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Three genomic clones encompassing human DNA segments 

(designated LhX-3, LhX-4, and LhX5) were isolated from an X 

chromosome-specific library and subjected to analysis by 

physical mapping and DNA sequencing. It was found that 

these three clones are very rich in repetitive DNA sequence 

elements and retropseudogenes. There is one 28S rRNA 

retropseudogene, one Alu element, and one putative 

repetitive DNA element in a 2.7-kb BamHI fragment in the 

clone LhX-3. One Alu element and one region containing 

simple repetitive sequences occur in a 1.4-kb BamHI fragment 

in clone LhX-4. In clone designated LhX-5, there are four 

Alu elements and a 3'-segment of a LINE (long interspersed 

element) within its 15-kb human DNA fragment. 

The 28S rRNA retropseudogene (RNRP2) is a segment of the 

sequence in LhX-3 that corresponds to nt 4600-5024 of human 

28S rRNA with an identity of 96%. RNRP2 is flanked on both 

sides by two 17-nt direct repeats and followed by an A-rich 

stretch at its 3' end characteristic of an aberrant 



polyadenylation event with subsequent reverse transcription 

and retroposition into the genome. 

A total of six Alu elements were sequenced, and 

arbitrarily designated as X3-A1, X4-A1, X5-A1, X5-A2, X5-A3, 

and X5-A4. The Alu elements were classified into subfamilies 

by alignment with deduced Alu consensus sequences. X3-A1 

appears to have been truncated before retroposition into the 

genome. X4-A1, X5-A3, and X5-A4 were classified into older 

Alu Sc or Alu Sx subfamilies, while X5-A1 and X5-A2 were 

found to belong to the younger Alu Sb subfamily. Sequence 

analysis revealed that X5-A4 may be the product of an 

unequal recombination event between two Alu elements. 

A group of sequences with a homology around 60% or more 

were discovered during GenBank database searches. A 

consensus sequence was deduced for this presumptive 

structural element and designated as simply a conserved 

sequence element. 
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CHAPTER I 

INTRODUCTION 

The original goal of this research was to isolate human 

tRNA genes from a X chromosome-specific genomic library-

harbored in a lambda bacteriophage vector. Three clones 

that hybridized to unfractionated mammalian tRNA probe 

(arbitrarily designated LhX-3, LhX-4, and LhX-5) were 

isolated and subjected to analyses by physical mapping and 

DNA sequencing. However, as shown by DNA sequence analyses, 

no tRNA genes or tRNA pseudogenes were found to occur within 

the regions that originally gave positive signals on 

hybridization with mammalian tRNA probe. However, it was 

found that these three clones are very rich in repetitive 

DNA sequence elements and retropseudogenes. There is one 

28S rRNA retropseudogene, one Alu element, and one putative 

repetitive DNA element in a 2.7-kb BamHI fragment in the 

clone designated LhX-3. One Alu element and one region 

containing simple repetitive sequences (microsatellite 

sequence) occur in a 1.4-kb BamHI fragment in the LhX-4 

clone. In the clone designated LhX-5, there are four Alu 

members and a 3'-segment of a LINE (long interspersed 

element) within its 15-kb human DNA fragment. 



Mammalian 28S Ribosomal RNA Genes 

Mammalian ribosomal RNA genes are considered to be 

multiple copy genes. There are approximately 400 copies of 

ribosomal RNA genes in the human genome (Gonzalez et al., 

1988). The ribosomal RNA genes are located in a tandemly 

arranged series in which each gene is separated from the 

next by a nontranscribed region known as spacer DNA (Stryer, 

1988) . In human, the rRNA genes are transcribed by RNA 

polymerase I into a 45S primary transcript. The 45S RNA is 

then cleaved to give one copy each of the 18S RNA, 5.8S RNA, 

and 28S RNA through processing (Stryer, 1988). 

Polyadenylation of the rRNA which has not been reported. 

The complete human 28S rRNA gene is about 5 kb in length 

(Gonzalez et al., 1985), and there is sequence heterogeneity 

among these ribosomal genes. (Gonzalez et al., 1985; 1988). 

Human 28S rRNA is composed of two different types of 

sequence tracts: 'conserved' and 'variable' regions. The 

'conserved'(C) regions show similarity of length and 

sequence, and are considered to be largely essential for the 

biological function of the rRNA. The 'variable' (V) regions 

differ in length and sequence. However, RNA secondary 

structure modeling shows that variable segments can adopt 

secondary structures which are similar despite having widely 

divergent primary structures (de Lanversin and Jacq, 1989; 

Gonzalez et al., 1988). 



Pseudoqenes 

Two types of pseudogenes have been identified in the 

genomes of eukaryotes (Weiner, 1986) . One type is called a 

duplicative pseudogene, derived from inactivating mutations 

in dispensable copies of tandemly duplicated genes. The 

other type is called a processed pseudogene, which arises 

from DNA copies of RNA transcripts through the mechanism of 

retrotransposition. Processed pseudogenes can also be 

called retropseudogenes since their RNA transcripts may be 

reconverted into DNA copies and integrated into chromosomes. 

One hallmark characteristic of a processed pseudogene is 

that it is usually flanked by short direct repeat sequences 

that are generated during the retrotransposition event 

(Weiner et al., 1986). The flanking direct repeat sequences 

are thought to be formed by duplication of the sequences at 

the target site of DNA insertion. Also, retropseudogenes 

derived from processed mRNAs always have 3' poly(A) tails 

and lack introns (Weiner et al., 1986). 

A 28S rRNA retropseudogene was discovered in clone LhX-3. 

The 260-bp region is a portion of the rRNA gene and is 

homologous to the 3' end of the 28S rRNA gene at nt 4756-

4793. The characteristics of this retropseudogene were 

analyzed by computer-assisted sequence analysis. This is 

the second 28S rRNA pseudogene found in the human genome. 



Transposable elements and Alu repeats 

The definition of an active transposable element is one 

that can be transcribed into RNA and reverse transcribed 

into a cDNA copy, and with subsequent integration of the 

cDNA copy into the genome at a new location. Most of the 

human transposon-like elements are repetitive sequences and 

retropseudogenes. Alu repetitive elements are one of the 

transposon-like elements, and represent the most common 

short interspersed elements (SINEs) found in primate genomes 

(Weiner et al., 1986; Deininger and Slagel, 1988). The 

evidence that suggests Alu elements are transposons are: (i) 

the first half of the Alu sequence contains a RNA polymerase 

III promoter; (ii) and Alu element insertions are flanked by 

direct repeats of the host sequence, consistent with 

insertion into staggered nicks into short tracts of 

adenosine, and the terminal 3' ends have tracts of 

adenosine, consistent with a history of reverse 

transcription through a polyadenylated mRNA intermediate 

(Deininger et al., 1989). Considerable evidence has 

accumulated that these elements have dispersed in the 

primate genomes by active transcription followed by 

retroposition, and that this process is ongoing (Finnegan, 

1985). Depending upon the genomic location into which the 

new element is reinserted, it could disrupt the expression 

of a gene and potentially result in human disease. There 



are a number of reports documenting Alu transposition or 

recombination events that lead to heritable disorders in 

humans (Li and Bray, 1993; Hutchinson et al., 1993). 

Origin of Alu elements 

The typical member of the Alu family is composed of two 

related sequences (monomers) tandemly arranged (Deininger et 

al, 1981). An adenine-rich (dA-rich) region is found at the 

end of each monomer, and the entire element is about 300 bp 

long. So far, no function has been discovered for these Alu 

elements. 

