------AAAAAn Poly (A)+ RNA 

1
1. Oligo - (dT) Primer 
2 . Reverse Transcriptase 

5 ' AAAAA3 ' 
L+oH TTTTT , ss-DNA 

3 ' 5 ! Base Hydrolysis of RNA 

C:: I I I I I 
OH 

3
, l DNA Polymerase I (klenow trag. I 

----- I I I I I ds-cDNA .. 
l S 1 Nuclease 

-------TT 
ds-cDNA 

82 



83 

was kindly provided by Or. Rusty Mans {Gainsville, Florida) . Two 

nanomoles of 4-7S RNA {100 micrograms; an average length of 120 

nucleotides) was incubated with 18 micrograms of adenylyltransferase 

and 5 microcuries of tritium-labeled ATP at a concentration of 1 mM. 

Following the reaction, polyadenylated 4- 7S RNA was purified by 

oligo{dT)-cellulose chromatography. Approximately 393 ,000 cpm of 

labeled RNA were retained by and subsequently eluted from the oligo{dT) 

cellulose column. Spectrophotometric analysis of the poly(A)+ fraction 

revealed that 20 micrograms of RNA bound to the column. The specific 

activity of the tritium-labeled ATP in the reaction mixture was 

38,000 cpm per nanomole of ATP. Thus, approximately 10 nanomoles of 

AMP {393,000 cpm/38,000 cpm) was incorporated into 0.4 nanomoles of 

4-7S RNA {20 micrograms) , suggesting that an average tail - length of 

about 25 nucleotides (10 nanomoles AMP/0.4 nanomoles RNA) had been syn

thesized . 

b. First Strand Synthesis of eDNA: 

Reverse transcriptase isolated from avian myeloblastosis virus 

{Life-Sciences , Inc.) was used to synthesize single strands of DNA 

complementary to the polyadenylated 4-7S RNA species. DNA synthesis was 

primed by the 3' hydroxyl groups of thymidine oligonucleotides that 

hybridized to the~ vitro synthesized poly(A) tails on these RNAs. 

Reverse transcriptase extends the 3' ends of the oligomers using the 

RNA as a template. When the enzyme reaches the 5' end of the RNA it 

characteristically folds back on the DNA and continues to synthesize a 

short region of DNA complementary to first strand. Thus, the 3' end 

of the single-stranded eDNA is composed of double- stranded region and a 

single-stranded loop (Verma , 1977). 
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Poly(A)+ RNA was desalted by gel filtration through G-25 Sephadex 

and incubated in a 1 ml reaction mixture containing 200 units of reverse 

transcriptase, 150 microcur1es of tritium-labeled dCTP and the 4 deoxy

ribonucleoside triphosphates, each at a concentration of 0.2 mM. One 

unit of the enzyme incorporates 1 nanomole of dTMP in 10 minutes at 

37°C (Life-Sciences, Inc.). Following the reaction , the RNA-DNA hybrids 

were incubated in the presence of 0.3 M NaOH for 4 hours; this denatured 

the duplex and hydrolyzed the RNA template, leaving the single-stranded 

eDNA intact. The reaction mixture was neutralized with HCl and extracted 

with phenol:chloroform. Unincorporated label was separated from the 

eDNA by gel filtration through G-75 Sephadex . Ethanol precipitation of 

the void-volume fractions resulted in the recovery of 374,500 cpm of 

tritium-labeled eDNA . The specific activity of the tritium-labeled 

dCTP in the reaction mixture was 500 ,000 cpm per nanomole of dCTP. 

Thus, approximately 0. 75 nanomoles (374 ,500 cpm/500,000 cpm) of this 

nucleotide , or 3 nanomoles (0.75 nanomoles X 4) of total nucleotide , 

was incorporated into the newly synthesized eDNA . The molecular weight 

of a nucleotide is roughly 300 nanograms/nanomole; the enzyme therefore 

synthesized approximately 0.9 micrograms of eDNA from 20 micrograms of 

template RNA. 

c. Synthesis of the Second Stand of eDNA: 

The synthesis of the hair-pin loop by reverse transcriptase is 

fortuitous because the 3' hydroxyl group of the eDNA serves as a primer 

for synthesis of the second , complementary DNA strand by l· coli DNA 

polymerase I . The eDNA was precipitated with ethanol to ensure removal 

of ribonucleosides and was desalted by gel filtration chromatography on 

G-25 Sephadex. Approximately 700 nanograms of single-stranded eDNA 



(280,000 cpm) were recovered and incubated with 7 units of the large 

fragment of i· coli DNA polynerase (Klenow fragment, Boehringer

Mannheim Biochemicals, Inc.) and the four deoxyribonucleos1de triphos

phates (Sigma Chemical Co.), each at a concentration of 50 micromolar. 

One unit of this enzyme incorporates 10 nanomoles of nucleotide in 
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30 minutes at 3?C (Boehringer-Mannheim Biochemicals, Inc.) . The 

reaction was terminated by phenol extraction and eDNA was recovered by 

ethanol precipitation. 150 ,000 cpm of the original 280,000 cpm incubated 

in the reaction were recovered in the precipitate. 

Second strand synthesis was confirmed by incubating a small aliquot 

of the eDNA with S1 nuclease . S1 nuclease specifically degrades single

stranded DNA, leaving double-stranded DNA intact. Efficient second 

strand synthesis should therefore result in double- stranded eDNA that is 

highly resistant to S1 nuclease digestion . 1730 cpm of eDNA we re 

incubated with 10 units of S1 nuclease (Bethesda Research Laboratories , 

Inc.) for 1 hour . Undigested eDNA was precipitated with trichloroacetic 

acid (TCA) and recovered on glass microfiber filters . Of 1730 cpm of 

eDNA incubated with S1 nuclease, 1550 cpm (90%) were recovered on glass 

microfiber filters following TCA precipitation. The highly resistant 

nature of this eDNA to S1 nuclease suggested that the eDNA molecules were 

predominantly double-stranded. 

d. S1 Nuclease Digestion of Double-Stranded eDNA: 

~rolecular cloning of the double-stranded eDNA requires the removal 

of the single-stranded hair-pin loop synthesized by reverse transcriptase; 

this was accomplished by incubating the eDNA with S1 nuclease. This 

treatment leaves the ends of the eDNA molecules essentially blunt-ended. 

Following gel filtration on G- 25 Sephadex , the double- stranded eDNA 



(129 ,000 cpm) was incubated with 10 units of S1 nuclease (Bethesda 

Research Laboratories , Inc.) for 1 hour . The reaction was terminated 
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by pnenol extraction and 109 ,000 cpm of eDNA (82a) were recoverea by 

ethanol precipitation. The slightly lower proportion of eDNA resistant 

to S1 nuclease in this experiment (82~) compared to the Sl nuclease test 

digest 1n the preceding experiment (90~) is a consequence of losses 

resulting from the phenol extraction following this reaction. 

3. MOLECULAR CLONING OF DOUBLE-STRANDED 4-7$ eDNA 

The double- stranded eDNA consists of sequences conplementary to 

multiple RNA species in the 4-7$ size range . Purification of U1a eDNA 

from 4-7$ eDNA requires the MOlecular cloning of these sequences. A 

cloned eDNA sequence is particularly useful because 100% purity of the 

eDNA sequence is assured; furthermore, large amounts of the sequence 

can be rapidly isolated. The method used to clone the double-stranded 

eDNA into a bacterial plasmid vector is outlined in Figure 4. The 

cloning vector , pBR322 , contains a single Pst I restriction site located 

in the gene that confers ampicillin resistance to the host bacterium. 

A second gene also renders the host bacterium resistant to the anti 

blotic tetracycline. Double-stranded eDNA was inserted into the plasmid 

at the Pst I site by homopolymeric tailing; this technique allows the 

insert1on of only one eDNA molecule per plasmid. E. coli was trans-

formed with the pBR322:cDNA recombinant plasmids and transformants 

selected by their ability to grow in the presence of tetracycline . 

Resulting bacterial colonies each harbored multiple copies of a single 

recombinant plasmid that contained a unique eDNA insert. 



FIGURE 4. the bacteria 1 

This figure outlines the steps involved in the insertion 
of eDNA sequences into the Pst I site of pBR322 by fniOOJX>ly
meric tailing. Poly(dG) tails were added to the 5' termini 
of linear plasmid DNA using the enzyme terminal deoxynucleo
tidyl transferase; similarly , JX>ly(dC) tails were added to 
tre eDNA. Aliquots of tailed plasmid and eDNA were mixed in 
a 1:1 molar ratio and complementary tails alowed to anneal. 
Annealed complexes were used directly in bacterial transfor
mation ; tran sforman ts harbored covalently joined vee tor and 
cloned insert sequences. Note row JX>ly(dG) tailing of the 
plasmid results in reconstruction of the Pst I site on either 
side of the cloned insert. 
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a. Homopolymeric Tailing of eDNA and Linear Plasmid: 

The enzyme terminal deoxynucleotidyl transferase isolated from calf 

thymus synthesizes single-stranded tracts of deoxyribonucleotides by 

extending the 3• termini of DNA fragments. The conposition of the 

s1ngle- stranded tail depends on which deoxyribonucleoside triphosphates 

are present in the reaction. This enzyme was used to synthesize 

poly(dC) tails on the eDNA termini and poly(dG) tails on linear (Pst I 

digested) plasmid DNA. Annealing of these complementary tails results 

in circular cDNA:plasnid complexes capable of transforming bacteria. 

The terminal transferase was kindly provided by Dr. J. Wilson (Medical 

College of Georgia) . 

1. Poly(dC) Tailing of eDNA: The double-stranded eDNA was desalted 

by gel filtration through G-25 Sephadex; 105,000 cpm (3.7 picomoles of 

eDNA , assuming an average length of 100 base pairs) were recovered and 

incubated in a 53 microliter reaction consisting of 53 units of terminal 

transferase and 3.8 microcuries of alpha 32P-dCTP at a concentration of 

10.5 micromolar. One unit of enzyme incorporates 1 nanomole of dATP in 

1 hour at 37°C, using poly(dA) as substrate. The progress of the 

reaction was monitored as described in the methods section. After 

10 minutes , 31,000 cpm of 32P were precipitated with TCA from a 1 micro

liter reaction aliquot. The specific activity of the 32P-dCTP in the 

reaction was 15,000 cpm/picomole of dCTP. Thus, 2.06 picomoles of dCTP 

(31 ,000 cpm/15,000 cpm) were incorporated into 0.07 picomoles of eDNA 

(amount of eDNA in 1 microliter of reaction). This suggests that 

average poly(dC) tail lengths of 15 nucleotides (2 . 06 picomoles dCTP/ 

0.07 picomoles eDNA; 2 tails per molecule) were synthesized at each 

eDNA terminus. The reaction was terminated by heating to 65°C for 

10 minutes and tailed eDNA recovered directly by ethanol precipitation. 
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2. Poly(dG) tailing of plasmid DNA: Plasmid DNA was digested with 

Pst I and complete digestion verified by analytical electrophoresis in 

a 1% agarose gel. Uncut plasmid DNA in an incomplete digest would 

contribute significantly to the number of bacterial colonies resulting 

from transformation in the final cloning step, thereby greatly increasing 

the number of colonies that would have to be screened. Linear plasmid 

DNA was tailed in a 412 microliter reaction consisting of 29 picomoles 

of linear pBR322 (75 micrograms), 412 units of terminal transferase and 

30 microcuries of alpha 32P-dCTP at a concentration of 10 .5 micromolar. 

After a 30 minute incubation at 37°C , 33,000 cpm of 32p were recovered 

by TCA precipitation from a 1 microliter reaction aliquot . The specific 

activity of 32P-dGTP in the reaction was 15 ,000 cpm per picomole of 

dGTP . Thus, 2.2 picomoles of dGTP (33,000 cpm/15 ,000 cpo) were incor

porated into 0.0 7 picomoles of linear plasmid (amount of plasmid DNA 

in 1 microliter of reaction) . These results suggested that the average 

length of poly(dG) tails synthesized at each terminus of linearized 

plasmid was approximately 15 nucleotides (2.2 picomoles/0.07 picomoles ; 

2 tails per molecule). The reaction was terminated by extraction with 

phenol:chloroform (1 :1) and tailed plasmid recovered by ethanol precipi

tation. 

b. Annealing and Bacterial Transformation: 

Poly(dC) tailed eDNA and poly(dG) tailed plasmid DNA were mixed in 

a 1:1 molar ratio and complementary tails allowed to anneal. A low 

overall DNA concentration was selected to promote the formation of 

annealed circular complexes consisting predominantly of a single eDNA 

and plasmid molecule rather than long concatamers consisting of many 

plasmid and eDNA molecules (Roychoudhury et !l· , 1976). The annealing 
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mixture consisted of 250 nanograms of tailed plasmid and 6 to 7 nano

grams of tailed eDNA in 50 microliters of annealing buffer. The mixture 

was heated to 7CfC for 10 minutes and subsequently incubated overnight 

at 42°C. The water bath was then switched off and allowed to return to 

room temperature slowly. Resulting annealed complexes were introduced 

into l· coli by bacterial transformation. Annealed circular complexes 

taken up by bacteria are repaired by endogenous bacterial enzymes; this 

results in a covalently linked plasmid:cDNA recombinant molecule . 

A 50 ml culture of l· coli (strain C600) was prepared for trans

formation exactly as described in the methods section; the 50 microliter 

annealing mixture was added to a 0.5 ml suspension of these calcium 

chloride- treated bacteria . Approximately 400 colonies grew overnight, 

200 of which failed to grow in the presence of ampicillin when replica 

plated onto LB plates containing this antibiotic. The ability of these 

transformants to grow in the presence of tetracycline but not ampicillin 

suggested that the respective plasmids contained an inserted eDNA 

sequence in the gene that confers ampicillin resistance, thus rendering 

it nonfunctional. The remaining 200 colonies were not sensitive to 

ampicillin and probably resulted fran a sMall number of circular plasmid 

molecules that escaped the initial Pst I digestion . This possibility 

was confirmed by a control experimental in which bacteria transformed by 

250 nanograms of tailed plasmid alone resulted in 230 colonies. 

4. SCREEN!!~ OF BACTERIAL TRANSFORMANTS 

Molecular cloning of the 4-7S eDNA resulted in 200 transforMants 

that appeared to harbor recombinant plasmids , each of which arose by 



91 

insertion of a unique eDNA molecule into a plasmid. Consequently, a 

eDNA copy of any RNA species in the 4- 75 size range could be represented 

by one or more of the transformants. The 200 bacterial transformants 

were therefore screened for the presence of an inserted eDNA sequence 

co~lementary to mouse U1a RNA. Confirmation that the transformants 

harbored recombinant plasmids was obtained as follows: small amounts of 

plasmid DNA were prepared from 16 of the 200 ampicillin sensitive trans

formants. Each DNA sample was digested with Eco RI and~ I and sub

sequently analysed by electrophoresis in a 1. 5% vertical agarose gel. 

the presence of cloned eDNA inserts in many of the plasmids was confirmed 

by the increased size of the restriction fragment known to contain the 

plasmid Pst I site (data not shown). Having determined that double

stranded eDNA was indeed cloned into pBR322, the transformants were 

screened for the presence of a U1 eDNA insert in several steps. 

Transformants capable of hybridizing to 4-75 nuclear RNA were 

selected as follows: the recombinant plasmids from the 200 transformants 

were hybridized to iodinated 4- 75 RNA using the colony hybridization 

technique of Grunstein and Wallis (1980). Autoradiography revealed the 

presence of eighteen transformants capable of binding the largest amounts 

of iodinated RNA. In addition , smaller but significant quantities of 

RNA probe bound to many of the other transformants. The inserts in 

these clones may have been particularly short and therefore incapable of 

forming stable hybrids. Alternatively, the inserts may have been 

complementary to a relatively minor 4- 75 RNA species . 

Small amounts of plasmid DNA were prepared from 96 of the 

transformants, 18 of which bound large amounts while the remaining 78 

bound small amounts of iodinated 4- 75 RNA . Approximately 2 micrograms 



of each plasmid DNA sample was denatured and immobilized on a nitro

cellulose membrane using a Dot-Blot apparatus (Schleicher and Schuell, 

Inc.). Iodinated Ula RNA was partially purified from 4-7S RNA and 

hybridized to the nitrocellulose membrane. As Figure 5 shows, the 

purified Ul RNA probe hybridized strongly to recoMb1nant plasmid DNA 

from 2 of the transformants. These 2 transformants hybridized strongly 

to iodinated 4-7S RNA in the previous experiment. The purified Ul RNA 

probe undoubtedly contained significant amounts of ribosomal 5.8S RNA; 

the possibility therefore existed that these clones contained a eDNA 

insertion complementary to 5.8S RNA rather than Ul RNA. 
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The identity of the cDI~A inserts in the plasmids from these 2 

transformants was determined as follows: mouse 4-7S nuclear RNA was 

subjected to electrophoresis in a 10% polyacrylamide gel. The separated 

4-75 RNA species were subsequently electroeluted fro m the gel onto 

activated DBM paper. Small amounts of plasmid DNA from the 2 trans

formants were radiolabeled by nick- translation and each hybridized to 

4- 75 RNA immobilized on the DBH paper. The results of this experiment 

for one clone are shown in Figure 6, lane B; nick- translated plasmid 

DNA from the two transformants hybridized predominantly to a single RNA 

species corresponding to the size of UlA RNA. The probe, however, was 

expected to hybridize to 2 RNA species , Ula and Ulb. Since ribosomal 

5.8S RNA comigrates with Ul RNA , the hybridization of these plasmids to 

a single RNA species indicated that the eDNA insert may be complementary 

to 5.85 RNA rather than Ula RNA. 

The possibility that the cloned eDNA sequences were complementary 

to 5.85 RNA rather than Ul RNA was confirmed by restriction analysis of 

the recombinant plasmids . A putative eDNA sequence of 5.8S RNA was 



FIGURE 5. Dot- blot analysis of 96 recombinant plasmids containing 4- 7S 
eDNA inserts using iodinated Ula- 5.8S RNA as probe . 

Small amounts of plasmid DNA were rapidly isolated from 
bacterial transformants that trfbridized to iodinated 4- 7S 
nuclear RNA in colony trfbridization ex~riments. Each DNA 
sample was denatured and imroobilized on nitrocellulose pa~r 
using a Dot- Blot apparatus (Schleicher and Scl'l.lell, Inc.). 
Iodinated Ula- 5.8S RNA was prepared by first iodinating 4- 7S 
nuclear RNA. The RNA comJX)nents in this size range were 
separated by electroproresis in 10% JX>lyacrylamide gel and 
then transferred to DEAE pa~r by electroelution in a Trans
Blot apparatus (Bio-Rad , Inc.) . The Ula- 5.8S RNA band was 
identified by autoradiography and that region subsequently 
excised from the pa ~r. lod ina ted RNA was recovered from the 
DEAE pa~r by washing with 30% (v/v) triethylamine bicar
bonate . This RNA was then trfbridized to the Nitrocellulose 
membrane as described in the metrods section. This figure 
srows the autoradiograph of this membrane following a 4 week 
exJXlsure. Two plasmids containing inserts complementary to 
the Ula- 5. 8S RNA probe were clearly present. 
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FIGURE 6 . Hybridization of two 4-7S eDNA clones to rrouse nuclear 4- 7S 
RNA i mmob i 1 i zed on DBM pa {:X:!r. 

Plasmid DNA hybridizing to iodinated Ula-5.8S RNA (see 
Figure 5) was nick- translated and l"[ybridized to roouse 4- 7S 
nuclear RNA ill11l)bil ized on DBM p1per. Tre resulting auto
radiograph for one of tre two clones is shown in lane B. 
Lane A shows tre corresP>nding RNA bands in tre ethidium 
bromide- stained gel prior to transfer to DBM paf!!r. Tre 
plasmid DNA clearly l"[ybridizes to tre Ula-5 . 8S RNA band. 
Tre weaker hybridization signals are eitrer a consequence 
of cross l"[ybridization to other RNA speices or to discrete 
breakdown products of tre principle l"[ybridizing band . 
Identical results were obtained for the other Ula- 5. 8S 
hybridizing clone (not shown). Several transformants 
t'(ybridized strongly to iodinated 4-7S RNA in colony l"[ybridiza
tion experirrents but failed to trfbridize to iodinated Ula- 5.8S 
RNA in tre dot- blot experirrent. Recombinant plasmid DNA 
from one such clone was nick-translated and trfbridized to 
4-7S RNA as described above; the resulting autoradiograph 
is shown in lane C. Tre eDNA insert in this plasmid 
hybridized strongly to 5S nuclear RNA. 
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determined from the known sequence of this RNA in Novikoff Hepatoma 

cells (rat origin; Reddy et ~·, 1974). Computer assisted analysis of 

the 5.85 eDNA sequence predicted the existence of two Ava I restriction 

sites; the 2 sites in the eDNA arose from a region 30 to 50 nucleotides 

away from the 3' end of the RNA . No such Ava I sites were predicted in 

a Ul eDNA sequence. Digestion of plasmid DNA from the 2 transformants 

with Ava I clearly revealed the presence of Ava I sites in the insert, 

indicating that the clones were indeed copies of 5. 85 RNA. (data not 

shown) . 
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Experiments were also conducted to identify several other trans 

formants that hybridized strongly to iodinated 4-75 RNA but failed to 

hybridize to purified , radiolabeled U1 RNA. Plasmid DNAs from several 

transformants were nick - translated and hybridized to 4- 75 RNA immobilized 

on DBM paper. Insert DNA from two clones hybridized strongly to 75 RNA 

and 2 smaller bands that did not appear to correspond to any of the 

U- RNAs or other well - known snRNAs (data not shown). One other clone 

contained a eDNA insert complerrentary to 55 nuclear RNA , presumably a 

ribosomal RNA species (see Figure 6, lane C). 