It is believed that Alu elements originated from 7SL 

UNA, a component of the signal recognition particle 

implicated in protein secretion (Walter and Blobel, 1982). 

Its structure is essentially that of a left Alu monomer with 

an insert of 183 bases, or a right monomer with an insert of 

152 bases (Ullu and Tschudi, 1984). After discovery of the 

free left Alu monomer unit and the free right Alu monomer 

unit from the GenBank database, Quentin (1992) proposed that 

the progenitor of the dimeric Alu element arose through the 

fusion of a free left monomer with a free right monomer. 

Due to the homology between the Alu members and the 7SL RNA 

gene, it is believed that any possible biological function 

of Alu sequences is expected at the RNA level, and could 

possibly be related to that of the 7SL RNA. The 



accumulation of Alu RNA and its ability to interact with a 

conserved protein suggests a possible role of Alu elements 

in a biological function (Maraia et al., 1993). The 

proposed secondary structure model of Alu RNA also shares 

many structural features with the elongation-arresting 

domain of the 7SL RNA (Jurka and Milosavljevic, 1991) . 

Therefore, Alu RNA, or perhaps an Alu ribonucleoprotein 

(RNP) particle may be involved in elongation arrest similar 

to 7SL RNA in the signal recognition particle (SRP) (Jurka 

and Milosavljevic, 1991). The purpose of studying the 

nature and structure of Alu elements is to eventually 

determine if they have any possible biological function. 

Classification of Alu Elements 

There are approximately 500,000 Alu repeat elements in 

the haploid human genome, about 5% of the total human DNA 

(Britten et al., 1988). Comparative studies demonstrated 

that while many Alu repeats were present in their current 

location prior to primate speciation, others have inserted 

more recently (Ryan and Dugaiczyk, 1989) . There have been 

two hypotheses about Alu evolution and their source genes. 

The "Master Gene Model" states that all present Alu elements 

originated from a single master Alu sequence, (Deininger and 

Slagel, 1988; Batzer and Deininger, 1991). The "Transposon 

Model" states that there has existed a series of conserved 



genes that are the primary sources of the Alu repeat genes. 

(Matera et al., 1990; Hutchinson et al., 1993). That 

several Alu subfamilies which have been retrotransposed at 

different evolutionary times can be recognized on the basis 

of their sequence divergence and diagnostic base changes. 

Each Alu subfamily most likely represents pseudogenes 

retroposed from evolving functional source or progenitor Alu 

genes. At least five different Alu member nomenclatures 

have been described (Britten et al., 1988; Quentin, 1988; 

Shen et al., 1991). Classification of Alu elements can 

provide valuable information about their origin and 

evolution, and ultimately elucidate the nature of their 

possible biological functions, if any. There are a total of 

six Alu elements in the three clones from the X chromosome-

specific library characterized in this study. All of them 

have been aligned with the Alu consensus sequence, and their 

relationship to the various Alu subfamilies and possible 

evolutionary significance are described. 



CHAPTER II 

EXPERIMENTAL PROCEDURES AND MATERIALS 

1.Materials 

The human X chromosome-specific library harbored in lambda 

phage Charon 35 (ATCC number 57750) and the host bacteria E. 

coli K802 recA" (Perlman and Fuscoe, 1986; Fuscoe et al., 

1986) were from the American Type Culture Collection. 

Restriction endonuclease and T4 DNA ligase, used for 

restriction digestion and subcloning, were purchased from 

BRL (Bethesda Research Laboratory). DNase I was from Cooper 

Biomedical Inc. Agarose and Zeta-probe nylon membranes were 

purchased from FMC Corp. and BioRad, respectively. 

Radioactive materials ([a-32P]dCTP, [5'-32P]pCp and [y-

32P]ATP) were purchased from ICN Radiochemical Division or 

New England Nuclear/Dupont. Synthetic oligomers, 

corresponding in sequence to the lambda phage cos sites, 

were purchased from Collaborative Research Co. The host 

cells for pUC18 (E. coli DH5a) and for M13 (£. coli JM101) 

were obtained from BRL. [35S] deoxyadenosine-5'-(a-thio)-

triphosphate was purchased from New England Nuclear/Dupont. 

Sequencing primers were obtained from Genosys 

Biotechnologies, Inc (The Woodlands, TX). Exonuclease III 

for producing deletion mutations for DNA sequencing was from 



Promega Corp. (Madison, WI) . Other chemicals, reagents and 

materials were purchased from Kodak, Fisher, Aldrich 

Chemical Co., U.S. Biochemicals, Boeringer-Mannheim 

Biomedicals or Sigma Chemical Co. 

2.Screening of the Human X Chromosomal-specific Genomic 

Library 

A human X chromosome-specific genomic library harbored in 

lambda bacteriophage Charon 35 (Perlman and Fuscoe, 1986) 

was screened by using total bovine liver [3'-32P]tRNA probe. 

The tRNA probe was labeled at the 3'-end using [5'-32P]pCp 

and T4 RNA ligase as described by Pirtle et al. (1980). The 

screening was done by the plaque-hybridization procedure of 

Benton and Davis (1977) . Host bacteria (E. coli K802 recA") 

were mixed with the lambda phage and grown on 2xNZYC plates 

overnight at 37°C. After cooling to 4°C, a nitrocellulose 

filter was gently pressed on each agar plate and then 

lifted. Two filters were used per plate to eliminate false 

positives. The phage adhering to the nitrocellulose filters 

were denatured by alkali (1.5 M NaCl, 0.5 M NaOH) and then 

neutralized (1.5 M NaCl, 0.5 M Tris-HCl, pH 8.0) and baked 

at 80°C under vacuum for 2 hours. The single-stranded 

lambda DNAs on the nitrocellulose filter replicas were 

hybridized to [3'-32P]tRNA probe in 50% formamide solution 

(50% deionized formamide, 5xSSC, 1 mM Na2EDTA, pH 8.0, 0.1% 
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SDS, 2 |xg/ml E. coli carrier tRNA) at 42°C for 24 hours. 

The hybridized filters were washed twice for 15 minutes in 

50% formamide/5xSSC solution at 42°C and once in 2xSSC. 

After the final wash in O.lxSSC for 20 minutes at room 

temperature, the filters were exposed to Kodak X-OMAT film 

for 48 hours to one week at -80°C with a Cronex Lightning 

Plus intensifying screen (DuPont). After the X-ray films 

were developed, the autoradiogram of the two membranes from 

each plate were compared and matched to the plaques on the 

agar plates by the position markers previously made. The 

plagues giving positive signals on both filters were picked 

and replated for plaque purification. The above process was 

usually repeated several times. The plaques were considered 

pure enough when almost all plaques plated at low density on 

a single plate gave positive signals. Plaque purity was 

further examined by agarose gel electrophoresis of 

restriction endonuclease digestion of phage DNAs extracted 

from minilysates of the lambda phage grown from single 

plaques picked from the plates, as described below. 