At this point , a chicken Ul eDNA probe , pU133 , prepared by com

pletely analogous means to those described above became available for 

use in this laboratory. The probe was kindly provided by Dr. Ming-Jer 

Tsai (Baylor College of Medicine) and is diagrammed in Figure 7. The 

plasmid contains a 220 base pair insert bounded on either side by Pst I 

sites. The Ul eDNA sequence is missing 15 nucleotides from the 5' 

terminus and is flanked by short stretches of G:C base pairs, a conse

quence of tailing. Rather than continuing the search for a mouse U1a 

eDNA probe, the suitabil i ty of the chicken Ul eDNA clone as a probe for 



-·~----=-

FIGURE 7. Structure of tre chicken Ul eDNA clone, PJ133 (Roop tl u., 
1981) . 

The chicken U1 eDNA clone was prepared in a completely 
analogous way to that used in this study. The shaded arrow 
represents sequence complerrentary to chicken Ul RNA, the 
orientation reflecting the 5' to 3' orientation of the RNA. 
Fifteen nucleotides are missing from the 5' end. The 34 A:T 
pairs are a consequence of l!!. vitro r:x>ly(A} addition while 
tte G:C regions are a consequence of cloning into the Pst I 
site of ~R322 by ll:lroor:x>lyrreric tailing. The exact number 
of nucleotides flanking the eDNA sequence is not precisely 
known; the overall length of the insert was determined by 
analytical electroproresi s (Roop et _!1., 1981). 
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mouse Ul genes and pseudogenes was determined. This was accomplished by 

hybridizing nick- translated pU133 eDNA to mouse 4- 7S nuclear RNA immo

bilized on DB~1 paper . The chicken Ul eDNA clearly hybridized to the 

mouse Ula-Ulb doublet (data not shown) . As a consequence, the chicken 

Ul eDNA appeared suitable for use as a mouse Ul gene probe. 



SECTION 2: ISOLATION AND CHARACTERIZATION OF HOUSE U1 

GENES AND PSEUDOGENES 

House U1 genes and pseuaogenes were isolated from a library of 

mouse DNA frag~nts using the cloned chicken U1 eDNA as a probe. The 

U1 eDNA hybridized strongly to mouse U1a and U1b RNA in western blot 

analysis and was therefore considered suitable for use as a mouse U1 

DflA sequence probe. The mouse 1 ibrary that was chosen for screening 
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was prepared by Dr. Elio Vanin (Madison , Wisconsin) from non - inbred 

Sw1ss nouse genomic DNA as follows: Whole mouse DNA was partially 

digested with the restriction enzyr.~ Sau 3A wh1ch recognizes the four 

base sequence, ~GATC . The 15-20 kilobase fragnents resulting from this 

digest were then ligated into Charon 28 Lambda phage arms generated by 

digestion with the enzyne BaM HI , ~1hich recognizes the sequence, A~GATCT. 

This library was chosen because partial restriction with a four base 

cutter (Sau 3A) produces a statistically more randon array of cloned 

fragments than one would obtain with more widely used enzymes that 

recognize six base sequences (t1aniatis et .!1.·, 1982). 

1. SCREENING THE MOUSE LIBRARY 

Approximately 200 ,000 phage from the library of nouse DNA fragments 

were screened for the presence of U1 sequences as described in the 

methods section. Since mamnal1an genomes contain multiple nonfunctional 

U1 pseudogene sequences , hybridization conditions were selected that 

prevented duplex formation between the U1 probe and relatively divergent 

U1 sequences (Manser and Gesteland, 1981) . This was accomplished by 
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washing the nitrocellulose filters after hybridization in 50% deionized 

formamide (v/v) and 2X SSe at SCfe. Unstable hybr1ds that formed 

between the probe and divergent sequences were dissociated under these 

conditions while hybrids involving functional Ula and Ulb genes and 

slightly divergent pseudogenes were of sufficient stability to withstand 

the stringent washing step. 

Initial library screening was conducted with radiolabeled chicken 

Ul eDNA that was not previously excised and purified from plasmid 

vector DNA. Probe prepared in this fashion y1elded excessive background 

radiation on the membranes that prevented the potential identification 

of plaques harboring Ul sequences. The nonspecific binding of radio

active probe appeared to be a consequence of cross- hybridization between 

plasm1d and bacteriophage DNA sequences since it was greatly reduced by 

first purifying the Ul eDNA from its plasmid vcetor. Separation of the 

220 nucleotide Ul eDNA insert fron the 4.4 kb plasmid was achieved by 

~I digestion and electrophoresis in a vertical 10% polyacrylamide gel . 

Rapid and efficient recovery of the eDNA from this gel was accomplished 

by electroelution of the fragment into a trough cut immediately below 

the band , as described in detail in the methods section. This technique 

is routinely used in the isolation of fragments from horizontal aga rose 

gels. Polyacrylamide gels , however , must be prepared between glass 

Plates in order to minimize contact between the polymerizing acrylamide 

and the atmosphere. This constraint makes the preparation of horizontal 

acrylamide gels impratical and generally precludes the use of the elec

troelution technique as a convenient method for isolating DNA fragments 

from these gels. The trough electroelution technique, however, was 

successfully adapted for use with acrylamide ge l s as follows ; after 
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separation of tre DNA frag~rents by electroproresis in a standard acryl 

amide gel, one of tt"e two glass plates comprising t/"e gel mold was 

rerooved; tre gel invariably remained firmly attached to the otrer 

plate . Tre DNA fragrrent of interest was located by ethidium bromide 

staining and a trough cut i~T~rediately below the band . Because the gel 

remained firmly attacred to He glass plate , tre trough retained the 

electroproresis buffer into which the DNA was subsequently elec troeluted . 

Tre DNA was recovered from tre electroproresis buffer by ethanol pre

cipitation following concentration of tre sample to one- fifteenth its 

original volu~re ; this raised tre concentration of sodium acetate to 0.3 M 

(that required for precipitation) and increased the concentration of DNA, 

trereby maximizing tre efficiency of tre ethanol precipitation. DNA 

recovered in this fashion was efficiently radiolabeled by nick

translation to a specific activity of 1 x 108 cpm per microgram of DNA. 

Furtherroore , tre technique is rapid, allowing isolation of a frag~rent in 

24 oour s. 

Purified , radiolabeled U1 eDNA was used as probe to isolate bacteri 

ophage clones carrying Ul sequences. Approximately 200 ,000 phage from the 

library were plated onto 10 plates and plaques allowed to develop. Two 

replica ni trace llulo se fi 1 ter s were subsequently pre pared from each 

plate. The phage DNA ii!VIl)bilized on these filters was then hybridized 

to tre Ul eDNA probe . Following hybridization, tre ~rembranes were 

wasred stringently to dissociate unstable hybrids as described . Compar

ison of tre autoradiographs of each pair of replica filters allowed one 

to distinguish between nonspecific binding of the probe to the rrenbrane 

and genuine signals resulting from hybridization between complerrentary 

sequences; tre latter were duplicated precisely on both fil ters whi l e 



tre former, occuring randomly, were not. The strength of the j:X)Sitive 

signals, however, was very weak. In each case, tre signals from the 

first replica filters were cons1stently stronger than those from the 

second filters; however, tre signals from the latter were barely 
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di scernable. Fourteen j:X)tentially j:X)Sitive signals were identified and 

phage from the appropriate region of each plate recovered. Phage were 

eluted from tre agar plugs , j:X>Oled and rescreened at low density to 

determine if the plaques were indeed positive . The results of this 

round of screening are shown in Figure 8 and confirm that phage clones 

carrying U1 sequence were isolated from the mouse library. Small 

amounts of phage DNA were prepared from each clone using the plate- lysate 

technique . Restriction analysis revealed that at least five distinct 

phage clones had been isolated (Figures 9 and 11). Each clone was then 

plaque- pJrified by continued rounds of screening at low density until 

every plaque t"!Ybridized to the probe. 

2. CHARACTERIZATION OF THE PHAGE CLONES 

Southern blot analysis of bacteriophage DNA from each of the fi ve 

phage clones was conducted using the chicken Ul eDNA insert as probe 

(Figure 9). In every case, a single restriction fragment prepared 

by digestion with either Eco RI or Pst I hybridized to the U1 eDNA . 

Hybridizing Pst I fragments ranged in size from 2.5 kb to 5.3 kb while 

the Eco RI fragments ranged in size from 3.6 to 15 kb. These results 

confirmed the presence of Ul sequences in these phage clones; further

more, they indicated that the cloned mouse DNA sequences did not contain 

multiple di s~rsed copies of the U1 sequence since only one fragment 



FIGURE 8. Oeroon~tration of replica-plating in plague hybridization 
ex~nrrents. 

Two ni troce 11 u 1 o se rrembrane s were prepared from one NZCY~1 
plate containing plrtially plaque- p.Jrified phage clone (third 
roun~) _carrying _a roouse Ul sequence. Both rrembranes wer~ 
hybndlZed to n1ck- translated Ul eDNA insert from tre ch1cken 
clone , P-1133 . This figure was prepared by su~rimJX>sing_ 
tre replica autoradiographs and tren off-setting ttem sl1ghtly 
~that replica signals from each rrembrane lie side- by-side. 
Replica- plating in this fashion proved to be indi s~nsible 
in ini tia 1 1 ibrary g:reening s where background was invariably 
hi g rer and positive signa 1 s con si derab ly weaker than in 
subsequent rounds of screening. 
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FIGURE 9. Restriction analysis of phage clones 1, 2, and 3. 

Small arrounts of DNA from each phage clone were prepared 
using tte plate lysate tecmique (Maniatis et al., 1982). 
A 1 iquots (1-2 micrograms) of DNA from each Clone were digested 
with eitter Eco RI or Pst I and tte resulting fragments 
separated byeTectroproresis in a 1.0% agaro~ gel. The 
ethidium bromide-stained gel is srown in tt-e upper panel. 
Lane 7 contains phage lambda DNA digested with Hind III 
as a standard; the size of each band is indicated in kb to 
the rignt of tte panel. Tte contents of lanes 1 through 6 
are denoted below tte lower panel. The DNA fragments were 
subsequently blotted onto a nitrocellulose membrane and 
hybridized to nick-translated Ul eDNA insert from the chicken 
clone, ~133; tte resulting autoradiograph is soown in the 
lower p1nel. Lanes 1- 6 in tte lower panel corresJX)nd to 
lanes 1-6 in tte upp:!r panel. Tte results clearly indicate 
that tte 3 phage clones are distinct from one another. 
Similar results obtained for phage clones 4 and 5 clearly 
indicated that trey were also distinct phage clones (data 
not srown, but see Figure 11). 
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from each clone hybridized to the probe . These observations, however, 

did not rule out the possibility that multiple sequences were contained 

within the s1ngle hybridizing fragment of each phage clone . The 

possibility that each hybridizing band consisted of multiple, comigrating 

fragments resulting from digestion of tandemly repeated sequences was 

ruled out by examination of the fluorescence intensity of each band in 

the ethidium stained gel; in all cases, the intensity of each band was 

entirely consistent with its being represented once per phage clone 

genome. 

3. SUBCLOHING OF RESTRICTION ~AGMENTS CONTAINING Ul SEQUENCES 

Before undertaking a more detailed characterization of the Ul 

sequences , a restriction fragment containing the Ul sequence was selected 

from each phage clone and subcloned into the plasmid, pAT153. Subcloning 

reduced the amount of cloned DNA under immediate study and, as a con

sequence, greatly facilitated subsequent restriction mapping and 

sequence analysis . Pst I fragments ranging in size from 2.5 to 5.3 kb 

were selected for subcloning for 4 phage clones while a 3.6 kb Eco RI 

fragment was selected from a fifth . The procedure used for cloning into 

the Eco RI site is outlined in Figure 10. A completely analogous 

procedure was used for subcloning fragments into the Pst I site. Small 

amounts of phage DNA prepared by the plate lysate method were digested 

with either Eco RI or Pst I . Plasmid DNA digested with either Pst I 

or Eco RI was treated with calf intestinal alkaline phosphatase to 

remove phosphate groups from the 5' termini. Dephosphorylated plasmid 

DNA i s incapable of recircularizing in the subsequent ligation reaction; 



FIGURE 10: Protocol for subcloning phage ~ RI frag~rents into the 
plasmid vector, pAT153. 

Linear plasmid DNA was prepared by digesting it with 
Eco RI; 5' phosphate groups were then rerooved by treatment 
with calf intestinal alkaline ptosphatase. Aliquots of 
1 inear plasmid and Eco RI-digested phage DNA were mixed in a 
10:1 ratio of fragnEnts (plasmid:phage) at a low overall 
DNA concentration (0.5 mg/ml plasmid) to minimize concata.rer 
formation. The reaction was incubated at 16°C for 12 hours 
following tre addition of T4 DNA ligase. The rerooval of 
5' ptosphate groups from the plasmid DNA prevents its 
reclosure wittout an insert, thereby minimizing background 
transformants. Resulting transformants were screened by 
colony hybridization using J:Urified, radiolabeled chicken 
U1 eDNA from p.J133 as probe. 
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recircularization would otherwise occur efficiently, thereby greatly 

increasing the number of transforMants that would ultimately have to be 

screened. Aliquots of dephosphorylated plasmid DNA and digested phage 

DNA were mixed in a 10:1 fragment rat1o and incubated in the presence 

of T4 DNA ligase. Transformants were screened by colony hybridization 

for the presence of the desired recombinant plasmid using the chicken 

U1 eDNA insert as probe. Figure 11 shows the results of a southern blot 

in which respective pairs of phage clones and plasmid subclones digested 

with the appropriate enzyme were hybridized to the chicken U1 eDNA probe; 

in all five cases, a hybridizing restriction fragment of the correct 

size was indeed subcloned into pAT153. The five subclones selected for 

further study were designated pUP136 , pUE236 , pUP325 , pUP453, and pUP550 , 

and are described in greater detail in Table 1. 

4. RESTRICTION MAPPING OF THE PLASmD SUBCLONES 

Restriction maps were prepared for each of the five subclones as 

described in the methods section . The results of this mapping are 

shown in Figure 12 . Initial mapping experiments were designed to 

further confirm the identity of each hybridizing sequence; this was 

accomplished by demonstrating the presence of restriction sites within 

each of the hybridizing sequences that were known to exist in the coding 

regions of functional U1 genes from other species . The restriction 

sites of J!g I , ~ II, and Bel I are three such examples; their loca 

tions in the human U1 gene, HU1-1D, are shown in Figure 13 . Figure 14 

shows the results of an experiment in which the five subclone DNAs were 

digested with~ I, immobilized on a nitrocellulose membrane , and probed 



FIGURE 11. Restriction analysis of plasmid subclones harboring phage 
DNA fragments that conta 1n mouse U1 sequences. 

Subcloning for each of the 5 phage clones was confirmed 
as follows: small amounts of plasmid DNA were prepared 
from bacterial transformants that trfbridized to chicken U1 
eDNA in the colony hybridization ex,:eriments. Each subcloned 
phage DNA fragment was excised from its ~lasmid vector by 
digestion with the appropriate restriction enzyme; phage DNA 
samples from each of the 5 clones were similarly digested 
with the enzyme used to generate the subcloned fragments . 
Fragments from the plasmid subclones and corresJX>nding phage 
clones were resolved by 1% agarose gel electrophoresis in 
adjacent lanes . The resulting pattern is shown in the up,:er 
panel; the plasmid subclone-phage clone pairs and the 
restriction enzyme used are denoted above each lane. This 
gel was blotted to a nitrocellulose membrane and probed 
with radiolabeled chicken U1 eDNA. The autoradiograph is 
shown in the lower panel. In each case, one subcloned 
restriction fragment of the correct size hybridized strongly 
to the probe. The second band in each plasmid lane is the 
3.6 kb linear plasmid (pAT153) . 
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TABLE 1. De sc ri pti on of tre plasmid subc 1 ones p.JP136 , PJE236 , PJP325, 
p.JP453 , and p.JP550. 
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PLASMID DERIVED FROM TYPE OF SIZE IN ALSO 
SUBCLONE PHAGE CLONE: SUBCLONED kb REFERRED 

NAME FRAGMENT TO AS: 

PUP136 1 Pst I 3 .6 Clone 1 
PUE236 2 Eco Rl 3 .6 Clone 2 
PUP325 3 Pst I 2 .0 Clone 3 
PUP453 4 Pst I 5 .3 Clone 4 
PUP550 5 Pst I 5 .3 Clone 5 



FIGURE 12 . Restriction maps for the 5 plasmid subclones. 

Restriction maps for each of the 5 subcloned phage DNA 
fragrrents are srown ; the bold arrow indicates the position 
of the Ul sequence. The hatched box represents plasmid DNA 
sequence. Trose sites srown are definitively mapJ:ed; how
ever , not all sites are completely mapJ:ed within the insert 
(see Table 2) . 
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FIGURE 13. Oi a ram of tre I-uman U1 
1981 

T~ h .. unan U1 gene is 164 nucleotides long; t~ orienta
tion of t~ arrow re fleets 5' to 3' orientation of t~ non
coding strand. T~ numbers indicate the distance of the 
first nucleotide in each restriction site from the 5' 
terminus of tte gene. T~ restriction sites shown are not 
tre only sites present in the gene, but are those relevant 
to this study. Note that Bel I recognizes a 6 base sequence 
while .J:2.9. I and~ II eacnrecognize a 4 base sequence. 
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FIGURE 14. Tag I digests and blotting of tre five plasmid subclones. 

Plasmid DNA samples (2 micrograms) from each subclone 
were digested with 1!9.. I and fragments separated by electro
proresi s in a 1.5% agarose gel. Tre gel is srown in tre 
right-hand panel; tre plasmid subclone in each lane is 
denoted above tre gel. Tre standard is a mixture of phage 
lambda DNA (0.75 micrograms) digested with Hind III and 
Phi X174 DNA (2 micrograms) digested with H~II. The 
sizes of selected standard bands are indicated to the right 
of tre gel. DNA fragments were subsequently transferred 
from this gel to a nitrocellulose membrane and tybridized 
to p.Jrified , radiolabeled chicken Ul eDNA insert. The 
autoradiograph is srown in tre left-hand panel. In all 
cases, two restriction fragments tybridized to tre probe, 
confirming tre presence of a Tag I site within the tybridiz
ing sequence. Tre two fragments in clones 1 and 2 tybridized 
with more nearly equal intensities than trose fragments 
derived from clones 4 and 5; in both of these clones, one 
of tte two fragments (0.62 kb) cybridized very weakly to 
tre probe . Tre two fragments in clone 3 cybridized more 
weakly to tre probe than tre other 4 clones, indicating that 
this sequence may be a pseudogene. The sizes of the 
hybridizing fragments are indicated to the left of this 
panel. Tre third band in tre J)JE236 lane was later deter
mined to be a consequence of incomplete digestion; the 
0.62 and 0.3 kb bands remain. 
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with the chicken U1 eDNA. Two restriction fragments from each subclone 

hybridized to the probe, confirming the presence of a Tag I site within 

each of the U1 sequences. The presence of a third band in lane 3 

(pUE236) was later determined to be a consequence of incomplete diges

tion. Two other features of this blot are worth noting; first, although 

2 fragments from pUP325 clearly hybridize to the probe , neither does 

so with the intensity of the major hybridizing band from the remaining 

4 clones, suggesting that it might contain a relatively more divergent 

U1 pseudogene sequence. Second , qualitative differences in the extent 

of hybridization allowed the division of the other four clones into two 

groups; one fragment from each member of the first group, consisting of 

pUP136, pUP453, and pUP550 , hybridized much more strongly to the probe 

than did the second fragment . The fragments from pUE236 , however, 

hybridized with more nearly equal intensities. The apparent differences 

in hybridization efficiencies between pUE236 and the other three clones 

suggested that the U1 coding sequence in pUE236 might be different from 

those of the other three clones . Furthermore, the~ I hybridization 

patterns of two of the three clones , pUP453 and pUP550 , were identical. 

Thus, in addition to the possible s imilarity of the U1 coding sequence 

in these two clones , the possibi lity that they represent two members of 

a multigene family was also raised. 

The~ II restriction site is also found in the human U1 gene 

coding sequence. This site is of particular interest because it appears 

to be absent in mouse U1b genes (Jeanteur et ~·, 1981) . A comparison 

of U1a and U1b RNA fingerprints indicates that the oligo- ribonucleotide 

that spans the~ II site in Ula is altered in U1b RNA; indeed , the 

nucleotide composition of the U1b ol igonuc leotide is incompatible with 
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the presence of a~ II site in the corresponding genes (Jeanteur et 

!l·, 1981). Attempts to confirm the presence of the~ II site in the 

coding sequence of the cloned mouse U1 genes , however , were not initially 

successful. In all five cases, the U1 eDNA probe hybridized to a single 

fragment in Southern blots of~ !!-digested subclone DNA, suggesting 

that this restriction site was not present in these mouse Ul sequences. 

The single~ II site found in clone 3, however , mapped to the position 

indistinguishable from that of the single~ I site found in the 

insert of this clone . Since the Tag I site was known to exist within 

the U1 sequence, this observation strongly suggested that the~ II 

site was actually present within the coding sequence even though two 

hybridizing restriction fragments were not detected. The inability to 

detect a second hybridizing restriction fragment in the~ II digest 

while observing two hybridizing~ I fragments appeared to be the 

consequence of the location of the respective restriction sites within 

the U1 sequence. The chicken U1 eDNA probe and rat U1 gene sequences 

are shown in Figure 15 ; the rat and mouse Ula RNA fingerprints are 

identical and are thought to reflect identical U1a gene coding sequences 

(t-1arzluff et .!1_., 1983). Below the sequence are shown the extent and 

percent homology of the hybrids formed between the probe and the U1 

sequence digested with either~ II or~ I. The two~ I fragments 

form hybrids that are 99 and 49 base pairs long; the two hybrids are 

93% and 100% homologous to the probe sequence , respectively. The 

hybrids formed between the two~ II fragments and the probe are 92 

and 57 base pairs long and are 99% and 90% homologous , respectively. 

The 10% mismatch in the short~ II fragment is very likely to prevent 

the formation of a hybrid capable of withstanding the stringent washing 



FIGURE 15. Size and tnmology of hYbrids formed between the chicken U1 
eDNA probe and a rat U1 gene digested with eitrer Taa I or 
Hpa II. 

The chicken U1 eDNA sequence was obtained from Roop et 
al. {1981) . The rat U1 gene sequence was obtained from 
Watanabe- Nagasu et al. (1983). Part A stnws the two hYbrids 
formed UJX>n digestion of the rat gene with~ II ; the length 
of the hYbrid is inaicated above the line and the JX!rcent 
tnmology of the hybrid below the line. Part B stnws the 
same information for~ I digested rat gene DNA. Note that 
the chicken U1 eDNA sequence is missing 15 nucleotides from 
its 5 ' terminus. Under the stringent hybridization condi 
tions used, the differential tnmologies greatly influence 
the stability of the hYbrids (Manser and Gesteland, 1981) . 
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step (50% formamide, 2X SSC at SCfC) used for these experiments . The 7% 

mismatch in the long~ I fragment, on the other hand, is less critical 

because of the increased length of this hybrid. The remaining fragments 

therefore appear to be of sufficient stability to at least partially 

withstand this treatment. The presence of a~ II site within the 

cod1ng sequence of clone 3 was later confirmed by DNA sequencing, 

suggesting that the explanation outlined above may indeed be valid. 

The presence of multiple~ II and~ I sites in the other clones 

prevented similar mapping of these sites . Thus, the possibility that 

at least some of the remaining clones represented mouse U1b genes could 

not be ruled out. 

The recognition sequences for~ II and Tag I are four bases long 

and consequently appear frequently in the genome; multiple sites for 

these enzy~s are found in four of the five subclones . Bel I, on the 

other hand, recognizes a six base sequence and is found 32 nucleotides 

from the 5' end of rrammalian U1 genes (see Figure 13). Since pAT153 

contains no Bel I site , digestion of the subclone DNAs with this enzyme 

was expected to generate relatively simple restriction patterns. Thus , 

in addition to facilitating the mapping of these genes, the Bel I site 

was also expected to be of considerable use in subsequent sequencing 

studies, as discussed below. The recognition sequence of Bel I , however, 

is frequently a target of methylation by bacterial enzymes. Since 

methylated restriction sites are not recognized by Bel I, plasmid sub

clone DNA prepared from a bacterial strain such as HB101 is largely 

resistant to digestion by this enzyme. Methylation-free plasmid DNA 

was prepared by introducing the five plasmid subclones into a bacterial 

strain (NEB208) which is deficient in both A and C methylases (Dr . Jeff 
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Wilson, personal comnunication, New England B1olabs, Inc.) . This strain 

has the K- restriction modification system and is transformed very ineffi 

ciently by plasnid DNA prepared directly from HB1 01. The transformation 

efficiency is greatly increased if the plasmid DNA is first rendered 

resistant to K-restriction modification by introducing the plasnid DNA 

into the bacterial strain , GM33 (Dr. Jeff Wilson, personal communication) . 

Plasmid isolated from this strain is resistant to K- restriction modifi

cation and efficiently transforms NEB208. As expected , methyl -free 

plasmid DNA prepared from NEB208 is susceptible to digestion with Bel I . 

As figure 12 shows, the subclones pUP136 and pUE236 each contain a single 

Bel I site while the renaining three clones each contain two sites . In 

all cases, the mapped position of one Bel I site in each clone was 

entirely consistent with the presumptive location of the U1 sequence, 

indicating that this site might actually reside within the U1 coding 

reyion. This Bel I site was therefore thought to reflect the location 

of the hybridizing sequence in each subclone. One of the two Bel I sites 

in pUP325 mapped to wi th in 90 nucleotides of the single ~ I site found 

in the cloned insert . Since the Taq I site is known to exist within the 

U1 coding sequence , this finding strongly suggested that the Bel I site 

was also located with i n this sequence . 

Although the Bel I site resides within the U1 sequence , its 

proximity to the 5' end of the gene at +32 precludes the hybridization 

of the U1 eDNA probe to both Bel I restriction fragments (see Figure 13). 

Under the conditions used , hybrids formed between the probe and the 133 

bases of complementary sequence from the 3' Bel I fragment are stable; 

the 16 nuc leotide hybrids formed between the 5' Bel I fragment and the 

probe, however , are dissociated. As a consequence , the tentative 
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orientation of each U1 sequence within its insert was assigned on the 

basis of Bel I mapping experiments by assuming that the hybridizing 

fragment represented the 3' end of the gene. The bold arrows in 

Figure 12 indicate that 5' to 3' or1entation of the non-coding strand 

within each insert. These orientations were subsequently confirmed by 

sequencing in all cases except pUP550 , which was not sequenced . 

Figure 12 also shows all other mapped restriction sites in the 

five clones. Table 2 lists those restriction sites that were absent 

from each insert. None of the restriction maps are identical ; each 

cloned sequence therefore appears to represent a different locus in the 

mouse genon~. The restriction maps of pUP453 and pUP550, however , do 

have some features in common ; this is reflected in the alignment of 

Bel I , Ava I , and Sst II sites upstream from the coding sequences in 

each clone . Furthermore , the sizes of hybridizing restriction fragments 

generated by digestion with either~ I (see Figure 14) or~ I are 

identical in each case , i ndicating that the locations of these rest ric 

tion sites upstream and downstream from the U1 sequences are identical. 

In contrast, less simi larity appears to exist downstream from each 

coding sequence; the locat ion of the Hind III site in each 3' flanking 

sequence is clearly different. In addition, an Sst II site is found 3' 

to the coding sequence in clone 4 that is absent in clone 5. Conversely, 

an Ava I site found 3' to the coding sequence in clone 5 is not present 

in clone 4. The hybridizing~ II fragments from clones 4 and 5 are 

0.85 and 1. 51 kb long , respectively, and likewise reflect differences in 

the location of~ II sites on at least one and possibly both sides of 

the coding sequence. As indicated in Figure 12 , only the U1 sequences in 

clones 2 and 3 were determined conclusively to conta in~ II si tes ; the 



TABLE 2. Restriction sites eitrer absent from the inserts of the 
plasmid subclones, or present but not mapped or only (:artially 
rna pped . 
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possibility that either of these sequences represented U1b genes was 

therefore ruled out . 

5. SEQUENCE ANALYSIS OF U1 CLONES 
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Initial sequencing studies focused primarily on pUE236 and pUP325 

because they appeared to represent likely U1a gene or pseudogene candi

dates. As previously discussed , qualitative differences in hybridization 

intensities between the two clones in Southern blots suggested that the 

two sequences were probably not identical (see Figure 14) . Consequently , 

it was postulated that at least one of the two sequences might be a 

pseudogene. Complete nucleotide sequences were therefore determined for 

both U1 sequences ; this included the entire coding region , approximately 

30 nucleotides of 3' flanking sequence and at least 100 nucleotides of 5' 

flanking sequence . In addition , partial sequences were obtained for 5' 

flanking and coding regions of pUP136 and pUP453. The steps involved in 

chemical sequencing are outlined in Figure 16. 

The sequencing strategy for each clone is shown in Figures 17 , 18 , 

19 , and 20. The sequencing of all the clones was greatly fac i litated by 

the presence of a Bel I site within the U1 coding sequence . The effec

tive use of this site was made particularly feasible by the very simple 

restriction maps for Bel I in all five clones; single restriction sites 

were found in two of the plasmids {pUP136 and pUE236) while the rest 

contained two sites each. In addition to the simplified task of fragment 

isolation, the use of the Bel I site allowed sequencing in both 

directions. Fragments resulting from Bel I digests were easily separated 

when necessary by electrophoresis in low me lting point aga rose gels and 



FIGURE 16. CA.Itline of tl"e steps involved in preparing DNA fragrrents for 
cl-emical sequencing. 

TI-e figure outlines ti-e steps involved in bi-directional 
sequencing from ti-e single Bel I site in tre plasmid sub
clone, PJP136. Minor variations of this screrre were used 
for all ti-e sequencing in this study. Clone 3 was first 
digested with Bel I (this requires rrethylation-free plasmid 
DNA; see 11Methods11

) and tren treated with calf intestinal 
alkaline ph:>sphatase to remove 5' prosphate groups. TI-e 5' 
~rmini of tre linear plasmid DNA were rephosph:>rylated with 

P using T4 DNA kinase. Single end-labeled fragrrents were 
subsequently generated by digestion with Pst I and separated 
in 1.5% low melting p:>int agarose. Radioactive bands were 
located by autoradiograp~ and DNA recovered from tre low 
rrelting point agarose using NACS-Prepac mini columns 
(Bethesda Research Laboratories, Inc . ). Each DNA fragment 
was divided into 5 aliquots and a base-specific reaction 
performed on each one; 100,000 CJlTl/reaction were used in 
reactions 2, 3, and 5; 50,000 CJlTl/reaction were used in 
reactions 1 and 4. 
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FIGURE 17. Sequencing strategy and sequence obtained for fi)P136. 

Part A st-ows t~ sequencing strategy from clone 1. T~ 
arrow indicates t~ 5' to 3' orientation of t~ noncoding 
strand . 5' termini were generated by digestion with Bel I 
and end-labeled with T4 DNA kinase. Sequence was obtained 
in both directions from this site . A more detailed descrip
tion oft~ procedure is outlined in Figure 16 . Part B 
st-ows t~ sequence obtained for this clone; t~ sequence 
srown is for t~ noncoding strand of DNA, the 5' end at t~ 
top of t~ sequence block and t~ 3' end at t~ bottom. 
That JX>rtion of tte sequence underlined indicates t~ region 
romologous to mammalian U1 RNA. T~ first nucleotide of 
t~ coding sequence is designated +1. Positive numbers 
indicate tl"e distance downstream (3 ' direction) from this 
JX>int and negative numbers indicate t~ distance upstream 
(5' direction) from this JX>int into the 5' flanking sequence. 
TheN's represent undetermined sequence and t~ir number is 
unknown; downstream sequence is t~refore numbered according 
to t~ best fit with other Ul sequences. 
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A 

Bell 

pUP136 

100 bp 

8 

pUP136 

·121 ·116 ·111 ·106 101 ·96 ·91 ·86 ·81 ·76 
ACGCG GGTGT CGCGG CGCAG ATGTC GTGTG CGACG AGGGA GACCC GAGAT 

·71 ·66 ·61 ·56 ·51 ·46 · 41 ·36 ·31 ·26 
CGGCC AGGGC TAAGT GACCG TGTGT TAAGA GTGTA GAGGC GACGG GTGTG 

·21 ·16 ·11 6 ·1 5 10 15 20 25 
AGCCG GGGCC GGGCA GTGGG AAAGC A TACT TACCT GGCAG GGGAG ATACC 

30 35 40 45 50 55 60 65 70 75 
ATGAT CANNN NNNNG GTTTI CCCAG GGCGA GGCTC ACCCA TIGCA CTTIG 

80 85 90 95 100 105 110 115 120 125 
GGGTG TGCTG ACCCC TGCGA TTICC CCAAA TGCGG GMAC TCGAC TGCAT 

.... 
130 135 140 

AATTI GTGGT GAGGG G 



FIGURE 18. Sequencing strategy and sequence obtained for 2JE236 . 

Part A srows which restriction sites were end- labeled 
and in which direction ~quence was obtained. Sequence was 
obtained in both directions from Bel I and in one direction 
from the Eco RI and~ II sites.The Eco RI site represents 
the terminus of tte subcloned phage DNA fragrrent. Part B 
stows tte ~quence of tl"e noncoding strand in the 5' to 3' 
orientation. The p.Jtative coding sequence is underlined and 
numbered as described in the legend of Figure 17 . The arrows 
and the double- underlined region at +40 indicate the location 
of direct repeats discussed in the text. The boxed regions 
areal so fully discussed in the text. The 3' flanking 
sequence is found beyond +164 . 
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Bell Hpa II ... 
100 bp 

· 191 ·186 ·181 · 176 -171 
GeAAe TGeTT eeAAA TATTI GTGAT 

· 141 · 136 ·131 ·126 - 121 
TeTTA GeeTA eeAAT rene TAAGT 

·91 86 -81 76 -71 
ATGAA GTTAT AGAGT GTTTT AATGA 

41 36 -31 ·26 ·21 
AAGeT AeGeA ITATCA TGCTG WCAG 

10 15 20 25 30 
TACCT GGCAG GGGAG ATACC ATGAT 

60 65 70 75 80 
GGCTT ATCCA TTGCA eTCCG GATGT 

110 115 120 125 130 
GeGGG AAACT CGACT GeATA ATTIG 

160 165 170 175 180 
TCTee eCTGG TTIAC TTGGT TTTIA = 



FIGURE 19. Sequencing strategy and sequence obtained for p.JP325. 

Part A stx>ws tte restriction sites that were end-
labeled and in which direction sequence was obtained from 
these points. Part B stx>ws the sequence obtained for the 
noncoding strand in the 5' to 3' orientation. The pJtative 
U1 coding region is underlined and is numbered as described 
in the legend of Figure 17. The arrows indicate the JX>Sition 
of flanking direct re~ats. Boxed nucleotides indicate the 
additional nucleotides in this clone not found in a closely 
related sequence and are fully discussed in the text. 
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Bell Hpa II 

pUP325 
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pUP325 

100 bp. 

Taq I 

·101 ·96 ·91 ·86 ·81 76 71 ·66 ·61 ·56 
CGGGA TIAGA CCTCC GACCC TCTAT CTICA AAGAC TCCTG GATCT GGGTA 

·51 ·46 ·41 ·36 ·31 ·26 ·21 ·16 ·11 ·6 
TGGAG ATCT!IIGAGGC ATAGT GGCTA TGGAT TCCAG{tJAGAT TAAGG CAGGG 

·1 5 10 15 20 25 30 35 40 
AAAT~ AT ACT TACCT GGCAG GGGAG ATACC ATGAT CACGA AGGTG GTITT 

50 55 60 65 70 75 80 85 90 95 
CCCAG GGCGA GGTGT ATCCA TIGCA CTCCG GATGT GCTGA CCACT GCGAT 

100 105 110 115 120 125 130 135 140. 1~5 
TICCC CAAAT GCGGG AAACT CGACT GCATA ATITG TGGTA GTGGG GGACT 

150 155 160 165 170 175 180 185 190 195 
GCGTI TGTGC TCTCC CCTTI AAACA AACAA ACAAA ®AA AGACA GGGAG 

200 205 210 215 220 
lliTG AGTIC AAGGT ATGGT GGCAC A 



FIGURE 20 . Sequencing strategy and sequence obtained for PJP453 . 

Part A srows tt"e restriction site that was end- labeled 
and t~ direction in which sequence was obtained . Part B 
shows the sequence of the noncoding strand in the 5' to 3' 
orientation. The p.Jtative coding region is underlined and 
the nurrbering is as described in the legend of Figure 17. 
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A • 
Bell 

pUP453 

100 bp. 

8 

pUP453 

-106 -101 -96 -91 -86 -81 -76 -71 -66 -61 
CCGAG ACGGC ATGTG CGACG AGGGA GACCC GAGAT AGGGC GGGGC T AAGT 

-56 -51 -46 -41 -36 -31 -26 -21 -16 -11 
GACCG TGTGT TAAGA GTGCA GGGGC GGCGG GTGAG AGCCG GGGCC GGGCG 

-6 -1 5 1 0 15 20 25 
CTAGG AGAGC AT ACT T ACCT GGCAG GGGAG AT ACC ATGA 
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recovered using NACS-Prepac columns as described in the methods section. 

The 5' termini were end - labeled with T4 DNA kinase and gamma 32p ATP. 

Fragments were then asymmetr1cally cleaved with a second restriction 

enzyme to generate fragments labeled at only one end. Single end

labeled restriction fragments were resolved and recovered from either 

low melting point agarose or acrylamide gels using NACS- Prepac columns. 

Purified fragments ranging in size from 300 basepairs to 3 kb were 

chemically sequenced according to the procedure of Maxam and Gilbert 

(1980). The presence of single~ II and Tag I sites in the cloned 

insert of pUP325 also simplified the sequencing of this clone. Typical 

8 and 20 percent sequencing gels are shown in Figures 21, 22, and 23 ; 

detailed descriptions of each gel are found in the figure legends. 

Figures 17, 18, 19, and 20 also show the nucleotide sequences of 

the non-coding strands compiled for each of the four clones pUP136, 

pUE236 , pUP325, and pUP453 . The nucleotide labeled +1 corresponds to 

the first nucleotide of Ul RNA; the negative numbers indicate the 

distance upstream into the 5' flanking region from this po int. The 

coding regions of clones 2 and 3 have been completely sequenced and are 

compared to the sequence of the non-coding strand of a rat U1 gene in 

Figure 24 (Watanabe-Nagasu et ~·, 1983). The top line shows the rat 

U1a gene non- coding strand sequence ; bases instead of dashed lines 

appear in sequences below only when the sequence differs from that 

found in the rat gene. The RNA fingerprints of rat and mouse U1a RNAs 

are identical and almost certainly reflect identical gene sequences 

(~1arzluff et.!l_., 1983). A comparison of the mouse Ul sequences with a 

known rat Ul gene should therefore allow a preliminary gene- pseudogene 

classification of these sequences . Clearly , the coding regions for 



FIGURE 21. A representative 8% sequencing gel srowing a p?.rtial sequence 
of IXJP325 . 