3.Preparation of Recombinant Lambda Phage DNA 

Minilysis of lambda phage DNA 

A 20 ml of overnight culture of E. coli K802 recA" was 

grown in 2xNZYC medium as host cells. Recombinant phages 

from plaques that gave positive signals were used to infect 
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host bacteria. The host bacteria were mixed with phages and 

then treated with equal volume of MgCa Buffer(10 mM MgCl2,10 

mM CaCl2) . After shaking for 15 min at 37°C, the infected 

culture was transferred into 20 ml of 2xNZYC/0.2% maltose 

media and shaken overnight at 37°C. The culture was 

centrifuged to remove the bacterial chromosomal debris. To 

the supernatant containing the phages (8.5 ml) was added 

12.5 l̂l of 10 |iM/ml DNase I, 85 [il of 1 M Tris-HCl (pH 7.5), 

and 170 |ll of 0.5 M Mg2S04. The mixture was incubated at 

room temperature for 15 min to degrade the bacterial 

chromosomal DNA. Then 400 |il of 0.5 M EDTA was added to stop 

the DNase I reaction. The mixture was centrifuged at 

30,000xg for 1 hour at 4°C to pellet the phages. After 

pouring off the supernatant, the phage pellet was 

resuspended in 400 (J.1 of minilysate buffer (0.25 M NaCl, 20 

mM Tris (pH 7.5) and 1 mM Na2EDTA). The phage suspension 

was then extracted with an equal volume of 

phenol/chloroform(1:1) to remove the protein coat and DNase 

I. Finally, the phage DNA was precipitated with two volumes 

of 95% ethanol. The precipitated DNA was dissolved in a 

small volume (10 |ll to 50 (J.1) of TE buffer (10 mM Tris, 1 mM 

EDTA, pH 8.0), and the purity of the DNA then was 

characterized by analysis by agarose gel electrophoresis of 

restriction enzyme digestions of the DNA sample. A phage 

stock was made after this step by amplifying the positive 
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plaques on the agar plates. 

Large Scale Preparation of Phage DNAs 

Large scale preparation of phage DNAs was done by 

modifications of the procedure of Blattner et al. (1978). 

An overnight culture of host cells (E. coli K802 recA") was 

prepared at 37°C with shaking. About 10 ml of the host 

cells were mixed with an equal volume of MgCa Buffer and 

with about 200 fil of phage stock solution. The mixture was 

shaken at 37°C for 25 minutes and then transferred into 500 

ml of 2xNZYC/0.2% maltose media for overnight incubation. 

After the cells had lysed, the cell debris and chromosomal 

DNA were precipitated at 4°C by adding NaCl to a final 

concentration of 1 M. The supernatant containing the phage 

were precipitated in 0.7% polyethylene glycol (PEG 6000, 

Fisher). The phage were further purified by CsCl gradient 

ultracentrifugation at 120,000xg at 4°C for 18 hours. The 

phage band was transferred into dialysis bags and dialyzed 

against 100 mM Tris-HCl (pH 8.0), 0.3 M NaCl for 24 hours at 

4°C. The phage DNA was purified by phenol/chloroform 

extraction and ethanol precipitation as described above. 

The final phage DNA concentration was measured by UV 

absorbance at 260 nm. This phage DNA was pure enough for 

later use in construction of the physical map. 
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4.Physical Mapping of Recombinant Phage DNAs 

Two procedures were used to construct the physical maps 

of the human DNA inserts contained in the phage DNAs. The 

first was analysis of restriction enzyme digests by agarose 

gel electrophoresis and Southern blot hybridization to 32P-

labeled unfractionated tRNA probe. The second involved 

hybridization of the phage DNA to 32P-labeled cos site-

specific oligonucleotides. 

Physical Mapping by Restriction Enzyme Digestion and 

Southern Blot Hybridization 

Restriction enzymes that were judged to have an 

appropriate number of cleavage sites in the human DNA insert 

of the recombinant lambda phage and few sites in the lambda 

phage arms were selected for efficient construction of the 

physical maps of the phage DNAs. Single and double 

digestion of the phage DNAs with the restriction enzymes 

were performed. The restriction fragments were fractionated 

on agarose gels with different concentrations as dictated by 

the fragment sizes of interest. Large fragments (>7 kb) 

were measured on 0.7% agarose gels, intermediate-sized 

fragments on 1% agarose gels, and small fragments (< 1 kb) 

on 2% gels. DNA fragments fractionated on agarose gels were 

transferred onto positively-charged nylon membranes (Zeta-

probe membranes) by alkaline blotting with 0.4 M NaOH (Reed 



14 

and Mann, 1985) by the Southern blotting procedure 

(Southern, 1979). The membranes were prehybridized at 42°C 

for more than 2 hours in solutions containing 50% formamide, 

5xSSPE (SSPE: 3 M NaCl, 0.2 M NaH2P0,.H20, 20 mM EDTA, pH 

8.0), 10% SDS, 0.5% low fat dried milk, and 2 |J.g/ml of E. 

coli carrier tRNA. This procedure was followed by 

hybridization to the 32P-labeled unfractionated bovine liver 

tRNA probe dissolved in the same solution at 42°C overnight. 

After unhybridized radioactive probe was removed from the 

filters by successive rinses in 2xSSC, O.SxSSC and O.lxSSC 

solutions for 15 minutes at room temperature, the membranes 

were air-dried and autoradiographed. The relative 

mobilities of the hybridizing fragments were measured on the 

autoradiogram and the corresponding bands located on the 

photographs of the ethidium bromide-stained agarose gels. 

Hybridization of with cos-oligonucleotides 

Lambda DNA is a double-stranded 48.5-kb DNA molecule 

except for its cohesive ends (cos sites) which are single-

stranded and 12 nt in length. The method of Rackwitz et al. 

(1984) using the hybridization of 32P-labeled cos-site 

oligonucleotides to recombinant phage DNA partially digested 

with restriction enzymes can provide information on the 

physical order of the restriction fragments in the linear 

DNA molecule. First, the phage DNA was partially digested 
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by various concentrations of a restriction enzyme and 

fractionated on 0.4% agarose gels to select the best enzyme 

concentration range. The enzyme concentration that 

generated a pattern of all possible partial restriction 

fragments was used for cos-site hybridization. Two synthetic 

12-base oligonucleotides, ON-L (5'-dAGGTCGCCGCCC-3') and 

ON-R (5'-dGGGCGGCGACCT-3') , which are complementary to their 

respective cos sites on the left and right lambda arms were 

labeled at their 5'-ends using [y_32P]ATP and T4 

polynucleotide kinase. Each of the labeled oligomers was 

hybridized to fragments of recombinant lambda DNA which had 

been partially digested with a restriction enzyme. At the 

same time, the labeled oligomers were also hybridized to 

high molecular weight lambda DNA markers that were used as 

positive controls and molecular weight standards. These 

hybridization reactions were performed by adding NaCl to the 

mixture of DNA and oligomers to a final concentration of 0.1 

M and incubating at 75°C for 2 minutes followed by a 30 min 

incubation at 45°C. The hybridized DNA fragments were then 

electrophoresed on a 0.4% agarose gel for 48 hours at 1.5 

volts/cm to obtain optimal separation of the large partial 

digestion products. When the electrophoresis run was 

finished, the gel was rinsed briefly in distilled H20 or 

electrophoresis buffer, and blotted for two hours onto a 

charged nylon membrane using 0.4 M NaOH. The compressed 
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gel, together with the adhering membrane, was wrapped in 

plastic and autoradiographed. When interpreting the data, 

each of the radioactively labeled bands in the gel indicates 

the distance between one of the radioactive ends (ON-L or 

ON-R) as reference points on the linear DNA fragment and a 

restriction enzyme cleavage site in the recombinant phage 

DNA. The longest fragment in the gel represents the case in 

which there were no restriction cuts. The next largest one 

represents the restriction site nearest the labeled end. The 

distance between adjacently labeled bands in the gel is 

proportional to the distance between adjacent potential cut 

sites along the recombinant DNA molecule. From the relative 

positions of the bands down the gel, the order of fragments 

produced by a complete digest can be distinguished. The 

accuracy of the results was confirmed by hybridizing each 

32P-labeled oligomer to one-half of each partial digestion 

mixture and determining the order of the restriction 

fragments from both ends of the recombinant phage DNA. 

5. Physical Mapping of Recombinant Plasmid DNA 

Isolation of DNA Fragments From Agarose Gels 

To obtain DNA fragments for subcloning, the recombinant 

lambda phages designated LhX-3, LhX-4, and LhX-5 were 

digested by many restriction enzymes, including BamHI, EcoRI 

and Sstl. A 2.70-kb BamHI fragment from LhX-3 and a 1.3-kb 
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fragment from LhX-4 were isolated. Digestion of LhX-5 DNA 

by EcoRI produced four subfragments. Three out of the four 

subfragments (those containing Alu elements) were used for 

subcloning: K1 (2.5 kb), K2 (3.5 kb), and K4 (2.2 kb). 

Digestion of LhX-5 with SstI produced another subfragment, 

K3 (2.6 kb), containing one Alu element for subcloning. The 

completely digested DNAs were run on agarose gels. After 

the DNA fragments were well separated, the gels were stained 

with ethidium bromide and the desired DNA fragments isolated 

from gel slices either by electroelution into a dialysis 

tubing (Molecular weight cutoff of 12,000-14,000) or by 

using low melting point agarose for direct extraction. When 

using the dialysis tubing method, a dialysis bag was filled 

with 0.5xE buffer (20 mM Tris-HCl, 10 mM NaOAc, 10 mM EDTA, 

pH 8.0) and the gel slice placed into the bag. Leaving just 

enough buffer in the bag to keep the gel slice in constant 

contact with the buffer, the bag was tied, being careful to 

avoid trapping air bubbles inside the bag. The bag was 

immersed in a shallow layer of 0.5xE buffer in an agarose 

gel apparatus and an electric current (100 V) passed through 

the bag for 2 hours. After the DNA had electroeluted out of 

the gel, the polarity of the current was reversed for 20 

seconds to release the DNA bound to the inner wall of the 

bag. Then the buffer containing the DNA fragment was 

removed from the bag and the DNA was purified by two 
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phenol/chloroform (1:1) extractions and one chloroform 

extraction. The purified fragment was then recovered from 

the buffer by ethanol precipitation and redissolved in TE 

buffer for subsequent ligation into a plasmid vector. 

When using low melting point agarose, the gel slices 

containing bands of interest were cut out and in-gel 

ligation and transformation were performed (Sambrook et al., 

1989) . 

Ligation of DNA Fragments into the Plasmid Vectors 

The plasmids used as vectors were dephosphorylated by CIP 

(calf intestine alkaline phosphatase) to prevent self-

ligation. About 1 unit of CIP was used for each jig of 

restriction digested linear vector in a buffer of 10 mM 

ZnCl2, 10 mM MgCl2, and 100 mM Tris-HCl (pH 8.3) for 30 

minutes at 37°C. After the reaction, the CIP was 

inactivated by heating at 70°C for 10 minutes in the 

presence of 5 mM EDTA (pH 8.0), and then purified by 

phenol:chloroform extraction and ethanol precipitation. 

The desired DNA fragments were ligated into linearized 

and dephosphorylated pUC18 vector (insert:vector DNA ratio 

of 5:1) by T4 DNA ligase (0.05 u/̂ ll) in 50 mM Tris-HCl (pH 

7.6), 10 mM MgCl2, 1 mM ATP, 1 mM DTT, and 5% polyethylene 

glycol 8000 at 16°C overnight. BamHI fragments of LhX-3 and 

LhX-4 were ligated into BamHI-digested pUC18 vector DNA. An 
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SstI fragment from LhX-5 was first filled in using the 

Klenow fragment of E. coli DNA polymerase I in the presence 

of 0.2 mM dNTPs and nick translation buffer (0.5 M Tris-Cl, 

pH 7.5, 0.1 M MgS04, 1 mM dithiothreitol) , and then ligated 

to Smal-digested pUC18 DNA. These recombinant plasmids 

were used for transformation of competent E. coli DH5a 

cells. 

Transformation of competent E. coli DH5a cells with 

recombinant plasmids 

To prepare the competent cells, a single colony of E. 

coli DH5a from an LB plate was inoculated in 10 ml of LB 

medium and shaken at 37°C overnight. The next morning, the 

overnight culture was diluted 1 to 100 with LB medium and 

grown for 2 to 2.5 hours until the A660 was 0.3 to 0.4. The 

cells were harvested by centrifugation and the cell pellets 

treated with ice-cold 50 mM CaCl2 ( 1/2 volume of original 

LB medium) for 40 minutes on ice.. Then the cells were 

centrifuged, and the pellet resuspended gently in 50 mM 

CaCl2 (about l/10th volume of the original LB medium). 

After being kept on ice for one hour and at 4°C overnight, 

the competent cells could be transformed with highest 

efficiency for the next two days (Hanahan, 1983). 

To transform the competent cells with the plasmids, E. 

coli DH5a competent cells (250 |Xl) were mixed gently with 
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about 0.5 Jig of ligated pUC18 plasmid DNA. The plasmid 

pUC18 or pUC19 DNAs were used as positive controls. The 

cells were incubated on ice for 30 minutes, heat-shocked for 

two minutes at 37°C without shaking and then placed on ice 

for two minutes. LB medium (0.95 ml at room temperature) 

was added and the cell suspension shaken at 225 rpm for one 

hour at 37°C in an incubator-shaker. Aliquots of the cell 

suspension (100 (0,1, 200 |il, and 500 |il) were spread on 

separate LB plates containing 0.1 mg/ml ampicillin and 0.01% 

X-Gal. After incubation at 37°C overnight, the white 

colonies of the recombinant plasmids could be distinguished 

from the blue colonies of the nonrecombinant plasmids. 

(Yanisch-Perron et al., 1985). 

Isolation and Purification of Plasmid DNA 

The alkaline lysis procedure (Birnboim and Doly, 1979), 

was used to isolate a small quantity (about 10 \ig, called a 

mini plasmid preparation) of plasmid DNA for screening for 

the colonies containing the desired recombinant plasmid. A 

single white colony was inoculated in 4 ml of TB medium (17 

mM KH2P04, 72 mM K2HP04, 12% Bactrotryptone, 2.4% yeast 

extract, 0.4% glycerol, and 2.5 Hg/ml ampicillin) and shaken 

overnight at 37°C. The harvested cells were lysed by 

addition of 100 [i.1 a freshly prepared solution of 50 mM 

glucose, 10 mM EDTA, 25 mM Tris-HCl (pH 8.0), and 4 mg/ml 
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lysozyme. Then the released chromosomal DNA was denatured 

by 0.2 N NaOH and 1% SDS at pH 12-12.5. The mixture was 

then neutralized by 1 M potassium acetate (pH 4.8) . After 

removing the pellet by centrifugation, the plasmid DNA in 

the supernatant was extracted with equal volume of 

phenol/chloroform (1:1) and recovered by ethanol 

precipitation. The DNA was redissolved in about 50 (il TE 

buffer and digested with heat-treated RNase A (20 |i.g/ml) to 

degrade small molecular weight RNAs. The plasmid DNA 

obtained by this procedure was used for restriction enzyme 

digestions and determination of the orientation of the human 

insert DNA. The desired colonies were selected for 

preparing larger quantities of the plasmid DNAs for further 

analysis. 