The frag~TEnt sequenced is illustrated in the in set and 
was prepared as follows: clone 3 was digested with Tag I and 
deptnsptnrylated with alkaline prosphatase. The~ I site 
within the U1 coding sequence is the only ..:@.g I s1 te in the 
insert of this clone . Fragii'Ents were resolved by electro
proresis in a 1.5% low melting JX)int agarose gel. The 
1.53 kb fragii'Ent of interest was recovered from the gel using 
a NACS- Prepac min3 column and 5' end-labeled with T4 DNA 
kinase and garmJa 2P-ATP. The fragii'Ent was then assymetric
ally cleaved with Pst I and products again separated in a 
1.5% low melting JX)int agarose gel . The recovered single 
end- labeled frag~TEnt was then subjected to the 5 sequencing 
reactions listed at the top of the gel. The bro100phenol 
blue marker dye is at ti-e bottom of the gel ; these lanes 
therefore represent the second loading of samples (the first 
loading results in the slower migrating xylene cyanol dye 
marker reaching the gel bottom). A JX)rtion of this gel is 
interpreted along the left hand side of the panel. The 
bracketed numbers indicate the distance from the end- labeled 
..:@.g I site. The other numbers corre srx>nd to numberi ng 
system in Figure 19; +138 is 138 nucleoti des downstream from 
the 5' terminus of the U1 coding region . The sequence read 
from the gel in this case corresrx>nds to the sequence of 
the noncoding strand srown in Figure 19. 
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FIGURE 22 . A representative 8% sequencing gel sl-owing a partial sequence 
of {XJP136 . 

He fragrent sequence on this gel is illustrated in the 
1nset; its isolation is described in Figure 16. The xylene 
cyanol marker dye is at tre bottom of the gel ; these lanes 
therefore represent tre first loading of samples. The 
bracketed numbers indicate tre d1 stance of trose nucleotides 
from tre end- labeled Bel I site . TI-e other numbers corre
spond to tte nurtberingsystem in Figure 17; - 47 is 47 nucleo
tides upstreaM fro~:~ tre 5' terminus of He coding region. 
A portion of tte gel is interpreted in colum B to the left 
of tre panel. This sequence represents coding strand 
sequence ; tte noncod1ng strand sequence that corresponds to 
the sequence shown in Figure 17 is sf-own in column A. 
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FIGURE 23. A representative 20% sequencing gel srowing partial sequence 
of Ji)P325. 

The fragrrent sequenced on this gel was 5' end-labeled 
at the Bel I site as srown in the inset. Electroproresis 
of this gel was continued until the brorophenol marker dye 
had migrated 15 em into Ue gel. A ~rtion of this gel is 
interpreted in column B to the left of the panel; the comple
rrentary, noncoding strand sequence is soown in column A. The 
numbers in brackets refer to the distance in nucleotides from 
tre end-labeled Bel I terminus of this fragrrent. Tre other 
numbers corres~nd to the numbering system in Figure 19; +9 
is 9 nucleotides downstream from the 5' terminus of the 
coding region. The boxed nucleotides represent trose 
nucleotides that are part of the Bel I recognition sequence. 
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FIGURE 24 . Cor.q:eri son of tre rat Ul gene sejuence to the Ul sequences 
in pUP136, p.JE236, f(JP325, pJP45 and the furn.an Ul gene. 

Tre rat Ul gene noncoding sequence ; s stown on the top 
line; dashes appearing below indicate tomlogy with tre rat 
sequence while mismatches are indicated by the differing 
nucleotide at tre appropriate !X)Si tion . The N' s indicate 
undetermined sequence . In p.JP136 , the number of N' s around 
+40 is unknown ; tre sequence regions in this clone are 
aligned for maxirrum homlogy . The boxed nucleotide in the 
sequence of pJP136 represents an additional nucleotide in 
this coding region that is not found in any of the other Ul 
sequences stown in this figure. Tre numbering is referenced 
to tre first transcribed nucleotide of the rat gene sequence. 



mo.. •• u 

Rat U1 Non-coding Sequence AT ACTT ACCT GGCAGGGGAG AT ACCATGAT CACGAAGGTG GTTTTCCCAG GGCGAGGCTT A TCCA TTGCA CTCCGGA TGT 
PUE236 ---------- ---------- ---------- -------- -- ---------- ---------- ---------- ---------
PUP32 5 - - - - - - - - - - - - - - - - - - - - - C- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C T- - - - - - - - - - - - - - - - - - - - - - - - - -

Human U1 Non-coding Sequence ---- -- ---- --- - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - -- - - - - -- -- - - - - - - -- -- - - - - - -
PUP136 ---------- ---------- ---------- -- NNNNNNN- ---------- --------- C - C-------- -- TT-- GG TG[fj 
PUP453 

+1 +80 

Rat U1 Non·codtng Sequence GCTGACCCCT GCGATTTCCC CAAATGCGGG AAACTCGACT CGATAATTIG TGGTAGTGGG GGACTGCGTT CGCGCTCTCC CCTG 
PUE236 -- - - -- - - -- -- -- --- - - - -- - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --- - - - - - - - - - - -
PUP325 -------A-- --- - - -- - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T- T-- ---- - - - - T 

Human U1 Non-coding Sequence -- ---- - --- -- -- -- - - - - -- - - - - T- - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - T- - - - - - -
PUP136 ---------- ---------- ---------- ---------- ---------- -----NNNNN NNNNNNNNNN NNNNNNNNNN NNNN 
PUP453 

+81 + 164 
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clones 2 and 3 appear to be full length with respect to known-functional 

U1 genes; however, the sequences are not identical. The nucleotide 

sequence of clone 2 is exactly the same as that found for the rat U1 gene 

while the clone 3 sequence contains seven single base changes. On the 

basis of these po1nt mutations, clone 3 appears to be a mouse U1a 

pseudogene. On the other hand , since the sequence in clone 2 is 

identical to the coding sequence of a functional rat gene, it may well 

be a functional mouse U1a gene capable of encoding mouse U1a RNA. 

Figure 24 also shows the partial coding region sequences for 

clones 1 and 4. Although incomplete, the sequence of pUP136 (clone 1) 

is also of considerable interest; over the regions sequenced, this 

clone appears to be well conserved with respect to the rat sequence 

except for a short region between nucleotides 59 and 79. There are 8 

point mutations in this region and a base insertion that would lengthen 

the U1 sequence by one nucleotide assuming no differences elsewhere in 

the molecule . More importantly, these point mutations obliterate the 

~ II site in this sequence , raising the possibility that this clone 

may represent a U1b gene or pseudogene . All the changes in this region 

are entirely consistent with the differences observed by Lerner and 

Steitz (1980) between mouse U1a and U1b RNA fingerprints . Ulb is also 

one nucleotide longer than U1a (Marzluff et !1·, 1983). Clone 4 also 

appears not to contain a~ II site within the coding sequence; attempts 

to use this site {by assuming its existence) in sequencing experiments 

yielded an unrecognizable nucleotide sequence, suggesting that a~ II 

site was close, but not within the coding region of this gene. The 

possibility therefore exists that clone 4 may also contain a Ulb sequence 

of some sort. 



Tre 5' flanking regions of these U1 - tyJ:e sequences were also 

examined in considerable detail. Two rundred and eighteen nucleotides 
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of 5' flanking sequence were determined for ~E236; this includes all the 

sequence between the 5' end of tre gene and the Eco RI terminus of the 

subcloned fragrrent (see Figure 12). At least 100 nucleotides of this 

region were also sequenced in tre remaining three clones. Figure 25 

compares the 5' flanking sequences of all four genes with those of rat, 

chicken, and ruman functional genes. Interestingly, clones 1 and 4, 

the Jl.ltative Ulb sequences, share very similar 5' flanking regions, 

with only 10 mismatches in the first 90 nucleotides (See Figure 26) . 

Furtherroore , both of these sequences have significant horoologies with 

the flanking sequence of the functional rat Ul gene, esJ:ecially between 

- 1 and - 70 (see Figure 26). The similarity of the two flanking sequences 

and their resemblance to a functional rat Ul gene ilmlediately raised the 

~ss1bility that tre two sequences may be functional rrembers of a Ulb 

mu 1 tigene family . These similarities, however, are not re fleeted in the 

restriction maps of the res,:ective subclones (see Figure 12) , in contrast 

to tre restriction maps shared by membe r s of ruman Ul mul tigene fami 1 ies. 

Such similarities do apJ:ear to exist between clones 4 and 5, the latter 

of which has not yet been sequenced . 

As exJ:ected, a comparison of tre 5' flanking sequence of ~P325, 

the presumptive Ula pseudogene, failed to reveal any significant horoology 

between this sequence and any other known Ul 5' flanking sequence, 

including otrer mouse U1 pseudogenes. One exception is a mouse U1a 

pseudogene recently described by Piechaczyk et.!l_. (1983) ; apart from 

three additional bases inserted in clone 3, the two sequences are 

identical. Two of the additional nucleotides in clone 3 are found in 
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FIGURE 25. Tre locations of hi hl conserved re ions in tre 5' flankin 
seguence s of se ec ted Ul and U2 genes. 

Tre figure srows tre first 90 nucleotides of tre 5' 
flanking sequences of tre followin9 genes: tre tu man Ul 
gene , ~Ul-10 (Murptrf et al., 1982); tre rat Ul gene, p.Jl6- 6 
(Watanabe-Nagasu et al~ 1983); tre chicken Ul gene (Roop 
et al., 1981); t~ITDuse U2 gene (Nojima and Kornberg , 1983); 
tt-etuman U2 gene (Van Arsde11 and Weiner , 1984) . Tre fol
lowing pseudogenes are also included: two ITDUse Ul pseudo
genes, MUl- l and MUl-2 (Nojima and Kornberg , 1983), and a 
ruman Ul pseudogene, p..Jl-6 (Monstein et al. , 1983). The 5' 
flanking regions of tre four Ul sequencesrejX)rted in this 
study are included, p.JP136 , p.JE236, PJP325 , and jXJP453. 
He regions of ll>ITD1ogy found in all tre functional genes 
srown , and three of tre sequences rejX)rted in this study , 
are indicated in boldface type. Otrer regions of i mjX) r tance 
are underlined and are fully discussed in the text. 



Mouse Pseudogene MU1 ·2 

Mouse Pseudogene MU1 ·1 

VI 

AACAC CATGTCTGCC TGCAGGCTGC CTGCCTTGAT GAGAATGAAT TACTTCTAAA GCCAGGCCCA ACTAAATATT TTCCTTTAAA 

ATTCC TGATCTTICC AAGATTTTGG CATGAAGGGA TGTIGAATIT TGTCAAATGC TICCAATCAG TIAATIAGGG AAAAATICTG 

pUP325 GACCCTCTAT CTICAAAGAC TCCTGGATCT GGGTATGGAG ATCTIGAGGC ATAGTGGCTA TGGATICCAG AAGATTAAGG CAGGGAAATC 

pUP236 GTIATAGAGT GTTTTAATGA GGCTTAAATA TTIACCGTAA CTATGAANCT ACGCATATCA TGCTGTTCAG GCTCCGTGGC CACGCAACTC 

pUP453 AGGGAGACCC GAGATAGGGC GGGGCTAAGT GACCGTGTGT TAAGAGTGCA GGGGCGGCGG GTGAGAGCCG GGGCCGGGCG CTAGGAGAGC 

pUP136 AGGGAGACCC GAGATCGGCC AGGGCTAAGT GACCGTGTGT TAAGAGTGTA GAGGCGACGG GTGTGAGCCG GGGCCGGGCA GTGGGAAAGC 

Rat Gene PU16·6 GGGTGGTATG GCGATCGTGT GTAGCTIAGT GACCGTGCGT TAAGAGTGGA GTGGCGGCGT CCGTGAGTCG GGGCTGTGCG GTAGAAAAGC 

Human Gene PHU1 ·1 0 GGAAGGGGCT CGGGAGTGCG CGGGGCAGGT GACCGTGTGT GTAAAGAGTG AGGCGT ATGA GGCTGTGTCG GGGCAGGGCA CCAAGA TCTC 

Chicken U1 Gene GTGTTAGGAG AGGACAGCGG TTGGTGTGCG AACGCCGTGC GGTGCGGGCT GGTGGTGGGG CGTGGGGAGC GGGGCGGGCG AGAGCAAAGC 

Human Pseudogene PU1 ·6 TAGGAAGGCT CGGGGGTGCG CGGGGCAGGT GACCATGTGT GTAAAGGGTG AGGT AT ATGG AGCTGTGACA GGGCAGAAGT GTGT AAAGTC 

Mouse U2 Gene GCGCGTGTTT GCGGTCGCGC GAGTGTTGGG GACCGTGAGT TGAAGGTGTG TGCGGTGTIG GTTGT ATGGG GCGTGTGGGC GCAGTTCGGT 

Human U2 Gene GGAATGGGGC AAGGAGCGAG GCTGGGGCTC TCACCGCGAC TTGAATGTGG ATGAGAGTGG GACGGTGACG GCGGGCCCA AGGCGAGCGC 

·90 ·1 

....... 
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FIGURE 26. 

The first 90 nucleotides of the rat Ul gene, Jill6-6 
{Watanabe-Nagasu et ~·, 1983), are compared to the corre
SJX>nding regions flanking the mouse Ul sequences in the two 
clones, JilP136 and JilP453. Asterisks between adjacent 
sequences indicate hJmology between the res~ctive sequences. 
The two mouse sequences are mismatched in 11 places (88% 
hJrnology). The rat and mouse sequences have approximately 
28 mismatches (69% hJmology); hJwever, half of these mi s
matches are found between -67 and -90. 



pUP453 AGGGAGACCC GAGATAGGGC GGGGCTAAGT GACCGTGTGT TAAGAGTGCA GGGGCGGCGG GTGAGAGCCG GGGCCGGGCG CTAGGAGAGC .......... ..... .. . •••.•.... .......... ........ . . .... ... ... ...... ......•.. . ..... . 
pUP136 AGGGAGACCC GAGATCGGCC AGGGCTAAGT GACCGTGTGT TAAGAGTGTA GAGGCGACGG GTGTGAGCCG GGGCCGGGCA GTGGGAAAGC . . . • ••••• •••••••••••••••••••••••• •••• ••• . . *.. . . . . . . . . . . . . ..... 

Rat Gene PU16·6 GGGTGGTATG GCGATCGTGT GTAGCTIAGT GACCGTGCGT TAAGAGTGGA GTGGCGGCGT CCGTGAGTCG GGGCTGTGCG GTAGAAAAGC 
90 ·1 

) 

....... 
w 
w 



tl'e 5' flanking sequence while tl'e third is found in the 3' flanking 

sequence; tl'e three inserted nucleotides are those boxed in Figure 19. 

Wl'ether tl'ese sequences represent distinct genomic locations or ~ly

rrorphic variation at a single locus has not yet been determined. 

Tte 5' flanking sequence of PJE236, a Ula gene candidate, is also 

srown in Figure 25. This sequence appears to share 1 ittle similarity 

with any other known Ul gene or pseudogene 5' flanking sequence, 
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including those described in this study. Despite the lack of significant 

romology with other Ul flanking sequences, there are three regions in 

the 5' flanking sequence of clone 2 that are similar to equivalent 

regions in the functional ruman Ul gene: first, the 5 bases iiT'ITediately 

preceding the coding region in clone 2 are AACTC while those found 

preceding the ruman Ul gene are ATCTC. A second region of similarity is 

found starting 35 bases upstream (-35) from tl'e coding region in each 

case and involves a sequence similar to the Hogness promoter located 

upstream from many structural genes transcribed by RNA ~lymerase II. 

In clone 2, tl'e sequence is TAT CAT GCTGT while in the ll.Jman gene it is 

TAT GAG GCTGT. Tre otrer 5' flanking regions shown in Figure 25 have 

no sequences comparable to tl'e "TAT" regions of clone 2 and tre ruman U1 

gene, with tre ~ssible exception of clone 3 which has a TAT GGA TTCCA 

starting 32 bases upstream from the ~ta tive tran scri ptiona 1 start site. 

Tre third sequence is found at position -57 in clone 2 and isACCGT; in 

tre ruman gene tre same sequence is found starting at -59. This region 

is particularly well conserved in several U1 genes, as is discussed 

below in greater deta1l. Although tre coding sequences of Ul genes 

arrong different species of higrer vertebrates are highly conserved, 

respective 5' flanking sequences are not (see introduction). Clone 2 
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could therefore represent a functional Ula gene w1th a r.ouse- s,.:ecific s• 

flanking sequence . Tre similarities between tre r.ouse and tl.Jrnan 

sequences described above may reflect comrron structural features that 

are imJX)rtant in tre transcription of these genes. Alternatively , the 

clone 2 sequence may be a pseudogene, although the well con served nature 

of tre coding sequence is difficult to reconcile in this case. 

The 5' flanking sequence of clone 2 is also characterized by three 

pairs of short direct re,.:eats that are diagra~TUred in Figure 27 . The 

first pair consists of a ~rfect 10 base re,.:eat with the sequence AGTGT 

TTTAA, tre first of which starts at - 123 and tre second of which starts 

at -83 . The second pair is a ~rfect 8 base re,.:eat with the sequence 

GAGG CTTA, tre first of which starts at -72 and the second of which 

starts at +54, within tre coding region. The third pair is an im,.:erfect 

10 base re,.:eat with one mismatch; tre first part of this re~at starts 

at -114 and is AAA TGtG GGA. The second part of this re,.:eat is found 

within the U1 sequence starting at +102 and is AA TGcG GGA. Interest

ingly, the upstream re,.:eats of tre second and third pairs (starting at 

-114 and -72 , res,.:ectively) occur immediately after each of tre first 

p:tir re,.:eats, which start at - 123 and -83 . This arrangement is dia

grarrmed in Figure 27; its significance is unknown . Moreover , the 

sequence of the first pair of re,.:eats, AGT GTTIT, is also similar to the 

Py(Fl01) viral enhancer sequence, GTG GTTTT . It srould be JX>inted out 

that this sequence is duplicated precisely within the U1 coding sequence 

starting at +38 (GTG GTTIT). Tre functional significance of these 

observations is discussed in tre next section. 

A detailed comparison of the 5' flanking sequences compiled in 

Figure 25 has also revealed some interesting regions of romology between 



FIGURE 27 . Three (Birs of direct re~ats in the 5' flanking sequence 
and coding region of pJE236. 

Each (Bir of re~ats is indicated by a (Bir of arrows 
in the sane oorizonta l plane. The numbers refer to the 
upstrea~rrost nucleotide of each re~at sequences and con
form to the standard numbering system used in this study. 
The re~at sequences are listed above res~ctive arrows; the 
underlined nucleotide in the third pair of re~ats indicates 
a mismatch in the sequence . 
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the chicken , rat, and ruman functional genes and two of the sequences 

described in this study, J:(J136 and JX,JP453 . Tre two regions are indicated 

in Figure 25 in bold type. The first region is located between nucleo

tides - 62 and - 50 upstream from the transcriptional start site while the 

second is between nucleotides -22 and -15. The two regions in rat , 

ruman, and tre two rrouse genes share an identical spatial arrangerrent 

with respect to tre transcriptional start site . The fi rst region 

sequences in tre rat and ruman genes are GTGACC GTGcGT and GTGACC CTGtGT , 

respectively . Outside tre two regions of romology , the rat and ruman s• 

flanking sequences exhibit little extensive rorrology. Tre first region 

of rorrology in the chicken gene , CCGTG , is less extensive than that 

found in tre ruman and rat genes and is shifted two bases towards tre 

coding region . As previously mentioned , a srort sequence in clone 2, 

ACCGT , is also rorrologous to sequences in functional ruman and rat 

genes , but 1 ike tre sequence in tre chicken gene, is two nucleotides 

closer to the Ul coding region. 

Tre second region of rorrology , 15 to 22 bases upstream from the 

coding region , is characterized by tre consensus sequence CGGGGC. The 

spacing re lative to tre coding region in tre rat and ruman genes is 

identical; the sequence in tre chicken gene, however, i s one nucl eotide 

nearer tre tran scri ptiona 1 start site. No sue h sequence is identifiable 

in clone 2 anywrere between tre coding sequence and the first region of 

ror.x>logy. Both regions are found in clones 1 and 4, as expected , given 

tre overall high degree of rorrology between these sequences and those 

of tre rat gene . Base mismatches that occur between clones 1 and 4 

do notarise in eitrer of tre two reg ions of horrology . Tre presence of 

stnrt conserved regions in otherwise di fferent s• flanking sequences may 
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reflect certain structural features that are imJX>rtant for the transcrip

tion of these genes by RNA JX>lyrrerase II. 

Figure 25 also stnws tre 5' flanking sequence of U2 genes from 

mouse and man. These sequences do not apj):!ar to be related in any way 

to tre U1 genes stnwn in this figure . Despite this lack of similarity, 

both U2 genes do share stnrt regions of homology with tre functional rat 

and human U1 genes , as well as tre two clones, PJP136 and pUP453. These 

regions are indicated in bold tyj):! in the figure and corresJX>nd to those 

regions of conservation described for the U1 genes in the preceding two 

paragraphs. Tre conservation is particularly marked in the mouse U2 

gene ; the sequence GACCGTG, found between - 60 and -53, is precisely 

conserved and in identical register with its counterparts in the U1 

genes. Furthermore , the consensus sequence, CGGGGC, found between - 22 

and -16 in functional U1 genes is also preserved in the mouse U2 gene 

asTGGGGC; this sequence is found between -24 and -18. In the human 

U2 gene, the sequence ACCGCG is found between -58 and -53, one nucleotide 

closer to the presumptive U2 transcriptional start site. Similarly, the 

sequence CGGGC is found in tre human U2 gene between -19 and -15. These 

observations are discussed in the next section. 

A srort region of 3' flanking sequence from clones 2 and 3 is shown 

in Figure 28 compared to the corresJX>nding regions of functional U1 

genes from several ott-er sj):!cies. The functional chicken , human and 

rat genes are each characterized by a teymidine triplet that is found 

1, 2, and 3 bases beyond the 3' terminus of each U1 coding sequence, 

resj):!ctively. A similar triplet is also found one nucleotide beyond 

the coding region in clone 2. As illustrated by the bold tyj):! in 

Figure 28, considerable sequence romology exists between the human and 



The 3' flanking region of the rrouse U1 sequence in 
clone 2 ( PJE236) is compared to the corresrx>nding region in 
the following genes: the chicken U1 gene (Roopetal., 
1981); the human U1 gene, pHU1-1D (Murptrf et al.-, 1982); the 
rat U1 gene, Jil16-6 ( Wa tanabe-Naga su e t a 1-:-:- 1983) , and a 
Xenop.Js U1 gene (Zeller et al., 1984)-. Trl all cases, the 
sequences srown start with the first nucleotide (+165) of 
the 3' flanking region. Conserved regions are either under
lined or indicated in bold type; the sequences are arranged 
to maximally align the regions of rorrology. 



PUE236 3 ' flanking seq. 
CHICKEN U 1 3 ' flanking seq. 

HUMAN U1 3 ' flanking seq. 
RAT U1 3 ' flanking seq. 

XENOPUS U1 3 ' flanking seq. 

+165 
GTTTACTTGG 
ATTTGCGCGG 
ACTTT CTGG 
GCATTTCTGG 
ATTTTGGT 

139 

TTTTTAAAAA TAGCTTGCAC 
AGTTTCAAAA GTAGACTGTA 
AGTTTCAAAA GTAGACTGTA 
TATGAGAAAG TAAGAGTTTC 
TGTTTAAAGA TAGAGAT 
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chicken 3' flanking sequences; the two sequences are aligned to maximize 

this roroology since they are not in J:erfect register. Altrough less 

extenswe, romology also exists between the rat gene and both the chicken 

and ruman U1 genes. The 3' sequence in clone 2 is also roroologous to 

corresp:>nding regions in the chicken and ruman genes, and is similarly 

indicated by bold tyj:e in Figure 28 . The region of romology in clone 2 

is in register with tte chicken sequence , as is the thymidine triplet. 

The sequence GTTTAAAGAT is found 11 nucleotides beyond the 3 ' terminus 

of Xenoj:X.Is U1 genes and resembles trose sequences in corresp:>nding 

positions of genes illustrated in Figure 28 (Zeller et !}_. , 1984) . In 

addition, MattaJ and Zeller (1983) have identified a consensus sequence, 

TTTNAAAGA(A/T) , that can be found in the 3' flanking sequence of many 

structural genes transcribed by RNA p:>lymerase II. This sequence has 

been found within 20 nucleotides of the coding sequence of all functional 

Ul genes described to date (Zeller rt 2.]_., 1984) . The presence of the 

sequence , TTTTAAAAATA , 11 nucleotides beyond the Ul coding sequence in 

clone 2 and the similarities that this 3' flanking sequence shares with 

corresp:>nding regions of other functional genes strongly suggest that 

this sequence indeed represents a functional roouse U1a gene . 

The 3' flanking sequence of clone 3, on the other hand, does not 

apj:ear to have any such similarities with 3' flanking regions of func 

tional U1 genes. The coding region of clone 3 is followed by an A- rich 

region consisting of four reJ:eating units of the sequence AAAC (see 

Figure 19). These repeating units are then followed by AAAAAGA. 

Interestingly , the entire coding sequence and its A- rich 3' flanking 

sequence are surrounded by a pair of imJ:erfect direct repeats, CAGGG 

AaATC and CAGGG AgATC . The presence of srort direct rej:eats that 
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precisely bracket this Ul sequence and its A-rich 3' terminus is toought 

to be indicative of an insertion event, as described in detail in the 

introduction. Clone 3 therefore apjl?ars to represent an imJl?rfect 

pseudogene sequence that arose from an RNA-mediated insertion event at 

a new s1 te in the genome. 



CHAPTER IV 

DISCUSSION 

142 



Tre nucleotide sequences of tre U- RNAs, particularly U1 and U2 

RNA, are highly conserved amng higher vertebrates; mreover, small 
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RNAs with similar pl!fsicocremical properties exist in rrany invertebrates 

ranging from the slime mold Dictyostelium discoideum (Wise and Weiner, 

1981) to tre fruit fly, Drosophila melanogaster (Mount and Steitz, 

1981). The highly conserved nature of these RNAs is trought to reflect 

the fundamental role they play in tre removal of introns from primary 

RNA transcripts as part of the muturation process that ultimately yields 

mature messenger RNA . U1 RNA is an integral component of a small ribo

nucleoprotein particle that binds specifically to 5' exon- intron boun

daries (Mount~~·, 1983). Furtrermore, antibodies directed against 

trese particles specifically inhibit intron removal from an artificial 

primary transcript synthesized l!!. vitro from an adenovirus DNA fragment 

(Padgett et ~·, 1983b). Necessarily, the coding regions of respective 

U1 and U2 RNA genes are a 1 so highly con served among hig rer vertebrates; 

rowever, the organization of these genes within the genome, and tre 

sequences of immediate 5' and 3• flanking regions appear to be much less 

well conserved from one species to the next. Human U1 genes are found 

on tre srort arm of chroroosome 1 and are trerefore linked (Lund et ~·, 

1984). However, these sequences are separated by at least 44 kb (Naylor 

et ~· , 1984). In contrast, two functional U1 genes in tre rat are 

separated by only 3.4 kb (Watanabe-Nagasu et ~·, 1983). Approximately 

20 l"uman U2 genes are tandemly repeated in a single array (Van Arsdell 

and Weiner, 1984) while rat U2 genes appear to be relatively dispersed 

in tre rat genome (Tani et~., 1983). XenOflJS Uland U2 genes are 

organized in many tandemly repeating arrays that each contain 15 to 20 



copies; the number of genes in this organism, however, vastly exceeds 

ttl! nurrber found in manmals, with estimates of 1000 U1 genes (Zeller 

et .!]_., 1984) and between 500 and a 1000 U2 genes (Mattaj and Zeller, 

1983) in tre Xeno111s genorre. 
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Both ttl! organizational differences of U- RNA genes in respective 

genomes and tre 5' flanking sequence heterogeneity arrong genes from 

different species is surpri sing considering the ubiquitous nature of the 

gene product. Ttl! existence of such diversity, however, raises many 

interesting questions regarding the evolution of trese sequences. In 

all species thus far studied , the U-RNA genes exist as rrultigene families. 

Of particular interest are those rrechanisms that have undoubtedly 

operated throughout evolution to conserve sequences repeated rrultiple 

tirres in ttl! genorre. A thorough analysis of U- RNA gene organization in 

a variety of species may well reveal tre nature of such rrechanisms, 

given the organizational heterogeneity that appears to exist. Transcrip

tion of U- RNA genes appears not to depend on tre usual RNA polyrrerase II 

recognition signals; the diverse nature of 5' flanking sequences of U- RNA 

genes may similarly allow eluc idation of those regions that are critica l ly 

important in tre transcription of these genes . 

He importance of tre U- RNAs themselves, tre transcriptional control 

of their respective genes , and the unique insights that a full under

standing of U- RNA gene organization may afford with regard to tre evolu 

tionary ~ocesses acting on tre genorre, have all prorroted lllJCh interest 

in the U-RNA genes; for this rea son , a study of the Ul rru ltigene family 

in tre rrouse was undertaken . This family consists of genes for both 

U1a and Ulb RNAs. Tre ; solation of such sequences from a 1 ibrary 

requires the use of a Ul gene probe; the first pa r t of this dissertat ion 
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ttErefore describes ttE attempt to prepare a roouse U1 eDNA clone for use 

in 1 ibrary screenings and subsequent characterization of recovered phage 

clones. Mouse U1 RNA is a major RNA species in the 4- 7S size range of 

RNAs recovered from roouse cell nuclei. Since ttE isolation of sufficient 

quantities of U1 RNA proved to be 1mpractical , mouse 4-7S nuclear RNA 

was used as substrate in eDNA synthesis reactions. Altrough the synthe

sis of complementary DNA and its subsequent insertion into ~R322 by 

mmopolymeric tailing were successful, clones complementary to U1 RNA 

were not recovered from the initial round of screening . A clone 

hYbridizing to the U1a-5.8S RNA band was subsequently determined to be 

complementary to 5.8S RNA rather than U1 RNA. The absence of a U1 eDNA 

clone in the first group of transformants suggested that this sequence 

may be under- represented in the 4- 7S eDNA library; the extensive 

secondary structure of this RNA may have prevented it from functioning as 

an efficient substrate for either the reverse transcriptase or the 

adenylyl transferase used to synthesize the 3' poly(A) tails. Rather 

than continuing ttE search for a roouse Ul clone , a chicken U1 eDNA clone 

that became available at that time was determined to be suitable for use 

as a probe. This probe was prepared by completely analogous means in 

anottEr laboratory (Roop et .!]_., 1981). The chicken U1 eDNA clone 

f!ybridized efficiently to both U1a and Ulb roouse RNAs. 

A library of roouse genomic DNA fragments in lanbda bacteriophage 

cloning vector , Charon 28, was screened with chicken U1 eDNA probe for 

fragments containing roouse U1a or U1b genes. Hybridization conditions 

were sufficiently stringent to prevent the i so 1 a tion of highly divergent 

Ul pseudogenes. Five different phage clones were isolated , each con

tainining only one f!ybridizing DNA fragment. Hybridizing Pst I fragments 
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ranging in size from 2.5 to 5.3 kb were selected from 4 pages clones 

while a 3.6 kb Eco RI fragment was selected from a fifth and subcloned 

into tte bacterial plasmid, pi\T153 . Restriction ma ps were generated for 

each of tl'e subcloned phage DNA fragments. All 5 restriction maps are 

unique, indicating that each phage clone contains a distinct region of 

tl'e mouse genome ratter than an overlapping DNA fragment, a f))rtion of 

which is shared by anotl'er phage clone. The 2 fragments in clones 4 

and 5, however , are similar, particularly upstream from each Ul coding 

sequence where Bel I , Ava I, and Sst II sites in each clone are 

conserved . This similarity is also reflected in identical hYbridization 

patterns in both~ I and .!!91 I digest of these clones using the 

chicken Ul eDNA as probe . These findings raised tl'e fX>SSibility that 

He Ul sequences in these clones are members of a multigene family 

sharing similar flanking sequences. A partial DNA sequence was obtained 

for clone 4 that includes 110 nucleotides of s• flanking sequence and 

tl'e first 29 nucleotides of the Ul coding sequence. Tre coding sequence 

is identical to tre corresf))nding region in the rat Ul gene. Inter

estingly, the s• flanking sequence in clone 4 is 90% homologous to the 

corresf))nding region in clone 1; however, the restriction maps of the 

two clones are not similar. Both s• flanking sequences are approximately 

70% homologous to the corresfX>nding region flanking tre rat U1 gene 

(Watanabe-Nagasu et ~·, 1983). He partially sequenced coding region 

in clone 1 contains base substitutions and an insertion between +59 and 

+80; these differences are entirely consistent with the fX>SSibility that 

this clone contains a Ulb sequence rather than a Ula sequence. Although 

incompletely sequenced , tre coding region in clone 4 may also be a Ulb 

sequence by virtue of its s• flanking sequence homology with that of 
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clone 1. The JX)ssibility that clone 5 also contains a U1b sequence is 

supported by the absence of a~ II restriction site in the coding 

region of this clone. 

The high degree of lnroology shared by the 5' flanking sequence in 

clones 1 and 4, and the functional rat U1 gene indicates that these 

sequences may represent functional rrouse U-RNA genes. This JX)ssibility 

was recently confirrred by microinjection of these two plasmid subclones 

into Xenopus laevis oocytes by Dr. Elsebet Lund at the University of 

Wisconsin. In both cases, the injected plasmids were transcribed into 

mouse U1b RNA, indicating that the gene in each subclone is functional . 

Fingerprinting of the transcribed Ulb RNAs has al sn revealed that the 

gene P""Oducts are not identical; clone 1 encodes Ulb2 RNA while clone 4 

encodes Ulb6 RNA (Elsebet Lund, ~rsnnal comiTllnication). These two 

Ulb RNAs represent 2 of the 6 distinct rrouse Ulb RNAs recently described 

by Lund~.!}_. (1985) . The 5 additional Ulb RNAs differ from Ulbl RNA 

by either 1 (Ulb2, 4, and 5) or 2 (Ulb3 and 6) base substitutions, and 

in one case by an additional insertion (Ulb6). Mouse U1b RNA therefore 

exhibits microheterogeneity in that there are at least 6 distinct forms 

of this RNA in rrouse cells. The gene in clone 5 is also transcribed 

into roouse Ulb RNA in Xenop..~s oocytes; the s~ci fie identity of the U1b 

transcript, however, has not yet been determined. 

As discussed in the in traduction, the 5' flanking sequence irrrne

diately upstream from all functional tuman Ul genes is very highly 

conserved for at least 400 nucleotides (Manser and Gesteland, 1982). 

Hereafter, upstream restriction maps of these genes, and presumably 

nucleotide sequences, becorre different. These differences allow the 

classification of 11Jman U1 genes into 2 groups, the rrembers of one group 



148 

having similar upstream restriction naps that are distinct from those of 

ti'E ottEr group. It is tempt1ng to speculate that analogous upstream 

restriction map differences nay also exist for rrouse Ul genes, allowing 

similar classification of these sequences. Since ti'Ere are 6 types of 

mouse Ulb RNA, the p:>ssibility exists that such upstream restriction map 

differences may be asrociated with the type of Ulb RNA encoded by the 

gene; U1b genes having similar upstream restriction maps may well encode 

ti'E same type of Ulb RNA. Thus, the disssimilar upstream restriction 

maps of clones 1 and 4 may be a consequence of the distinct U1b RNA 

species encoded by each gene. On the basis of this ~JX>thesi s, the 

similar upstream restriction maps shared by clones 4 and 5 predicts 

that the gene in clone 5 encodes Ulb6 RNA, the U1b RNA encoded by the 

gene in clone 4. Although this ~p:>thesis implies the existence of6 

distinct upstream restriction maps for each of the 6 types of U1b RNA 

genes, the p:>ssibility certainly exists that a single restriction map is 

shared by several types of Ulb gene, in which case it is safer to predict 

that the clone 5 gene encodes a species other than U1b2 RNA; this RNA is 

encoded by tre gene in clone 1, which has a different upstream restriction 

map from tre clone 5 sequence. Despite such restriction map di ffferences, 

tre inmediate 5' flanking sequences of Ulb genes should be highly con

served, as is tre case with functional human Ul genes. Indeed , the 

inmediate 5' flanking sequences in clones 1 and 4 exhibit 90% horrology 

despite the dissimilar upstream restriction maps of these 2 clones. 

The subcloned rrouse DNA fragments in clones 1 and 5 also contain 

other transcription units that appear to be transcribed by RNA JX>ly

merase III (Elsebet Lund, perronal comlll.lnication). The 2 RNA transcripts 

are different from each other and are sma 11, with sedimentation 
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coefficients between 4S and as. RNAase Tl fingerprints of ttl:!se RNAs 

indicate that trey are similar to RNAs transcribed by RNA ~lyrrl:!rase III 

from templates approximately 3 kb upstream from ruman U2 genes (Westin 

et 2_l., 1984). Furtterrrore , trese RNAs reseni>le transcripts synthesized 

by p:>ly~rerase III from rrouse Alu-equivalent re~tltive sequence ele~rents 

(Westin et 2_l., 1984; Elder et 2_l., 1981; Pan et 2_l., 1981). The 

similarity of tte non-U1b RNAs transcribed from clones 1 and 5 to ttl:! 

~lyrrerase III transcripts obtained from roman U2 clones indicates that 

trese RNAs are also transcribed by RNA ~ly~rerase III. Middle-re~titive 

DNA sequence elerents are often found in association with ~lyrerase II 

transcribed structural genes; Alu-ty~ ele~rents are found upstream from 

both beta and gamma globin gene clusters in romans (Denison et 2_l. , 1981). 

Two re ~ ti tive sequences, de signa ted R and Bam 5 , are found together 

downstream from the 7 rrouse structural genes that were examined in the 

study (Heller et_21., 1984). Alu -sequences are found in the flanking 

regions of tuman U1 genes (Monstein et _21., 1982; Manser and Gesteland, 

1982; Lund and Dahlberg, 1982). The middle-re~titive identifier 

sequence found down stream from a function a 1 rat U1 gene ( Wa tanabe-Naga su 

et _21., 1983), is also associated with several genes expressed only in 

tte rat brain; this sequence, oowever, is not as5Dciated with tte sa~re 

genes in other tissues (Sutcliffe et _21., 1984). Ttl:! presence of short 

middle-re~titive sequence elerrents in tte vicinity of functional genes 

transcribed by RNA JX>lyrrerase II has consequently led to s~culation 

that such sequences may regulate ttl:! expression of these genes (Manley 

and Collozo, 1982). Indeed, transcription from ttl:! roman U2 genes in 

XenoJ)Js oocytes is markedly reduced by ttl! presence of an adjacent RNA 

JX>ly~rerase III template (Westin et _21., 1984). Transcription of the U1b 
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gene in clones 1 and 5, both of which contain presumptive poly~rerase III 

transcription units, was al9:> relatively low (El sebet Lund, personal 

corr.rrunication); however, t~ significance of this observation is difficult 

to assess at t~ ro~rent because transcription oft~ Ulb gene in clone 4, 

which contains no such template, was also quite low. Clearly , it will 

be possible to better determine tte role oft~ poly~rerase III tempates 

in t~ transcription of tre U1b genes described in this study by sub

cloning DNA frag~rents that contain only t~ Ulb genes and assaying t~m 

for transcriptional activity in Xenopus oocytes. The availability of 

middle-repetitive sequence probes should also allow identification of the 

polymerase III template sequences as well as additional middle-repetitive 

sequence ele~rents adjacent to these genes. 

T~ coding region in clone 2 is identical to tre rat U1 gene sequence 

(Watanabe- Nagasu et .!}_., 1983). Since fingerprints of rat and roouse U1a 

RNAs are identical, tre coding sequence in clone 2 is capable of encoding 

mouse Ula RNA (Marzluff et .!}_., 1983). Recently, Lund et .!]_. (1985) have 

identified two distinct roou se Ula RNA species referred to as Ulal and 

U1a2. U1a l i s tre predominant species and is potentially encoded by t~ 

gene in clone 2. In addition to tre coding region, 218 nucleotides of 5' 

flanking sequence and 31 nucleotides of 3' flanking sequence were also 

obtained for this clone. T~ 5' flanking sequence bears no extensive 

roroology with tre corresponding regions of any otter functional Ul genes 

described to date, including tre U1b genes described in this study. 