To prepare sufficient DNA for physical mapping and other 

studies, a modification of the alkaline lysis procedure 

(named the medium-sized plasmid DNA preparation) was used. 

A single colony of cells containing the recombinant plasmid 

was picked from a LB plate and amplified in 150 ml of TB 

medium at 37°C overnight with shaking. The next day, the 

cells were centrifuged down and washed once with 0.15 M 

NaCl. Then the bacteria were treated with 5 ml of a solution 

of glucose/EDTA/lysozyme and the DNA denatured by 10 ml of 

NaOH/SDS solution at pH 12-12.5 (as in the procedure for 

mini plasmid preparation). After neutralization (7.5 ml 3 M 
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KOAc solution, pH 4.8), centrifugation, and two extractions 

of the supernatant with phenol/chloroform (1:1), the 

plasmid DNA was precipitated with an equal volume of 

isopropanol at -20°C overnight. The plasmid DNA pellet was 

subsequently washed by ethanol once and dissolved in 2 ml of 

TE buffer. Heat-treated RNase Ta and RNase A were added to 

a concentration of 20 (J,g/ml to digest any residual RNA. 

After RNase Tx and RNase A digestion for more than 2 hours, 

the DNA solution was extracted twice with phenol/chloroform 

and two or three times with chloroform, until the interface 

was clear. The purified plasmid DNA was precipitated again 

with ethanol at -20°C for 10 minutes and redissolved in 

about 0.5 ml of TE buffer. The concentration of the DNA was 

calculated from its absorbance at 260 nm. Some plasmid DNAs 

were further purified by HPLC (Merion and Warren, 1989). 

Physical Mapping of Recombinant Plasmid DNAs 

Recombinant plasmid DNAs were digested with restriction 

enzymes that were found to have no, or only a few, cleavage 

sites in the pUC18 plasmid vector. Numerous single and 

double restriction digestions were performed, and the 

resulting DNA fragments were fractionated on 1% and 2% 

agarose gels along with MW standards generated by 

restriction digestions of bacteriophage lambda DNA and 

pBR322 plasmid DNA. The gels were stained with ethidium 



23 

bromide at 0.5 |ig/ml and photographed (Polaroid film, Type 

55 P/N) in order to measure the mobilities and determine the 

sizes of the restriction fragments. The restriction 

fragments embedded in the agarose gels were transferred onto 

positively charged nylon membranes (Zeta Probe from BioRad, 

Richmond, CA, and ZetaBind from Cuno, Inc., Meriden, Conn) 

using 0.4 N NaOH by the alkaline blotting technique of Reed 

and Mann (1985) , as described above with lambda phage 

restriction digestions. After collecting and interpreting 

the data, the restriction enzyme sites in the DNA inserts in 

the recombinant plasmids could be localized for construction 

of the physical maps of the recombinant plasmid DNAs. 

6. DNA Sequencing 

Subcloninq into M13 Phage and DNA Sequencing 

Overlapping fragments of the recombinant plasmid inserts 

were obtained by digesting plasmid clones with different 

restriction enzymes and ligated into double-stranded 

bacteriophage M13 RF vectors. The subcloning methods were 

essentially the same as used in plasmid subcloning. 

Small-scale preparations of single-stranded bacteriophage 

M13 or double-stranded RF DNAs were isolated and purified by 

phenol/chloroform extraction and ethanol precipitation. DNA 

sequence analysis was carried out by standard 

dideoxyribonucleotide chain-termination procedure protocols 
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(Sanger et al., 1980) using Sequenase™ (US Biochemicalsl 

(Tabor and Richardson, 1987) and [a-35S]-dATP with M13 

templates and plasmid DNA templates in two stages. The 

first stage was the annealing reaction, in which the 

universal primers or the synthesized primers were hybridized 

to the template DNAs. In the second stage , the annealed 

primers were extended and the newly synthesized chains of 

DNA were terminated by incorporation of ddNTP. The 

competition between chain elongation and termination was 

determined by the ratio of dNTP to ddNTP in each of the four 

reaction mixtures. 

Denaturing polyacrylamide gels were used with 8 M urea to 

resolve the DNA fragments on the basis of net charge, and 

hence, by size. The gels were warmed up to 50°C by 

prerunning them at 1200 volts. The samples were heat-

treated at 85°C for 10 minutes and cooled on ice for 5 

minutes before loading on the gel. Different gel 

percentages and different running times for the same sets of 

sequencing reactions were employed to obtain sequence 

information for different size ranges. For sequences close 

to the primers, 8% acrylamide gels were run about 3 hours 

until the XC dye (xylene cyanol) was 30 cm from the top of 

the gel. For long runs (for sequences up to 400 nt) , 6% 

gels were used and could be run up to 8 hours until the XC 

dye had migrated the equivalent of 90 cm. In addition, Mh+2 
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ions were used to obtain sequences adjacent to the primers 

(Tabor and Richardson, 1990). To disrupt electrophoretic 

compression artifacts in G+C-rich regions, 7-deaza-dGTP was 

substituted for dGTP in a second set of reactions (Mizusawa 

et al., 1986). After the gel runs were finished, the gels 

were fixed in 10% acetic acid and 12% methanol for one hour 

and then dried for 2 hours at 80°C in a Bio-Rad gel dryer. 

Kodak XAR-5 x-ray film was used for autoradiography. 

The human DNA insert in phX-1 (isolated and characterized 

by Ms. Luping Wang, formerly of this laboratory) was also 

subcloned into M13 vectors for sequence analysis. 

Testing the orientation of DNA fragments subcloned into 

phage Ml3 vectors 

The procedure called a "C" test (Sambrook et al., 1989) 

was used to distinguish two clones with same DNA insert but 

in opposite orientations. Equal amounts of supernatant of 

the E. coli JM101 cells infected with M13 phages (containing 

either of the two possible orientations of the human DNA 

insert with respect to the vector) were denatured with 0.5% 

SDS and incubated at 65°C for five minutes, and 0.5 M NaCl 

was added to a final concentration of 8 mM. The mixture was 

fractionated on 1% agarose gels. If two different 

orientations of insert DNA are mixed, they hybridize to each 

other, causing retardation of the migration of the 
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hybridized DNA relative to the single-stranded DNA in the 

gel due to the formation of a dimer complex. 

Exonuclease III Deletion Subclones 

The exonuclease III method of generating subclones is 

based on the principle that exonuclease III will degrade DNA 

with 5'-protruding ends (recessed 3' termini) or blunt ends, 

but not termini with protruding 3' single stranded overhangs 

(Henikoff, 1984). Recombinant M13 RF phage containing large 

human DNA inserts were cut with two different restriction 

enzymes chosen to leave one 3'-protruding end and one blunt 

or 5'-protruding end. These fragments were then digested 

with exonuclease III of varying concentration levels in 

order to obtain a series of fragments that were shortened at 

only one end. After removal of the resulting single-

stranded segments with SI nuclease and repair with 

bacteriophage T4 DNA polymerase, the shortened fragments can 

be religated. The partially deleted clones of appropriate 

sizes were selected by isolating the single-stranded M13 

phage DNAs and running the denatured DNAs on 0.4% agarose 

gels. Those M13 subclones containing potentially 

overlapping gaps in the developing DNA sequence were 

sequenced. In a few cases, gaps in the DNA sequence were 

sequenced selectively using synthetic oligonucleotide 

primers complementary to completed sequences near the gap. 
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Using either single-stranded M13 DNA or double-stranded 

plasmid DNA, all fragments were sequenced on both strands to 

ensure accuracy of the DNA sequences. 

7.In Vitro Transcription 

To assay for any potential transcription activities in 

these clones, especially those generating potential 

transcripts from tRNA genes or pseudogenes, the plasmid DNAs 

were isolated and prepared (Shortridge et al., 1985). The 

HPLC-purified plasmid DNAs (Merion and Warren, 1989) were 

transcribed (Weil et al, 1979) in a homologous nuclear Hela 

cell extract (Promega) by Dr. Irma Pirtle of this 

laboratory. The transcription reaction mixtures were 

resolved on a 6% denaturing polyacrylamide gel to determine 

the presence of possible RNA transcription products. 

8.Computer Analyses of DNA Sequences 

Overlapping the DNA sequences from large DNA segments and 

searching for the restriction enzyme sites were done using 

computer programs written for the Apple lie microcomputer 

(Larson and Messing, 1982; 1983). Other such analyses were 

done using various other public domain computer programs 

such as the PCS DNA Sequence Analysis Package (Lagrimini et 

al., 1984) written in Dr. John Donelson's laboratory at the 

University of Iowa. The completed DNA sequences were all 
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compared with the GenBank database using the FASTN package 

of programs obtained from Dr. William Pearson at the 

University of Virginia (Pearson and Lipman, 1988) and the 

BLASTN program (Altschul et al, 1990), obtained from the 

National Center of Biotechnology Information (NCBI; E-mail 

address Blast@ncbi.nlm.nih.gov) on an IBM PS/2 

microcomputer. The GenBank sequences with significant 

homology were retrieved (E-mail address: 

Retrieve@ncbi.nlm.nih.gov) for further analysis and 

information on their features and literature references. 

mailto:Blast@ncbi.nlm.nih.gov
mailto:Retrieve@ncbi.nlm.nih.gov


CHAPTER III 

RESULTS 

The clones described were originally isolated in an 

attempt to obtain clones of human tRNA genes from an X 

chromosome-specific library. The total tRNA probe used for 

screening the X chromosome-specific library apparently 

hybridized to ribosomal DNA, Alu elements and/or other 

repetitive sequences. Three phage clones were selected for 

further analyses since they gave intense positive signals 

upon hybridization with the unfractionated mammalian tRNA 

probe. They were arbitrarily designated LhX-3, LhX-4, and 

LhX-5, where "L" represents lambda, "h" denotes a human 

insert, and "X" indicates the X chromosome library. The 

plasmid subclones were similarly named, using "p" instead of 

"L". The numbers "3", "4", and "5" indicate the different 

clones chosen for further study. 

1.Characterization of Human DNA Segment Harbored in LhX-3 

Physical maps of LhX-3 and phX-3 

The first clone described that gave a positive signal 

with unfractionated [3'-32P]tRNA probe from bovine liver was 

plaque-purified and designated LhX-3. The human DNA insert 

of LhX-3 was determined to be 12.5 kb based on the analysis 

29 
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of restriction digestion and agarose gel electrophoresis of 

LhX-3 phage DNA and restriction information on the lambda 

Charon 35 arms (Perlman and Fuscoe, 1986) . The physical map 

derived for the 12.5-kb segment of human DNA is shown in 

Figure 1A. The map was constructed from analyses of 

Southern blot hybridizations (Southern,1979) of single and 

double restriction enzyme digestions of the LhX-3 phage DNA, 

a typical analysis being depicted in Figure 2, combined with 

analyses of the hybridization of 32P-labeled cos site 

oligomers to partially digested LhX-3 DNA. The estimated 

DNA fragment sizes obtained from restriction digestions and 

Southern blots are shown in Table 1. A representative 

autoradiogram of the hybridization of [3'-32P]-labeled cos 

site oligomers to partial digests of LhX-3 is shown in 

Figure 3. The hybridization of labelled cos site oligomers 

with partially digested recombinant phage DNA gave 

information on the relative order of the fragments produced 

by digestion of a particular restriction enzyme digestion. 

As shown in the physical map of LhX-3 in Figure 1A, a 

2.7-kb BamHI fragment which hybridized to the tRNA probe was 

isolated, subcloned into BamHI-digested pUC18 vector DNA, 

and designated phX-3. Further physical mapping on this 

plasmid subclone was done by restriction enzyme digestion 

and Southern blot hybridization. Typical results are shown 

in Figure 2, and the sizes of the restriction fragments are 
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summarized in Table 2. The physical map of phX-3 and its 

relationship to that of LhX-3 are shown in Figure IB. 

DNA sequences of phX-3 

The human DNA insert in phX-3 was also subcloned into M13 

and sequenced by the dideoxynucleotide chain termination 

method (Sanger et al., 1980). The sequencing strategy is 

shown in Figure 1C and the resulting sequence is shown in 

Figure 4. The completed sequence is 2.7 kb in length. 

Comparison with sequences in the GenBank database indicated 

the presence of an Alu repetitive sequence and a processed 

28S rRNA pseudogene in this region as marked in Figure 4. 

The GenBank comparison also located a region that has 68% 

identity with the 5' flanking region of the human DNA 

polymerase alpha gene and around a 60% identity to the 

flanking regions or introns of a number of other genes. 

The 28S rRNA pseudogene is about 260 nt long. It is 96% 

homologous to the 3' end of the human 28S ribosomal RNA gene 

(Gonzalez et al., 1985). This stretch of the pseudogene is 

flanked by a pair of perfect direct repeats each 17 nt long 

(AATAATAATGAGATGGG), followed by a long A-rich region. The 

sequences upstream and downstream from the directly repeated 

sequence are not related to any ribosomal RNA sequences or 

the spacer sequences as verified by computer analysis. It 

is the first such 28S rRNA retropseudogene discovered in the 
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human genome, and the second 28S rRNA pseudogene (Munro et 

al, 1986). 

The Alu element is at the 3' end of the phX-3 insert and 

is of opposite orientation to the processed 28S rRNA 

pseudogene. This Alu element was named X3-A1. It is 

flanked at both sides by a 17-nt direct repeat 

(GACCCTTAATACTTTTT) , and followed by a 6-nt A stretch. The 

5'-end of X3-A1 is about 80 nt shorter than typical Alu 

elements (Britten et al., 1988). The segment of LhX-3 about 

200 bp downstream of the DNA segment subcloned into phX-3 

was also sequenced. No sequences or partial sequences 

derived from Alu elements were found. Therefore, the Alu 

element in phX-3 was truncated at some point during 

development of the human genome. 

Another region (nt 396-710) upstream of the 28S rRNA 

retropseudogene in phX-3 that has identity with a number of 

sequences in the GenBank database is also worth briefly 

mentioning. This region is about 315 bp long. In its 

flanking regions, two stretches of putative direct repeats 

were present in the form of CAAAACC ACACAA/ GCACA. 

When this region alone was used for comparison to GenBank 

sequences, a group of sequences including a portion of the 

3' non-coding regions of primate gamma-globin genes, that 

have significant homology with this region was discovered. 