Since ruman U1 gene 5' flanking sequences probes fail to ~bridize to 

mouse genomic DNA (Lund et ~·, 1982), t~ possibility that sequences 

flanking roouse Ul genes are unique was expected. However, despite dif

ferences in tre 5' flanking sequences of U1 genes from different 
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organisms, stort regions of toroology do apJ:ear to exist between these 

otterwi se unrelated sequences, as soown in Figure 25. The 2 im~rtant 

regions fall between - 60 and - 50 and between - 22 and -15. Furtherroore , 

these regions are conserved in the 5' flanking sequences of roouse and 

ruman U2 genes. Unex,:ectedly, the 5' flanking sequence in clone 2 bears 

no toroology to tte conserved region between - 22 and -15, and only partial 

lnroology to the region betl-leen -60 and - 50 , indicating ,:erhaps that this 

flanking sequence does not contain the necessary signals for accurate 

transcription. Skuzeski et.!l_. (1984) have determined that the region 

between -106 and -6 is not essential for transcriptional activity of 

ruman U1 genes; rather, this region is essentia 1 for accurate initiation 

of transcription and correct capping of the U1 RNA product. Transcripts 

of templates lacking this region (-106 to -6 ) are incorrectly initiated 

at -111 or -112 and are cap,:ed with 7-rrethyl guanosine rather than 

trimethyl guanosine, tre usual U1 RNA capping nucleotide. The ~ssibility 

ttere fore exists that the 2 con served upstream sequences de scribed above 

are im~rtant in specifying proper transcript initiation by RNA ~ly

merase II and subsequent capping of the RNA. If this is tre case, the 

upstream sequence in clone 2 may we 11 lack tre signa 1 s necessary for 

both tre accurate initiation of transcription and tre subsequent capping 

of tre resulting RNA. The presence of other signals in the 5' flanking 

region of tl"e clone 2 U1a sequence, oowever, is certainly JX>SSible; 

indeed, the sequence TAT CAT GCTGT is found between - 34 and - 24 in 

clone 2 while a very similar sequence, TAT GAG GCTGT, is found in exactly 

tte same ~sition in tre 5' flanking sequence of functional ruman Ul 

genes (see Figure 25). This sequence, oowever, is not found in tre 

flanking regions of U1 genes from other species. Furtherroore, the 5 



nucleotides irrmediately ~eceding the transcriptional start site in 

clone 2 (AACTC) and functional ltJman U1 genes (ATCTC) are similar. 

These, or other as yet unidentified sequences, may well be sufficient 

for accurate initiation of transcription and subsequent capping of the 

RNAs transribed from this gene. 
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The ability of tre U1a sequence in clone 2 to function as a template 

i!l. vivo was determined by microinjecting tre plasmid into Xeno!)Js Laevis 

oocytes ; no rrouse Ula RNA was subsequently detected by tybrid selection, 

indicating that the Ula sequence was not transcriptionally active in this 

system (Elsebet Lund , jErsonal comrrunication). One p:>ssible explanation 

for these result is that only 218 nucleotides of 5' flanking sequence are 

included in the subcloned restriction frag~rent. Skuzeski et ~· (1984) 

have sll>wn that a region between - 231 and -203 is e ssenti a 1 for tran 

scription of ltJman U1 genes in XenoJ:t!S oocytes. Furthermore , a region 

between -258 and - 198 is essential for transcription of ltJman U2 genes 

in this system (Westin et ~·, 1984) . Interestingly , tll>se regions 

essential for the transcr i ption of ltJman U1 and U2 genes contain direct 

repeats; in the U1 gene , the sequence GG(A ,- )CAG(G,C)GC(A,- )GA is located 

at positions -235 to - 225 and -209 to - 199, 5eJA1rated by 16 nucleotides 

(Skuzeski et ~·, 1984). In the U2 gene , the sequence 

TGAAAG(G , C)(G ,C)CGGG occurs between positions -235 and - 224 and again 

between - 207 and -196 (Westin~~., 1984) . The presence of direct 

repeats in regions determined to be essential for transcription of 

respective genes strongly implicates trem in some aspect of transcri~ 

tional control. This possibility is further supported by the observation 

that the direct repeats contain ll>mologies to core sequences in enhancer 

ele~rents of animal viruses (Wei he r et ~·, 1983; Westin et ~· , 1984; 
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Skuze ski et .!]_., 1984). The sequence TGCAAACTGGG is found be tween - 210 

and -200 in the 5' flanking sequence of clone 2. This sequence closely 

resembles ti'E direct re~at found in ti'E 5' flanking sequences of human 

U2 genes; furti'Erroore, the location of tre clone 2 sequence coincides 

wlth ti'E location of the downstream !X)rtion of the U2 direct re~at. 

TI'E possibility therefore exists that efficient transcription of the 

roouse U1a gene in clone 2 de~nds on ti'E presence of similar direct 

re~ats 200 to 240 nucleotides upstream from the U1a coding region. 

Since the subcloned Eco RI fragrrent contains only 218 nucleotides of 5' 

flanking sequence, a !X)rtion of this direct re~at may well be missing 

from this clone , thereby abolishing efficient transcription of the gene . 

Presumably, tte upstream !X)rtion of the direct re~at corres!X)nds to 

trose sequences found between -235 and - 224 in the human U1 and U2 genes. 

A 6.2 kb Pst I fragrrent from phage clone 2 containing an additional 650 

nucleotides of upstream sequence has been subcloned into pt\T153; micro

injection of this subclone into Xenop.Js oocytes srould determine the 

status of the U1a sequence in clone 2 (Eugene Howard, personal contnmi

ca tion). 

The !X)Ssibility that the U1 gene is clone 2 is functional is sup

!X)rted by the sequence of its 3' flanking region; it bears a distinct 

resenblance to corres!X)nding 3' flanking sequences of functional U1 genes 

from other s~cies (see Figure 28). Ul genes from ti'E chicken, rat, 

human, and XenoJ:X,Js each contain a thymidine triplet 1 to 3 nucleotides 

beyond the 3' terminus of the U1 coding sequence. A teymidine triplet 

is also found 1 nucleotide beyond the 3' terminus of the U1al coding 

region in clone 2. In addition, the sequence TTTAAAATAG, is located 

between +177 and +187 in the 3' flanking region of clone 2. Nearly 
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1981 ) , tre rat (Watanabe-Nagasu et.!l., 1983), and Xenop.1s laevis 

(Zeller et .!l·, 1984) , and are srown in Figure 28. Deletion of part of 

th1s sequence reduces tre fidelity of transcription termination, 

indicating that it has a function in tre accurate production of 3' Ul 

RNA termini (Zeller tl_!l., 1984). Moreover, tre consensus sequence , 

TTTNAAAGA(A/T) , has been observed in tre 3' flanking regions of many 

RNA polymerase II transcribed genes (Mattaj and Zeller , 1983). This 

consensus sequence is very similar to tre con served sequence found 

within 20 nucleotides of tte coding region of all functional U1 genes 

described to date , including tre U1a sequence in clone 2. 

Tre rrouse DNA fragment in clone 2 also contains a presumptive RNA 

polymerase I II trancri ption unit. Tre transcribed RNA is small and is 

distinct from tre corresponding polymerase III transcripts in clones 1 

and 5 (Elsebet Lund, ~rsonal communcation). Tre template is almost 

certainly downstream from tre U1a sequence since only 218 nucleoti des 

of upstream sequence are present in this clone . He similarities shared 

by tre RNase T1 fingerprints of this RNA with trose of known polymerase III 

transcripts implicate RNA polymerase III in tre transcription of tre 

clone 2 template. If tre transcription unit is a middle- re~titive 

sequence element, it must be at least 550 nucleotides downstream from 

tre U1a coding sequence since a Hha I- Hinf I restriction fragment (see 

Figure 12) containing this porti on of tre immediate 3' flanking region 

contains no such middle-re~titive squences (Eugene Howard, ~rsonal 

communcation). Indeed , the Hha I - Hinf I restr iction fragment i s tre 

only fragment derived from the down stream sequence in this clone that 
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does not contain middle re~titive sequences. Furthermore , this fragment 

was subsequently determined to be single-co~ in tre mouse genome. This 

observation is not inconsistent with tre JX>SSibility that the U1a 

sequence is functional; the 3' flanking sequences of functional llJman U1 

genes are romologous for only 50 nucleotides, trereafter diverging 

significantly (Manser and Gesteland, 1981). 

The Hha I- Hinf I restriction fragment from clone 2 has recently 

been used to detect a Hi nd III restriction fragment length ~lymorphism 

in two strains of mice , BALB/cHeA and STS/A (Eugene Howard , ~r sonal 

comm.mcation) . In the BALB/cHeA mouse, the Hha 1- Hinf I probe hYbridizes 

to a 5.1 kb Hind III fragment while in tre STS/A mouse it hYbridizes to 

a 4.5 kb Hind III fragment . Tre strain distribution pattern of this 

~lymorphism was determined in a 14 merrber recorrbinant inbred strain set 

prepared from BALB/cHeA and STS/A progenitor strains. This pattern 

exhibited 13/14 concordancies with tre strain distribution pattern of 

the Dlb locus which is near tre midd le of chromosome 11 (Michael et.!!_. , 

1985) . The slightly mismatched strain distribution r:a ttern for the 

U1a sequence and Dlb locus indicates that the U1a sequence is wi thin 

5 centimorgans of tre Dlb locus on chromosome 11. A similar approach 

can be used to determine the ~sitions of the 3 U1b genes in tre mouse 

geno~ . Since 3 distinct U1b genes have been characterized, this mapping 

study should allow one to determine if the 3' genes are 1 inked or 

dis~rsed in tre mouse genome . Functional llJman U1 genes are found 

clustered on tre short arm of chromosome 1, separated by at least 44 kb 

(Lund et _!1., 1983; Naylor~.!!_., 1984) . Furthermore, llJman U1 

pseudogenes with fla nking sequences related to those of their functional 

counterparts are located in bands 1q12 to 1q21 on the long arm of 
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chrorrosome 1 (Lindgren et.!l_., 1985). As previously discussed, these 

observations indicate that the current U1 ITllltigene family has replaced 

the preceeding ITllltigene family, which in turn has becorre nonfunctional 

as a consequence of accumulated ITlltations in the absence of selection 

pressure. The rrechanism res~nsible fur such an event is unclear at the 

present tirre , but may involve several processes (see the introduction). 

A better understanding of the events that have taken place awaits a 

rrore detailed characterization of the genomic environments in which both 

functional U1 gene and pseudogenes reside. Clearly , it would be of 

considerable interest to determine if similar processes have occurred 

in other organisms. If rrouse U1b genes are indeed linked, the evolution 

of these sequences may share some features in COITIOOn with that of tl.Jman 

U1 genes. Alternatively, U1b genes may be very differently organized in 

the rrouse genome . This possibility is sup~rted p1rticularly by the fact 

that Ulb genes are fuund only in the rrouse; they may therefore represent 

a unique evolutionary event that has occurred since the divergence of 

evolutionary ancestors coiTIOOn to man and rrouse. A rrore complete under

standing of evolution of the rrouse U1b ITllltigene family may well con

tribute significantly to the full understanding of events that have 

sha J:ed the mamma 1 ian genome. 

Until the transcriptional status of the U1a sequence is conclusively 

determined, SJ:eculation regarding the possible nature of this sequence 

may be unwarranted; nevertheless, the ~ssibility exists that the U1 

sequence in clone 2 is a nonfunctional pseudogene. The resent>lance of 

the 3' flanking sequence to those of other U1 genes, and the stort 

regions of horrology in the 5' flanking sequence would tend to rule out 

an RNA mediated insertion event at a new site in the genome as a ~ssible 
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origin of this sequence; instead, it is more likely that this sequence 

was once a functional Ul gene that is no longer maintained and therefore 

free to accuiTlJlate ITlJtations in the absence of selection pressure . The 

remnant romologies observed in the 5' flanking sequence are a consequence 

of SJch ITlJtations. Inconsistent with this model is the perfectly main

tained Ulal coding region; in the absence of selection pressure, there is 

no precedent for the selective maintenance of a sequence that is adjacent 

to a sequence accuiTlJlating ITlJtations in this fashion. Furtherroore, 

there are no examples to date of pseudogenes that contain perfectly 

romologous coding regions and altered flanking sequences. Pseudogenes 

that have arisen from previously functional genes randomly accuiTlJlate 

ITlJtations in both flanking and coding regions. 

If the sequence in clone 2 is indeed a pseudogene , one ~ssible 

explanation for its origin 111ight be as follows: The 5' flanking sequences 

of functional Ula genes in the roouse may indeed be distinct from all other 

Ul genes described to date , and may share none of the established 

romologies. The 5' flanking sequence in clone 2 may largely represent 

this unique sequence, but in addition may also have becorre slightly but 

critically altered so that it is no longer functional. Two p:>ssible 

explanations regarding the status of this sequence may now be invoked. 

First, this event may have occurred very recently in evolution and the 

sequence may not yet have been repaired by whatever rrechanisrns maintain 

the mouse Ul rrultigene family . Altrough the nature of 9JCh a rrechanism 

depends a great deal on the organization of Ula genes in the genorre, 

gene conversion certainly seems a ~ ssib le nee hani sm in this context 

(see introduction). The second explanation is that this sequence 

represents one of many previously functional Ula genes that have 
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recently become obsolete as a consequence of gene amplification of a 

Ula sequence, ttE copies of which now represent tre functional roouse 

Ula 111Jlt1gene family. Tre few ITlJtations that have randomly occurred 

in this sequence have rendered tre 5' flanking sequence incapable of 

initiating transcription. Tre chance absence ofrrutations in the coding 

region is simply a con sequence of this event having occurred recently in 

evolution. An imp:>rtant prediction arising from either scheme described 

above is that tre 5 ' flanking sequence should be very similar to those 

of functional Ula genes. The difficulty associated with classifying the 

sequence in clone 2 in terms of currently accepted explanations regarding 

tre origin of U-RNA pseudogenes furtrer substantiates the p:>ssibility 

that this sequence is indeed function a 1. 

The 5' flanking sequence and coding region of clone 2 are also 

characterized by tre presence of several pairs of direct re~ats, as 

srown in Figure 27. Tre first Jllir is located entirely within the 5' 

flanking region and has tre sequence AGT GTTTTAA; it bears considerable 

roroology to tre Py(lOl) viral enhancer sequence, GTG GTTTT (Weiher et 

~., 1983). However, this re~at is not capable of supp:>rting transcrip

tion of this Ula gene in Xenoj)Js oocytes. Furtherroore, this enhancer 

sequence is duplicated precisely in the Ula coding region between +38 

and +45. Tre organization of tre other 2 Jllirs of repeats is also shown 

in Figure 27; in both cases, tre downstream repeat is in the Ula coding 

region. The upstream repeats of tre second and third pairs irrrrediately 

follow tre upstream and downstream repeats of tre first pair, res~c

tively. The significance, if any, of this arrangement is entirely 

unclear at tre present time. 
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The role of viral-like enhancer sequences in the vicinity of U1 

genes is difficult to evaluate; clearly, such sequences do not necessarily 

SUpJX>rt transcription of tl"ese genes. Indeed, a sequence with a very 

high degree of roroology to such enhancer sequences is found within the 

coding region of all functional U1 genes. As previously discussed, 

most, if not all, functional ruman U1 genes are located on the srort 

arm (band 1p36) of chroroosorre 1 (Lund et .!l·, 1983). Human U1 pseudo

genes that represent decaying, once functional U1 genes are located on 

tre long arm (bands 1q12 to 1q22) of this chroroosorre (Van Arsdell and 

Weiner, 1984; Lindgren et .!l· , 1985). Furtrerroore, the tandemly re~ated 

ruman U2 genes have recently been map~d to chroroosome 17, bands 1q21 

to 1q22 (Lindgren et .!l·, 1985). Interestingly, tre locations of these 

ttree groups of ~quences coincide with the three major adenovirus 12 

chromosomal roodi fication sites; the~ regions undergo decondensation 

when ~rmissive ruman cells are infected with highly oncogenic strains 

of adenovirus (zur Hausen, 1967; McDougall, 1979; Lindgren et 21.·, 

1985). Since adenovirus infection involves splicing of the adenoviral 

primary transcript, the activation of U-RNA genes is entirely plausible. 

The JX)ssibility exists that certain sequences either flanking or within 

the U-RNA genes are recognized by the adenoviral factor that results in 

local chroroosomal decondensation . If tre relevant sequences are largely 

intact at the U1 pseudogene loci, similar decondensation would occur 

here also, as seems to be the case. An attractive candidate for such a 

recognition sequence are those sequences that are similar to viral 

enhancer elements; these sequences may either be built into U1 gene 

coding regions themselves, or be a part of the sequence that is imJX)r-

tant for efficient transcription of these genes. Alternatively, the 
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imp:>rtant elerrents may as yet be completely unidentified, residing 

anywrere in tre many kilobases of highly conserved 5' flanking sequences 

of trese genes. It is imp:>rtant to note that decondensation and tran-

scri pt1on are not synonymous events; a 1 trough sorre U1 pseudogene loci 

are tre target of decondensation during adenovirus infection, transcrip

tion that results in functional U-RNAs will, by definition, not take 

place. Decondensation may trerefore be trought of as a distinct process 

that optimizes subsequent transcription of genes in tre vicinity. Tt1.1s, 

sequences p:>tentially recognized by decondensation factors need not be 

a part of tre gene itself or its transcriptional control elerrent; 

instead, trey may be many kilobases away. 

As expected, the U1a pseudogene sequence in clone 3 is not tran

scribed in Xenop..~s laevis oocytes (Elsebet Lund, ,:ersonal comrunication); 

tre coding region in this clone contains 7 p:>int ITl.ltations relative to 

tre mouse U1a 1 RNA seque nee. The coding region is fu 11-1 eng th with 

respect to U1a RNA, but is followed by an A-rich region at its 3' 

terminus. In addition, tre 5' flanking sequence bears no romology with 

corresp:>nding regions from any functional U-RNA genes described to date, 

including tre U1a sequence in clone 2. The U1 coding sequence and the 

A-rich region at its 3' terminus are flanked by a pair of imperfect 

direct repeats with tre sequence, AAG(A,G)CAGGGA(A,G)ATC. The presence 

of such repeats indicates that this pseudogene sequence may have arisen 

from an insertion event at a staggered break in the target DNA. A 

sequence similar to that found in clone 3 was als:~ is:~lated by Piechaczyk 

et _tl. {1983); however, three insertions, not substitutions, are found 

in tre clone 3 sequence relative to the sequence described by Piechaczyk 

et al. and are boxed in Figure 19. Over tre regions sequenced, the 
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clones are otrerwi se identical . If tre origin of this pseudogene 

sequence is as described above, one would exJ:ect that it would be single 

COr:Y in the 100use genorre. The two clones may therefore represent p:>ly

JOOrphic variation at this location in the genome. The fact that the 

three changes are all insertions rather than substitutions, however, is 

surpnsing. Preliminary attempts to isolate 100use Ula genes in another 

laboratory have also resulted in the recovery of a sequence almost 

identical to the clone 3 pseudogene (E l sebet Lund, J:ersonal comiTlJnica

tion). Clearly, the frequency with which this sequence is recovered from 

roouse libraries is suspiciously high for a presumptive single copy 

sequence, raising the p:>ssibility that this sequence is represented 

ITlJltiple times in the 100use genome. If several copies of the clone 3 

pseudogene do indeed exist in the rrouse genorre, the 2 (or 3) characterized 

sequences may be derived from distinct genomic locations. Unfortunately, 

a restriction map is not available for the other closely related pseudo

gene sequence described by Piechaczyk et !]_. (1983), thereby precluding 

comparison of the resJ:ective genomic environments. Although the evidence 

in supp:>rt of the insertion rrechanism of origin seems comJ:elling, the 

presence of several copies of this pseudogene may require additional 

explanation. One possibility is that multiple insertion events have 

taken place. Since the flanking sequences are conserved, this implies 

that insertion is not random in the genorre. This 100del also predicts 

that in the absence of selection pressure, the accuiTlJlation of random 

point ITlJtations at each inserted sequence should lead to a unique pseudo

gene sequence at each insertion site. The two Ul coding sequences, 

however, are identically a 1 tered, indicating that they have not randomly 

and indeJ:endently accuiTlJ 1 a ted mutations. Consequently , the apJ:earance 
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of rrultiple copies of this pseudogene by this mechanism seems unlikely . 

Anotter possible explanation is as follows: a single insertion event 

may have taken place as described; nultiple cop1es of tte pseudogene 

may tten have arisen by du plication of tte inserted sequence . This 

mechanism adequately explains tte conserved nature of tte pseudogene . 

Tte frequent appearance of this pseudogene sequence in tte screeni ng of 

mouse libraries is certainly surprising ; however , the follow ing explana

tion srould not be ruled out: this pseudogene may well be single copy 

in the mouse genome . Its frequent appearance could certainly be asso

ciated with non-random events occurring during tte preparation of the 

library itself. For example, libraries prepared by complete digestion 

of genomic DNA do not necessarily yield DNA fragments representative 

of all parts of tte genome . Regions devoid of such restriction sites 

will not appear in tte 1 ibrary while fragments of ideal size for 

packaging may be over-represented in the library . This pseudogene may 

well reside on an efficiently packaged DNA fragment. 
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SUMMARY 

This dissertation re!X)rts ttl:! preliminary characterization of the 

two rul tigene families in ttl:! rrouse that encode Ula and Ulb small nuclear 

RNAs from this organism. Included in this study is ttl:! characterization 

of at least one Ula pseudogene sequence. The isolation of Ul genes and 

pseudogenes from a library of rrouse DNA fragrrents requires ttl:! use of 

a probe s~ci fie four rrou se Ul sequences. Ttl:! first part of this tresi s 

trerefore describes ttl:! preparation of such a probe ; eDNA was synthesized 

from rrouse 4- 7S nuclear RNA, which contains Ula and Ulb RNAs, and sub

sequently inserted into the bacterial plasmid , ~R322 , by tx:>mo!X)lyrreric 

tailing. Alttx:>ugh trese procedures were successfully accomplisred, a 

Ul clone was not identified in initial rounds of screening. Since a 

chicken Ul eDNA clone prepared by analogous means was determined to 

be suitable for use as a rrouse Ul gene probe, the search for a mouse Ul 

eDNA was not continued. 

A 1 ibrary of mouse DNA fragrrents prepared in the bacteriophage 

larrbda cloning vector , Charon 28, was screened with ttl:! chicken Ul eDNA 

probe under stringent conditions; ttl:! recovery of highly divergent Ula 

and Ulb pseudogenes was therefore not ex~cted. Five different phage 

clones were isolated that each contained a single hYbridizing Ul sequence. 

A restriction fragrrent containing the Ul sequence was selected from 

each phage clone and subcloned into the plasmid, pl\T153. The plasmid 

subclones were designated IXJP136, JX)E236, !XJP325 , JX)P453, and !XJPSSO. 

Restriction maps were determined for each of the subcloned mouse DNA 

fragrrents. All 5 restriction maps are different, indicating that each 

clone represents a distinct location in the rrouse genorre. Despite such 

differences, ttl:! restriction maps upstream from each Ul sequence in 
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~P453 and pUPSSO are very similar , if not identical , while downstream 

maps in the 2 clones are quite different. 

Complete nucleotide sequences were obtained for the U1 coding 

regions in ~E236 and ~P325 . The U1 sequence in pUP325 contains 7 

J,X>int rrutations relative to the rrouse U1a sequence , indicating that this 

sequence is a U1a pseudogene. In addition , the im~r feet coding sequence 

is immediately followed by an A-r ich region at its 3' terminus. Further

rrore , both U1 and A- r i ch sequences are surrounded by an im~rfect 11 

base direct re~at, indicating that this pseudogene may have arisen by 

an RNA- mediated insertion event. The possibility that this clone con

tains a pseudogene was con firmed in another laboratory by microinjec tion 

of the plasmid into Xenop.~s oocytes; no RNA was transcribed from ~P325 

(Elsebet Lund , J:Ersonal conruncation). 

The U1 sequence in ~£236 is ~rfectly t-orrologous to U1a RNA and is 

therefore capable of encoding this RNA. The 218 nucleotides of 5' 

flanking region present in this subclone have also be sequenced; this 

region bears no extensive t-oroology with the 5' flanking sequences of any 

U- RNA genes characterized to date , including those in this study . How

ever , within the first 70 nucleotides of upstream sequence (- 1 to - 70} , 

~E236 and the Iuman U1 gene share 3 regions of 1 imited rorrology; one 

region corresJ,X>nds in sequence and position to a conserved region found 

in other U- RNA genes between - 62 and -50. The second region of rofll)logy 

resembles the Hogness profll)ter sequence and is located between -35 and 

- 24 . The third region comprises the 5 nucleotides immediately preceding 

the capping site. Attempts to transcribe this sequence in Xenop.~s 

oocytes in another laboratory have not been successful (Elsebet Lund , 

~rsonal comrrunication) , i ndicating that this sequence may not be 
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functional. However , tre JX>SSibility exists that this clone contains an 

insufficient a100unt of 5' flanking sequence (218 nucleotides) for effi

cient transcription; reg ions be tween - 200 and - 240 are e ssentia 1 for 

transcription of ruman U1 and U2 genes and are each characterized by a 

plir of direct re~ats . In supJX>rt of this JX>SSibility is the presence 

of a short region in ~E236 that reserrbles in both sequence and location 

tre downstream JX>rtion of tre direct re~at in the h.Jman U2 flanking 

sequence . The 3' flanking sequence of ~E236 resembles those of otter 

functiona 1 U-RNA genes , further su pJX>rting the JX> ssib i 1 i ty that ~E236 

is func tiona 1 . 

Partial sequences were also obtained for ~P136 and pUP453. The 

JX>rtion of tre coding region sequenced in pUP136 indicates that this 

sequence is a U1b gene . The absence of a..!:!.@ II site in the coding 

region of pUP453 suggests that this sequence is a 1 so a U1b gene . These 

results were con firmed in another laboratory by micro injection of the 

plasmids into Xenop..~s oocytes ; pUP136 was t ranscribed into U1b2 RNA 

while ~P453 was transcribed into U1b6 RNA (Elsebet Lund, ~rsonal 

comrrunication). Both these RNAs are ty~s of U1b RNA found in 100u se 

ce 11 s. The 5' fl ani< ing sequences of tre U1b genes in the 2 c 1 ones are 

90% ho100logous over the 100 nucleotides sequenced; in addition , these 

sequences are also very similar to the corresJX>nding region flanking 

functional rat U1 genes (70% ho100logy). Comp1rison of these 5' flanking 

regions with ttose of other U-RNA genes have revealed 2 regions of 

sequence conservation , one between - 62 and -50 and tre other between 

- 22 and - 15 , that may play a role in s~ci fying the sites of both 

transcription initiation and subsequent RNA capping. 
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No sequence has yet been obtained fur p.JP550 ; however , this plasmid 

was transcribed into rrouse Ulb RNA fullowing microinjection into Xenopus 

oocytes (Elsebet Lund , ~rsonal corrmmication). The exact identity of 

the Ulb RNA has not yet been determined. 



REFERENCES 

Alonso, A., Jorcano, J. L., Beck, E., and Spiess, E. 1983. Isolation 
and characterization of Drosophila melanogaster U2 srr.all nuclear RNA 
genes. J. Mol. Biol . 169: 691- 705. 

Alwine , J. C., Kemp, D. J ., Parker, B. A., Reiser, J., Renart , J ., 
Stark, G. R., and Wahl, G. M. 1979. Detection of s~ci fie RNAs 
or s~ci fie fragments of DNA by fractiona t1on in gels and transfer 
to diazobenzyloxyrrethyl pa~r. Meth. Enzyrool. 68: 220-242. 

Artman, M., and Roth, J. S. 1971. Chroroosomal RNA: an artifact of 
preparation? J. Mol. Biol. 60: 291-301. 

Avvedimento, V. E. , Vogeli , G. , Yamada, Y., Maizel, J. V. , Pasten, I., 
and Crombrugghe, B. 1981. Correlation between splicing sites within 
an intron and tl'eir sequence complementarity with U1 RNA. Cell 21: 
689-696. 

Baker, C. C., Herise, J., Courtois, G., Galibert, F., and Ziff, E. 1979. 
Messenger RNA for the Ad2 DNA binding protein: DNA sequences 
encoding the first leader and heterogeneity at the ~NA 5' end. 
Cell 18: 569-580. 

Baralle, F. E. , Smulders, G. C., Goodbourn , S., Jerffeys, A., and 
Proudfoot, N. S. 1980. The 5' flanking region of the ruman epsilon 
globin gene . Nucl. Acids Res. 8: 4393-4404. 

Beck, E., Jorcano, J . L. , and Alonso, A. 1984. Drosophila melanogaster 
U1 and U2 snall nuclear RNA genes contain comron flanking sequences. 
J. Mol. Biol. 173 : 539-542. 

Bell , G. , Pictet , R. , and Rutter , W. J. 1980. Analysis of regions 
flanking the ruman insulin gene and the sequence of an Alu family 
member. Nucl. Acids Res. 8 : 4091-4109 . 

Benton, W. D., and Davis, R. W. 1977. Screening lani>da gt recombinant 
clones by ~bridization to single plaques in situ. Science 196: 
180-182. - --

Bernstein, l. B., Mount, S. M. , and Weiner, A. M. 1983. Psuedogenes 
for ruman small RNA U3 ap~ar to arise by integration of self- primed 
reverse transcripts of til: RNA into new chroroosomal sites. Cell 32: 
461-472 . 

Blin , N. and Stafford , D. W. 1976. Isolation of high roolecular weight 
DNA. Nucl. Acids Res. 3: 2303-2308. 

Branlant, C., Krol, A. , Ebel, J. P. , Lazar, E., Gall inaro, H., Jacob , M. , 
Widata, S. J., and Jeauteur, P. 1980. Nucleotide sequence of nuclear 
U1 RNAs from chicken , rat and rmn. Nucl. Acids Res. 8: 4143- 4156. 

Britten, R. J. , and Kohne , D. E. 1965. Nucleotide sequence re~tition 
in DNA. Carnegie Inst. Wash. Year Book 65: 78-91. 

167 



168 

Brunel , C., Widada, J. S. , Le lay , M-N . , Jeauteu r, P., and Liautard, J - P. 
1981. Purification and characterization of a simple ribonucleo
protein particle containing small nucleoplasmic RNAs (snRNPs) as a 
subset of RNP containing reterogeneous nuclear RNA (mRNP) from Hela 
cells. Nucl . Acids Res. 9: 815- 830 . 

Buckland, R. A. , Cooke , H. J., Ray, K. L. , Dahlberg, J. E., and Lund , E. 
1983. Isolat1on and characterization of three cloned fragrrents of 
ruman DNA coding for tRNAs and small nuclear RNA Ul. Gene 22: 211-
217. 

Busch , H., Reddy, R., Rott"blum, L., and Cho1, Y. C. 1982. SnRNAs, 
SnRNPs and RNA processing. Ann. Rev . Biochem. 51: 617- 654 . 

Calos, M. P. , and Miller, J. H. 1980. Trans~sable elerrents. Cell 20: 
579- 595. 

Calos , M. P., Jonhsrud, L. , and Miller , J. H. 1978. DNA sequence at 
ti'E insertion sites of tre insertion elerrent ISL Cell 13: 411- 418 . 

Calvet, J . P., Meyer , L. M., and Pederson , T. 1982 . Small nuclear RNA 
U2 is base paired to reterogeneous nuclear RNA. Science 217: 456-
458. 

Calvet, J. P. , and Pederson , T. 1981. Base pairing interactions between 
small nuclear RNAs and nuclear RNA precursors as revealed by psoralen 
cross linking..!.!!. vivo. Cell 26: 363- 370. 

Card, C. 0. , Morris, G. F., Brown , D. T. , and Marzluff, W. F. 1982. 
Sea urchin small nuclear RNA genes are organized in distinct tandemly 
re~ating units. Nucl. Acids Res. 10: 7677- 7688 . 

Cren, M- J . , Shimada, T., Moulton, A. D., Harrison , M. , and 
Nienrui s, A. W. 1982 . Intronless human di t"\ydrofolate reductase 
genes are derived from processed RNA 100lecules. Proc. Natl. Acad . 
Sci . USA 79: 7435-7439. 

Childs, G., Maxson , R. , Cohn , R. H. , and Kedes, L. 1981. Orphans: 
Di s~rsed genetic elerrents derived from tandem rer;etitive genes of 
eukaryotes . Cell 23 : 651- 663. 

Comrrerford, D. L. 1971. Iodination of nucleic acid in vitro . 
Biocremi stry 10: 1997- 2000. 

Carden , J ., Wasylyk, B. , Buctl-/alder , A. , Sassone-Corsi , P., Kedinger , C., 
and Charrbon , P. 1980. Prorooter sequences of eukaryotic protein
coding genes. Science 209: 1406- 1414. 

Dagert, M., and Ehrlich, S. D. 1979. Prolonged incubation in calcium 
chloride improves tre comr;etence of I· coli cells. Gene 6: 23- 28. 

DanSlTlJir , P., Brorein, W. J., Si100n , ~1. A. , and Rubin , G. M. 1980. 
Insertion of tre Drosophila trans~sable elerrent Copia generates a 5 
base pair dupl ication. Cell 21 : 575- 579 . 



169 

Demiel , B. , Louis, C. , and Sekeris, C. E. 1977. Tre presence of small 
molecular weight RNAs in nuclear ribonucleoprotein particles carrying 
HnRNA. FEBS Lett. 73: 80- 84. 

Denison , R. A., Van Arsdell , S. w., Bernstein, L. B., and weiner , A. M. 
1981. Abundant pseudogenes for small nuclear RNAs are di s~rsed in 
tre h.unan genome. Proc. Natl. Acad . Sci. USA 78: 810- 814. 

Denison, R. A., and Weiner, A. M. 1982. Human U1 RNA pseudogene s may be 
generated by both DNA- and RNA-mediated mechanisms. Mol . Cell . Biol. 
2: 815-828 . 

Duncan , C. , Bi ro, P. A. , Chondary, P. V., Elder , J . T. , Wang, R.R . C. , 
Fo rget , B. G. , de Riel , J. K. , and Weissman , S. M. 1979. RNA JX>ly
merase III transcripts of Alu family sequences interJX>sed aroong human 
non- a globin genes. Proc . Natl . Acad. Sci. USA 76: 5095- 5099. 

Duncan , C. H., Jagadeeswaran , P. , Wang, R. R.C. , and Weissman , S. M. 
1981. Structural analysis of templates and RNA JX>lymerase III 
transcripts of alu family sequences interspersed aroong the human 
8- like globin genes. Gene 13: 185- 196. 

Edelman , G. ~1. , and Gally , J. A. 1970. Arrangement and evolution of 
eukaryotic genes. In Neurosciences: Second study program (F. 0. 
SciTnitt, ed.) , p. 962 , Rockefeller University Press, New York. 

Elder , J . T. , Pan , J. , Duncan , C. H., and Weissman , S.M. 1981. Tran
scriptional analysis of inters~rsed repetitive JX>lymerase III 
transcription units in human DNA. Nucl. Acids Res. 9: 1171- 1189. 

Epstein, P., Reddy , R. , Henning, D. , and Busch, H. 1980 . The nucleotide 
sequence of nuclear U6 (4 . 7S) RNA. J. Biol. Crem. 255 : 8901- 8906. 

Farabaugh , P. J. and Fink , G. R. 1980. Inser tion of the eukaryotic 
transJX)sable elemen t Tyl creates a 5 base pair dupl ication . 
Nature 286: 352- 356 . 

Fiers, W., Contreras, R. , Haegeman, G. , Rogle r s, R. , Van de Voorde , A. , 
Van Heuverseyh, H., Van Herreweghe , H., Volckaert, G. , and Ysebaert, M. 
1978. Complete nucleotide sequence of SV40 DNA. Nature 273 : 113- 120. 

Flavell , A. J . , Cowie , A. , Arraud , J. R., and Kamen , R. 1980. Locali 
zation of ttree major capped 5' ends of JX>lyoma virus late mRNAs 
within a single tetranucleotide sequence in tre viral genome . 
J. Viral. 33: 902- 908. 

Gafner , J. and Philippsen , P. 1980. The yeast transJX)son Ty1 generates 
duplications of target DNA on insertion. Nature 286: 414- 418 . 

Ghosh, P., Reddy , U. , Swinscoe, J., Lebowitz , P., and Weissman , S. 
1978. Heterogeneity and 5' termina l structu res of the late RNAs of 
simian vi r us 40. J . Mol. Biol . 126: 813-846 . 



170 

Gram-Jensen , E., Hellung- Larsen, P., and Frederiksen, S. 1979. 
Synthesis of low rrolecular weight RNA comJX>nents A, C, and D by JX>ly
merase II in ex ananatin resistant hamster cells. Nucl. Acids Res. 6: 
321 - 330. 

Grindley, N.D.F . IS1 insertion generates duplication of a nine base 
pair sequence at its target site. Cell 13: 419-426. 

Grunstein , M., and Wallis, J. 1979. Colony trtbndization. 
Meth. Enzymol. 68: 379- 389 . 

Harada, F., Kato , H., and Ni shirrura, S. 
of nuc 1 ear 4. 8S RNA of rrou se cell s. 
95: 1332-1340. 

1980. The nucleotide sequence 
Biochem. Biophys. Res. Comrrun . 

Hashimoto, C. and Steitz, J. A. U4 and U6 RNAs coexist in a single 
small nuclear ribonucleoprotein particle. Nucl. Acids Res. 12: 
3283-3293. 

Haynes , S. R. and Jelinek , W. R. 1981. Low molecular weight RNAs 
are transcribed in vitro and in vivo by RNA JX>lymerase III from Alu 
ty~ di s~rsed re~ats in Chinese hamster DNA. Proc. Natl . Acad. 
Sci . USA 78: 6130-6134. 

Haynes, S. R., Toomey, T. P., Leinwand, L., and Jelinek, W. R. 1981. 
The Chinese hamster Alu equivalent sequence; a conserved highly 
re~ti tious, inters~rsed DNA sequence in rrenmal s has a structure 
suggestive of a transJX)sable element. Mol. Cell. Biol. 1: 573-583. 

Heller , D. , Jackson, M., and Leinwand, L. 1984. Organization and 
expression of non-Alu family inters~rsed re~titive DNA sequences 
in the rrouse genome . J. Mol. Biol. 173: 419-436. 

Hernandez , N., and Keller, W. 1983. Splicing of in vitro synthesized 
messenger RNA precursors in HeLa cell extracts.-Cell 35 : 89- 99. 

Hinterberger , M. , Pettersson , I., and Steitz, J. A. 1983. Isolation 
of snall nuclear ribonucleoproteins containing U1, U2, U4 , US , and 
U6 RNAs. J . Biol. Chern. 258: 2604-2613 . 

Hishirruma , F. , DeBona, P. J. , Astaire, S. , and Skalks, A.M. 1981. 
Nucleotide sequence of the acceptor site and termini of intergrated 
avian endogenous provirus ev1: integration creates a 6 base pair 
re~at of host DNA. Cell 23: 155-164. 

Hollis, G. F., Hieter , P. A., McBride, 0 . W., Sivan, D., and Leder, P. 
1982. Processed genes: A dis~rsed ruman imrrunoglobulin gene bearing 
evidence of RNA ty~ processing . Nature 296: 321- 326. 

Hood , L. , Cam~ell , J. H. , and Elgin, S.C . R. 1975. TtE organization, 
expression, and evolution of antibody genes and other nultigene 
families. Ann. Rev. Genet. 9: 305-349. 



171 

Howard, E. F. 1978. Small nuclear RNA roolecules in nuclear ribonucleo
protein complexes from roou~ erythroleukemia cells. Biochemistry 17: 
3228- 3236. 

Ish-Horowicz, D. , and Burke , E. F. 1981. Rapid and efficient cosmid 
vector cloning . Nucl . Acids. Res. 9: 2989- 2998. 

Jagadeeswaran , P., Forget , B. G., and \4eissrlcln, S.M. 1981. Short 
inters~rsed re~titive DNA elenents in eukaroytes: transposable 
DNA elenents generated by reverse transcription of RNA JX>l III 
transcripts? Cell 26: 141- 142. 

Kacian , D. L. , and Meyers, J. C. 1976. Synthesis of extensive , JX>SSibly 
complete , DNA copies of JX>liovirus RNA in high yields and at high 
s~ci fie activity . Proc . Natl. Acad . Sci. USA 73: 2191- 2195 . 

Karin , M. , and Richards, R. I. 1982. Human netallothionein genes -
primary structure of the metallothionein- II gene and a related 
processed gene . Nature 299: 797-802. 

Kinlaw , C. S. , Ousing- Swartz , S. K. , and Berget, S. M. 1982. Human U1 
and human U2 small nuclear ribonucleoproteins contain collTOOn and 
unique p:>ly~ptides . Mol. Cell. Biol. 2: 1159- 1166. 

Kinlaw, C. S. , Robberson , B. L. , and Berget, S. M. 1983. Fractionation 
and characterization of human snall nuclear ribonucleoproteins con
taining U1 and U2 RNAs. J . Biol. Chern. 258 : 7181- 7189 . 

Kleckner, N. 1981. TransJX)sable elenents in prokaryotes. Ann . Rev. 
Genet. 15: 341 - 404 . 

Kominami, R. , Muramatsu , M. , and Moriwaki , K. 1983. A roouse ty~ 2 
Alu sequence (M2) is roobile in the genone . Nature 301: 87- 89. 

Krayev, A. S., Kramerov , D. A. , Skryabin, K. G. , Ryskov , A. P. , 
Bayer , A. A. , and Georgiev , G. P. 1980. The nucleot ide sequence of 
the ubiquitous re~titive DNA sequence B1 is complenentary to the roost 
abundant class of roouse foldback RNA. Nucl. Acids Res. 8: 1201- 1215 . 