A consensus sequence was derived from by the alignment of 
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these sequences. This region was tentatively designated 

conserved sequence element (CSE). 

The sequence of phX-3 has been deposited with 

EMBL/GenBank Data libraries under the accession number 

L20636. 
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Figure 1. Physical maps of LhX-3 and phX-3 containing the 

28S rRNA retropseudogene, Alu repeat and conserved sequence 

element (CSE). (A) Physical map of LhX-3. LR and RR stand 

for the left arm and right arm of the lambda Charon 35 phage 

vector, respectively. The black box is the 28S rRNA 

retropseudogene officially designated by the gene symbol 

RNRP2, and the dotted area represents an Alu element (X3-

Al). The crossed area represents the region hybriding to 

the tRNA probe. The white box denotes conserved sequence 

elements (CSE). The hatched areas are the phage vector 

sequences. (B) Physical map of the plasmid subclone phX-3. 

Similar to the map of LhX-3, the black box is the 28S rRNA 

pseudogene RNRP2 and the dotted area represents the Alu 

element. The white box is the conserved sequence element 

(CSE). The crossed area represents the region hybriding to 

the tRNA probe. The arrows give the orientation of the 

noncoding strands (with a polarity of 5' to 3') of the 

ribosomal RNA pseudogene and Alu element. The hatched areas 

are the plasmid vector sequence. (C) Strategy for 

sequencing phX-3. The small black boxes at the end of some 

arrows indicate that synthetic oligonucleotide primers 

instead of the universal sequencing oligonucleotide primers 

were used. 
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Figure 2. Hybridization of 32P-labelled unfractionated 

bovine liver tRNA used as probe to restriction enzyme 

digested LhX-3 and phX-3 DNAs. DNA (2 fig) from LhX-3 and 

phX-3 DNA (1 fig) were digested by the restriction enzymes 

indicated and subjected to electrophoresis on 0.7% (for LhX-

3) and 1% (for phX-3) agarose gels. The DNA fragments in 

the agarose gels were transferred to positively-charged 

nylon membranes (Zeta-probe) using 0.4 M NaOH (Reed and 

Mann, 1985) and hybridized to the 32P-labelled probe. 

Hindlll digests of lambda phage DNA and Hinfl digests of 

pBR322 DNA were used as standards. The sizes (kb) of the 

standard bands are indicated to the left. Above each lane, 

"A" denotes a photograph of an ethidium bromide stained gel 

lane and "B" denotes a negative image of the corresponding 

autoradiogram. 
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Table 1. Sizes of DNA fragments obtained from agarose gel 

electrophoresis of restriction digests and Southern blot 

hybridization. Sizes of the fragments were derived from 

only the insert of LhX-3 DNA. The standards used for 

estimation of the fragment sizes were from a Hindlll digest 

of lambda DNA and a Hinfl digest of pBR322 DNA. 

* The DNA fragments that hybridized to total tRNA probe. 

# The DNA fragments that hybridized to Alu (BLUR8) probe 

(Deininger et al., 1981). 
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Table 1 
SINGLE AND DOUBLE RESTRICTION ENZYME DIGESTIONS 

OF LhX-3 INSERT DNA 

Primary Secondary Fragment 
digest digest size (kb) 

Primary Secondary Fragment 
digest digest size (kb) 

BamHI 4.30# 
5.70# 
2.70* 

Xbal 7 .00*# 
2 .35# 
1.80 
1.68 

Xbal SstI 6 . 0 0 * # 
1.68# 
1.42 
1.05 
0.90 
0.84# 
0.64 

Xbal StuI 7 .00* 
1.68 
1.58 
1 . 2 2 
1.18 
0.92 

SstI 

SstI Hindlll 

7.30*# 
3.85# 
0.90 
0.64 

4.00 
3.90 
3.30* 
0.96 
0.66 

StuI 

StuI SstI 

9.50*# 
5.70# 

7.00* 
3 .85 
1.15 
0.90 
0.64 
0.41 

Hindlll 

Kpnl 

8.10*# 
4.80# 

4.95# 
10.05*# 

Hindlll Xbal 5.00 
2 .35 
1.85* 

68 
58 

Smal 10.00*# 
1.55 
1.10 

Smal Kpnl 7, 
4 
1 
1 

00* 
00 
55 
10 
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Table 2. Sizes of DNA fragments obtained from agarose gel 

electrophoresis of restriction digests and Southern blot 

hybridization. Sizes of fragments were derived from both 

insert and vector of plasmid phX-3 DNA. The standards used 

for estimation of the fragment sizes were from a Hindlll 

digest of lambda DNA and a Hinfl digest of pBR322 DNA. 

* The DNA fragments that hybridized to total tRNA probe. 

# The DNA fragments that hybridized to Alu (BLUR8) probe 

(Deininger et al., 1981). 
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Table 2 
SINGLE AND DOUBLE RESTRICTION ENZYME DIGESTIONS 

digest 

OF phX-3 DNA 

Secondary Fragment Primary Secondary Fragment 
diaest size (kb) diaest diqest size (kb) 

3.60 PstI 4.40* 
1.50* 0.42 

— 2.80 Haell 1.70 
1.45* 1.50 
0.46 0.88 

0.42* 
1.70 0.36 
1.15* 
0.62 Hindlll Styl 2 .60 
0.53 0.84* 
0.42 0.61 
0.34 0.55 
0.24 0.46 
0.10 

Styl 2.60 PstI Heall 1.70 
1.45* 1.50 
0.46 0.42* 
0.42 0.36 
0.26 0.18 

Styl 1.70 Rsal PstI 1.70 Styl 
1.15* 1.15* 
0.62 0.62 
0.48 0.34 
0.41 0.27 
0.24 0.24 
0.17 0.19 
(0.04) 0.10 

Hindlll 1.70 Haell Rsal 1.05 
1.20 0.62* 
0.75 0.57 
0.42* 0.44 
0.36 0.38+0.34 
0.295 0.24 
0.17 0 .163 

Hind III 

Styl 

Rsal 

PstI 

Rsal 

0.10 
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Figure 3. 

A) Representative autoradiogram of cos-site 

[5'-32P]oligonucleotide hybridization to partial digests of 

LhX-3 DNA. Several partial BamHI aliquots were mixed with a 

[5'-32P]oligomer complementary to the left cos site (lanes 

1L to 5L) or with a [5' -32P] oligomer complementary to the 

right cos site (lanes 1R to 5R). An array of high molecular 

weight markers (SL and SR from Collaborative Research) were 

also hybridized with labelled left and right cos-oligomers. 

Since only the fragments from the partial digests which have 

a labelled oligomer hybridized to one of the cos termini 

appear on the autoradiogram, the differences between the 

sizes of the fragments are the sizes of the restriction 

fragments in order of: increasing distances from the 

corresponding cos termini. 