Kri sto , P., Tsai , M- J ., and O'Malley, B. W. 1984. Characterization of 
three chicken pseudogene s for U1 RNA. DNA 3: 281- 286. 

Kurtz, D. T. and Nicoderrus, C. F. 1981. Cloning of alpha 2 micro
globulln eDNA using a high efficiency technique fur cloning trace 
nessenger RNAs. Gene 13: 145-152. 

Lemi sc ti<a , I. R. and Sharp, P. A. 1982. The sequence of an expressed 
rat alpha- tubulin gene and a p~udogene with an inserted re~titive 
elenent. Nature 300: 330- 335 . 

Leong , J. , Garapin , A. C. , Jackson , N., Fan shier , L. , Levinson , W. , and 
Bishop, J. M. 1972. Virus s~cific r ibonucleic acid i n cells 
producing Rous Sarcoma virus: detection and characterization. 
J . Virol . 9: 891- 902 . 



Lerner, M. R. , Boyle , J . A. , Mount, S. M., Wolin, S. L., and 
Steitz , J. A. 1980. Are snRNPs involved in splicing? Nature 283: 
220- 224. 

Lerner, M. R., and Steitz, J. A. 1979. Antibodies to small nuclear 
RNAs complexed with proteins are produced by patients with systemic 
lupus erytrematosus. Proc. Natl. Acad. Sci. USA 76: 5495- 5499. 

Levy, A. , Frei , E., and Noll, t·1. 1980 . Efficient transfer of highly 
resolved small DNA fragments from polyacrylamide gels to DBM Jl3.JX!r. 
Gene 11: 283- 290. 

Lindgren, V. , Ares, M. , Weiner , A. M. , and Franke , U. 1985. Human 
genes for U2 small nuclear RNA map to a major adenovirus 12 modifi 
cation site on chromosome 17. Nature 314: 115- 116. 

Lund , E., Bostock , C., Robertson , M., Christie , S., Mitcten, J . L. , 

172 

and Dahlberg, J. E. 1983 . U1 small nuclear RNA genes are located 
on ruman chrorrosome 1 and are expressed in mouse ruman hybrid cells. 
Mol. Cell. Biol. 3: 2211- 2220 . 

Lund , E. , and Dahlberg , J. E. 1984. True genes for ruNn U1 small 
nuclear RNA. J. Biol. Crem. 259: 2013- 2021. 

Lund, E., Kahan , B., and Dahlberg , J. E. 1985 . Ul snRNA expression is 
differentially controlled during rrouse develoJ)Tent. Science 229: 
1271- 1274. 

Maniatis, T. , Fritsch , E. F. , and Sambrook, J. 1982. ~1olecular 
Cloning: A Laboratory manual. Cold Spring Harbor Laboratory. 

Manley , J. L. , and Colozzo , M. T. 1982. Synthesis in vitro of an 
exceptionally long RNA transcript promoted by an ATu - I sequence. 
Nature 300: 376- 379 . 

Mans ,. R. J ., and Huff, N.J. 1975. Utilization of ribonucleic ac id and 
deoxyo l igorrer prirrers for polyadenyl ic acid synthesis by adenosine 
triprosphate : ~lynucleotidylexotransferase . J. Biol. Chern. 250: 
3672- 3678 . 

Manser, T., and Gesteland , R. F. 1981. Characterization of small 
nuclear RNA U1 genes candidates and pseudogenes from tte ruman genome . 
J. Mol. App. Genet. 1: 117- 125 . 

Manser, T. and Gesteland, R. F. 1982. Human U1 loci: Genes for ruman 
U1 RNA have dramatically similar genomic environrrents. Cell 29: 
25 7- 264. 

Marzluff, W. F., Brown , D.T.L.S. , and Wang , S. 1983. Isolation and 
characterization of two linked mouse U1b small nuclear RNA genes. 
Nucl . Acids Res. 11: 6255- 6270. 

Mattaj , I. W., and Zeller , R. 1983. Xenopus laevi s U2 snRNA genes : 
tandemly reJX!ated transcription units sharing 5' and 3' fla nking 
romology with otte r RNA polyrrer ase II transcribed genes. EMBO J . 2: 
1883- 1891 . 



173 

Mattioll, M., and Reichlin , M. 1971. Characterization of a soluble 
nuclear ribonucleoprotein antigen reactive with SLE sera. J. Imrrunol. 
107: 1281-1290. 

Maxam, A. M., and Gilbert , W. 1977. A new method for sequencing DNA. 
Proc. Natl. Acad . Sci. USA 74 : 560-564. 

Maxam, A.M., and Gilbert, W. 1980. Sequencing end-labeled DNA with 
base specific chemical cleavages. Meth. Enzymo l. 65: 499-559. 

McDougall, J . K. 1979. The interactions of adenovirus with rost cell 
gene 1 oc i. Abstract, Cy togene t . Ce 11 • Genet. 25: 183. 

~1ichael, S. K., Hilgers, J., Kozak, C. , and Howard, E. F. 1985. A 
DNA sequence romologous to mouse U1a snRNA is located on chromosome 11 
near tte Dlb locus. Submitted for Jl,Jblication. 

Mimori, T., Hinterberger , M. , Pettersson, I., and Steitz , J. A. 1984. 
Autoantibodies to tte U2 sma 11 nuclear ribonucleoprotein in a patient 
with scleroderma- ~lymyositis overlap syndrome. J . Biol. Chern. 259: 
560-565 . 

Monstein, H- J. , Hanmarstrom, K., Westin, G., Zabielski, J. , 
Philipson , L., and Pettersson, U. 1983. Loci for ruman U1 RNA: 
Structural and evolutionary implications. J. Mol. Biol. 167: 245-257. 

Monstein, H-J., Westin, G., Philipson, L., and Pettersson, U. 1982. 
A candidate gene for h.Jman U1 RNA. EMBO J. 1: 133- 137 . 

Mount, S. M., Pettersson , I., Hinterberger, M., Karmas, A. , and 
Steitz, J. A. 1983. The U1 small nuclear RNA protein complex selec
tively binds a 5' splice site ..:!B. vitro. Cell 33: 509-518. 

Mount , S.M., and Steitz , J . A. 1981. Sequence ofU1 RNA from Droso
phila melanogaster: implications for U1 secondary structure and 
~ssible involvement in splicing. Nucl. Acids Res. 9: 6351-6368 . 

Muramatsu, M., and Busch, H. 1965. Studies on tte nuclear and nucleolar 
ribonucleic acid of regenerating rat liver . J . Biol. Chem. 240: 3960-
3966 . 

Murp~, J . T., Burgess, R. R., Dahlberg , J. E., and Lund, E. 1982. 
Transcription of a gene for ruman Ul small nuclear RNA. Cell 29: 
265- 274. 

Murray, V., and Holiday, R. 1979. Mechanisms for RNA splcing of gene 
transcripts. FEBS Lett. 106: 5- 7. 

Naylor, S. L., Zabel, B. U., Manser, T., and Gesteland, R.S.A.Y. (1984) 
Localization of h.Jman U1 small nuclear RNA genes to band P36.3 of 
chromosome 1 by in situ hybridization. Somat. Cell Molec. Genet. 10: 
307- 313 . - --

Nojima, H., and Kornberg, R. D. 1983. Genes and pseudogenes for mouse 
U1 and U2 small nuclear RNAs. J . Biol. Chern. 258: 8151- 8155. 



174 

Norgard , M. V. 1981. Rapid and simple removal of contaminating RNA 
from plasmid DNA witrout tre use of RNase. Anal. Biochem. 113: 34- 42. 

Norttway, J . 0. , and Tan, E. M. 1972. Differentiation of antinuclear 
antibodies giving speckled staining patterns in imrrunofluorescence. 
Clin . Immunol. lrTITIJnopatrol. 1: 140-154. 

Ohshima , Y., Itoh, M., Okada , N., and Miyata, T. 1981. Novel models 
for RNA splicing that involve a small nuclear RNA. Proc. Natl. Acad. 
Sci. USA 78: 4471- 4474 . 

Ohshima , Y. , Okada , N., Tani , T. , Itoh, Y., and Itoh, M. 1981. 
Nucleotide sequences of Jll)Use genomic loci including a gene or pseudo
gene for U6 (4 . 8s) nuclear RNA. Nucl. Acids Res. 9: 5145- 5158. 

Padgett, R. A., Hardy , S. F. , and Sharp, P. A. 1983a . Splicing of 
adenovirus RNA in a cell free transcription system. Proc . Natl. 
Acad . Sci. USA 80: 5230- 5234 . 

Padgett , R. A. , Mount, S. M. , Steitz, J . A. , and Sharp, P. A. 1983b. 
Splicing of messenger RNA precursors is inhibited by antisera to 
small nuclear r i bonucleoprotein. Cell 35: 101- 107 . 

Pan , J . , Elder , J . T. , Duncan, C. H. , and Weissman, S. H. 1981. 
Structural analysis of interspersed repetitive ~lyrrerase III tran
scription units in h.Jman DNA. Nucl. Acids Res. 9 : 1151- 1170. 

Pettersson, I. , Hinterberger , M. , ~1imori, T., Gottlieb , E. , and 
Steitz, J. A. 1984. Tre structure of mammalian small nuclear ribo
nucleoprotein s : Identification of lllJ 1 ti ple prate in comJX)nents 
reactive with ant i (Ul) ribonucleoprotein and anti - Sm autoant ibodies. 
J. Biol. Chern. 259 : 5907- 5914. 

Piechaczyk, M. , Lelay- Taha , M. N., Sri-Wadada , J. , Brunel , C., 
Liautard, J-P., and Jeanteur , P. 1982 . Mouse DNA sequences comple
rrentary to small nuclear RNA Ul. Nucl. Acids Res. 10 : 4627- 4640 . 

Prestayko , A. W. , Tonato, M., and Busch, H. 197lb . Low molecular weight 
RNA associated wi th 28S nuclear RNA . J. Mol . Biol. 47 : 505- 515. 

Prestayko , A. W., Tonato , M. , Lewis, C., and Busch, H. 1971. Hetero
geneity of nuclear U3 ribonucleic acid of the Novikoff hematoma. 
J. Biol. Chern. 246: 182- 187. 

Proudfoot, N. J . and Brownlee, G. G. 1976. 3 ' noncoding region sequence 
in eukaroytic messenger RNA. Nature 263: 211- 214. 

Reddy, R. , and Busch, M. 1981. The U snRNAs of nuclear snRNPs. 
Cell Nucleus 8: 261- 306. 

Reddy , R. , Henning , D. , and Busch, H. 1980. Substitutions, insertions, 
and deletions i n two highly conserved U3 RNA species. J. Biol. Chern. 
255: 7029- 7033. 



Reddy, R. , Henning, D., and Busch, H. 1981b. The primary nucleotide 
sequence of U4 RNA. J . Biol. Chern. 256: 3532- 3538 . 

175 

Reddy, R., Henning, D., Epstein , P., and Busch, H. 1981a . Primary 
and secondary structure of U2 snRNA. Nuc 1. Acids Res. 9: 5645-5657. 

Reddy, R. , Ro- Cooi, T. S. , Henning, D., and Busch, H. 1974. Primary 
sequence of U1 nuclear ribonucleic acid of Novikoff hepatoma ascites 
cells. J . Biol. Chern. 249: 6486-6494. 

Reeder , R. H. , and Roeder , R. G. 1972. Ribosomal RNA synthesis in 
isolated nuclei. J . Mol. Biol. 67: 433- 441. 

Rigby, R.W. J ., Dieckmann , M., Rhodes , C., and Berg , P. 1977. Labeling 
deoxyribonucleic acid to high s,::eci fie activity in vitro by nick 
translation with DNA polymerase I. J. Mol. Biol-. 113: 237- 245. 

Ro- Choi , T. S. , Raj , N.B . K. , Pike , L. M., and Busch, H. 1976. The 
effects of a amanitin, cycloheximide, and thioacetamide on low 
molecular weight nuclear RNA. Biochemistry 15: 3823-3828 . 

Rogers, J., and Wall, R. 1980. A mechanism for RNA splicing. 
Proc. Natl. Acad. Sci. USA 77: 1877- 1879. 

Roop, D. R. , Krista , P., Stumph, W. E. , Tsai , M-J ., and O' Malley, B. W. 
1981. Structure and expression of a chicken gene coding for U1 RNA. 
Cell 23: 671-680. 

Roycooudrury , R., Ray , E. , and Wu , R. 1976. Terminal labeling and 
addition of roroopolymer tracts to duplex DNA fragments by terminal 
deoxynucleotidyl transferase. Nucl . Acids Res. 3: 863-878 . 

Saluz, H. P., Sctmidt, T., Dudler , R. , Altwegg , M., Stumm-Zollinger , E. , 
Kubli, E. , and Chen, P. S. 1983. Structural analysis of gene loci 
for rat U1 small nuclear RNA. Nucl. Acids Res. 11: 1791- 1801. 

Schmid , C. W. and Jelinek, W. R. 1982. The Alu family of dis,::ersed 
re,::etitive sequences. Science 216 : 1065-1070. 

Sharp, P. A. 1983. Conversion of RNA to DNA in manmals: Alu -li ke 
elements and pseudogenes. Nature 301: 471-472. 

Shirootohno, K., Mizutani , S., and Temin, H. M. 1980. Sequence of 
re trovi ru s provirus re seni> 1 e s that of bacteria 1 transposable e 1 emen ts. 
Nature 285 : 550- 554. 

Skuzeski , J . M., Lund, E. , Murphy, J. T. , Steinberg, T. H. , 
Burgess, R. R., and Dahlberg , J. E. 1984. Synthesis of ruman U1 
RNA: Identification of two regions of the J)"Orooter essential for 
transcription . J. Biol. Chern. 259: 8345-8352 . 

Smith, G. P. 1974. Unequal crossover and the evolution of ITl.lltigene 
families. Cold Spring Harbor Symp. Quant. Biol. 38: 507- 513. 



Smith, G. P. 1976. Evolution of re~ated DNA sequences by unequal 
crossover. Science 191: 528-535. 

176 

Southern, E. 1975. Detection of s~cific sequences arong DNA fragments 
separated by gel electroproresi s. J. Mol. Biol. 98: 503-511. 

SJ,X>rn, M. B., and Dingman, W. 1963. The fractionation and characteri 
zation of nuclear ribonucleic acid from rat liver. Biochim. Biophys. 
Acta 68: 389-400. 

Sutcliffe, J. G., Milner, R. J., Gottesfeld, J. M., and Lerner, R. A. 
1984. ldenti fier sequences are transcribed s~ci fically in brain. 
Nature 308: 237-241. 

Tani , T. N., Watanabe-Nagasu, N., Okada, N., and Ohshima, Y. 1983. 
Molecular cloning and characterization of a gene for rat U2 small 
nuclear RNA . J. Mol. Biol . 168: 579- 594. 

Temin, H. M. 1980. Tte origin of retroviruses from cellular moveable 
genetic elements. Cell 21: 599-600. 

Tollervey, D., Wise, J. A., and Guthrie, G. 1983. A U4-l ike small 
nuclear RNA is dis~nsible in yeast. Cell 35: 753-762. 

Van Arsdell, S. W., Denison , R. A., Bernstein, L. B., Weiner, A.M., 
Manser, T., and Gesteland, R. F. 1981. Direct re~ats flank three 
small nuclear RNA pseudogenes in the ruman genome. Cell 26 : 11-17 . 

Van Arsdell, S. W. and Weiner, A. ~1 . 1984. Pseudogenes for ruman U2 
small nuclear RNA do not have a fixed site of 3' truncation. 
Nucl. Acids Res. 12: 1463-1471. 

Van Arsdell, S. W. and Weiner, A. M. 
nuclear RNA are tandemly re~ated. 

1984. Human genes for U2 sma 11 
Mol. Cell. Biol. 4: 492-499. 

Van in, E. F., Goldberg, G. I., Tucker, P. W., and Smithies, 0. 1980. 
A mouse a globin-related pseudogene lacking intervening sequences. 
Nature 286: 222- 226 . 

Verma, I. t-1 . 1977. The reverse transcriptase. Biochim. Biophys. 
Acta 4 7 3 : 1-38. 

Wahl, G. M., Stern, M., and Stark, G. R. 
large DNA fragments from agaro se ge 1 s 
and rapid hybridization using dextran 
Sci. USA 76: 3683- 3687. 

1979. Efficient transfer of 
to diazobenzyloxymethyl-pa~r 
sulfate. Proc. Natl. Acad. 

Watanabe-Nagasu, N. , Itoh, Y., Tani, T. , Okano, K., Koga, N., Okada, N., 
and Ohshima, Y. 1983. Structural analysis of gene loci for rat U1 
small nuclear RNA. Nucl. Acids Res. 11 : 1791-1801. 

Weiher, H. , Konig, M., and Gruss, P. 1983. Multiple J,X>int rrutations 
affecting the simian virus 40 enhancer. Science 219: 626-631. 



177 

Weinberg, R. A. 1973. Nuclear RNA rretabolism. Ann . Rev. Biochem. 42: 
329- 354. 

Weinberg, R. A., and Penman, S. 1969. Metabolism of small rrolecular 
weight rronodis~rse nuclear RNA. Biochim. Biophys. Acta 190: 10- 29. 

Weiner, A. M. 1980. An abundant cytoplasmic 7S RNA is complerrentary 
to tre dominant inters~rsed middle re~titive DNA sequence family 
in the roman genorre . Cell 22: 209-218. 

Weiner , A. M. , and Denison, R. A. 1983. Either gene ampl i fica tion or 
gene conversion may maintain the fl:>mogeneity of the multigene family 
encoding roman U1 small nuclear RNA. Cold Spring Harbor Symp. 
Quant. Biol . 47: 1141-1149. 

Weinmann, R., and Roeder, R. G. 1974. Role of DNA-de~ndent RNA p:>ly
rrerase III in the transcription of the tRNA and SS RNA genes. 
Proc . Natl. Acad. Sci. USA 71: 1790- 1794. 

Westin , G., Lund , E., Murphy, J., Pettersson, U., and Dahlberg, J. E. 
1984. Human U2 and U1 RNA genes use similar transcription signals. 
EMBO J. 3: 3295- 3301. 

Wilde , C. 0., Crowther, C. E. , and Cowan , N. J . 1982b. Diverse 
rrechanisms in the generation of roman 8 tubulin pseudogenes. 
Science 217: 549- 552. 

Wilde, C. D., Crowtter, C. E., Cri~ , T. P., Gwo-Sru Lee , M. , and 
Cowan, N. J. 1982a. Evidence that a roman 8 tubulin pseudogene is 
derived from its corresp:>nd ing mRNA. Nature 297: 83-84 . 

Wise, J. A. , Tollervey , D. , Maloney , D., Swerdlow, H., Dunn, E. J ., and 
Guthrie , G. 1983. Yeast contains small nuclear RNAs encoded by 
single copy genes. Cell 35: 743- 751. 

Wise, J . A., and Weiner, A.M. 1980. Dictyostelium small nuclear RNA 
D2 is fl:>mologous to rat nucleolar RNA U3 and is encoded by a di s~rsed 
multigene family. Cell 22 : 109- 118 . 

Wise, J. A., and Weiner, A.M. 1981. The small nuclear RNAs of the 
cellular slime rrold Dictyostelium discoideum. Isolation and charac
terization . J. Biol. Chern. 256: 956-963. 

Yang, V. W. , Lerner, M. R., Steitz, J. A., and Flint, S. J. 1981. A 
small nuclear ribonucleoprotein is required for splicing adenoviral 
early RNA sequences. Proc. Natl. Acad . Sci. USA 78: 1371-1375 . 

Young , P.R., Scott, R. W. , Harrer, D. H., and Tilgtlnan, S.M. Construc
tion and expression in vivo of an internally deleted rrouse a feto 
prote in gene: pre senceC>fa transcribed A lu-1 ike re~a t within the 
first intervening sequence . Nucl. Acids Res. 10: 3099- 3116. 



Zeller , R. , Carrie, M- T. , Mattaj , 
Xeno(l.ls laevi s Ul snRNA genes: 
active genes revea 1 s major and 
EMBO J. 3: 1075-1081. 

178 

I. W., and DeRobertis, E. M. 1984. 
Characterization of transcriptionally 

minor re,:eated gene families. 

Zieve, G. and Penman, S. 1976. Small RNA species of the Hela cell: 
Metabol1sn and subcellular location. Cell 8: 19-31. 

zur Hansen, H. J . 1967. Induction of s,:ecific chromosomal aberrations 
by adenovirus type 12 in ruman embryonic kidney cells. J. Virol . 1: 
1174-1185. 