B) Diagram explaining the order of restriction fragments 

obtained from the autoradiograph of the 32P-cos site 

hybridization. The L—cos represents the left cos site of the 

lambda phage and the R-cos represents for the right cos 

site. The hatched areas are the left and right arms of the 

lambda phage. All the numbers shown refer to the fragment 

sizes in kb. 
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Figure 4. DNA sequence of phX-3. The sequence underlined by-

dots is the region containing a conserved sequence element 

(CSE) (nt 395 to nt 710). The DNA segment designated RNRP2 

homologous to the 3' end of the 28S rRNA gene is indicated 

by a broken line at nt 1278 to 1641. The Alu repeat is 

indicated by a solid underline. The boldface sequences 

indicate the short direct repeat sequences flanking the 28S 

rRNA retropseudogene, Alu repeat and conserved sequence 

element. The sequence has been deposited in GENBANK/EMBL 

database under accession number L2063 6. 
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Figure 4. X3.SEQ 
GGATCCCCTT TTTACTTGGT CCTTACTGGG TGCTCTTGCA CAGTGGTACC 50 
AACAGTTGTC CAACCCATGG GACCCTATAA GCCGCCAGGG CCTTGCCTGC 100 
ATCCAGTACC TGATAGAGTC CAGTAGCTAT GTTACTAAGG AGGGTCAGTA 150 
GGCAGACAGC AGTTGCTCCT CCACTTCCTT GACTTATAAT GATAAACCTA 200 
TTGTAAGTCA AAAATGCATT AATACACCTA ACCTATCAAA CATCATAGCT 250 
TAGCCTAGCC TACCTGAGTA TGTTTCCATA CTCAGAACTC TTGTTAGCCT 300 
ACAGTTGGAC AAAACCATCT ATAATACAGT GTTAAACATC TCATGTCATG 350 

TACTGAACAC AACACATTAG AGTACAGTAT CGGTTGTTTA CCCTCGTGAT 400 
CSE > 

CAAGTGGCTG AGTGGGAGCT ATGGTTCCAA GATCAGGATG CCAGCAGATC 450 

TGGTGTCTGA TGAGGCTTAC TTCCTAGTTT TTAGAGCAGC AACTTCTAAC 500 

TGTGTCCTCA CATGGTGGGA GGAGCAACTG AACTCCCTTG GACCTATTTT 550 

ATAAGGGCAC TAATCCCATT TGTGAGGGCC CTGCTCACAT GACCTAATTA 600 

CTTCCCTAAA TGCCCCACCT CCTAATGTGT CAGCATAGGA GTTAGTATTT 650 

CAACATAGAA ATTTTAGGGG GACACAACAT TCAGACCACA GCAGATGATT 700 

ATTTAAAACA TGGAAAAGTA CTCATGAGAA AATAATAAGT ATTGACTGAA 750 

TACATAAAAC ATGCCACATA CTGGGCTAAG TACTTTACAT CCATGATCTT 800 

ATTTAAATCT CTCATAAACC CCAAGATAAG GGGAGTAGAT TGTTCCTGTT 850 

TGATACAGGA GGAAACTGAG GCTTATAGCA GTTTGGAAAA TAACTTAAAG 900 

TCACATACAG TGGCAGAAGC CAGATGAGGA ACTTGGTCAG TCAGTTTCAA 950 

AACCTGTGCT TAACCACTGT GCTACTTTCA CACAGCACAC AGAAGGAATC 1000 
TAATGGCATG CTATGATTAC AGCAGTTTAA TACGGAGACA AGACTCATAA 1050 
TAGTTCATAA TAGTCACTGT GTCAGGGTGG TGCAATTTTG TTTCGTTTTC 1100 
CTCTGTTTTC CAAAGCTATC CTTGAGGAAA CTTTTTCCTA GTGCAAAGCT 1150 
TTTCATTGGG ATGGTATGTT TCTTTAAATG GAAGGAGACT AATTTTAC C A 1200 
TTTAAAAAGT GGTATTTATT TTTAAAAACA TAAAAGAAAT TCCTTTTCAA 1250 

TAATAATGAG AT6GGGCATC GCCGCGGAGC CTCGGTTGGC CTCGGATAGC 1300 
28S rRNA retropseudogene (RNRP2) > 

CGGTCCCCCG CCTGTCCCCG CCGGCGGGCC GCCCCGCCGT GCGCCGGGAC 1350 

CGGGGTCCGG GGCGGAGTGC CCTTCCTCCT GGGAAACGGG TCGGCCGGAA 1400 

AGGCGGCCGC CCCCTCGCCC GTCACGCAAC GCACGTTCGT GGGGAACCTG 1450 

GCGCTAAACC ATTCGTAGAC GACCTGCTTC TGGGTCGGGG TTTCCTACTT 1500 
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AGCAGAGCAG CTCGTTCGAT GCGATCTATT GAAAGTCAGC CCTCGACACA 1550 

AGGGTTTGTT AAAAAAAAAA GAAAAAAGAA AAAAGAAAAA AAGAAAGGGA 1600 

AAAAAATAAT AATAACAAAA GCAAATAAGT AATAATAATA ATAATAATAA 1650 

TGAGATGGGA 
TCTAGGCTTT 
GTTTGGAATA 
ACTGCATGGG 
ACCACTTAAC 
ATTTTTGTTT 
TGACAACTAA 
CAGACACTTT 
GTAAGTTGAC 
GTGTTTCCTA 
ATGCAAGTTA 
CAAGTTTCAT 
GAGAATCCTT 
AGTGGTTAGT 
GAAGATTACA 
TGATATGGGA 
CAAGTGACCC 

AATGTGGCCA 
GTCTGTGGTC 
GGTGCGGCTT 
GCATTTTGTT 
ATTTCCCTGC 
GTTTGTTCTT 
CTTTGTTTAA 
GTAAGAACAG 
TACCTTGGAT 
AAAACAGGAC 
ACACTGTTGT 
CAATTGTCCA 
TGTTGCATTT 
TTCTCTATCT 
GGCCAGTTAT 
CTCAATTCAT 
TTAATACTTT 

TGTGTTTTTC 
ATGGAATAAG 
TACTTCATTC 
TGCTGGGAAA 
CAGCGCTGTG 
TTCTATTTTC 
AAAAAATTGT 
TACAAAGAAC 
AGTAGGTATC 
ATTCTTTTAC 
ATTACAGCAA 
GTGAATCCAT 
AGTTGTCAAT 
TTCCTTGACT 
TTTGTAGAAG 
TCAATTCATG 
TTCTTTTTTG 

TTGTGCTTTT 
AAAAGCCTTT 
TCCACCTGAG 
AGAATCCATG 
TGCATCTTTT 
GTTGTTGTTC 
GTTAAACAAT 
ATCCCTTGAA 
TCCCCTGGAT 
AACCATACTG 
TTTAATCCTC 
CACAGTTAAA 
GATTTTAGTC 
GTTCTGACTT 
TCACTCAATT 
CATCTTTGGC 
AGACGGAGTC 

GCACATTCTC 
TGGTTGCCTT 
AGGGTAGTTT 
TATGAATCAT 
GATGTGACAT 
TTCTTAAAAA 
CTCAAACTTA 
CCAGTTGATA 
ACGTTAGTGT 
TTTTTAAACT 
AGACCGCATT 
GAATCCACTT 
TTCTGTCTGC 
GGGTGCTTTT 
TGGCTTTGTC 
AGGAATTTCT 
TCGCTCTGTT 

1700 
1750 
1800 
1850 
1900 
1950 
2000 
2050 
2100 
2150 
2200 
2250 
2300 
2350 
2400 
2450 
2500 

GCCCAGGCTG GAGTGCAGTG GCGCGATCTC AGTTCAGTAC AATCTCCACC 2550 

TCCCAGGTTC ACGCCATTCT CCTGCTTCAG CCTCCTGAGT AGCTGGGACT 2600 

ACAGGTGCCC GCCACCATGC CTGGCTAATT TTTAATATTT TTTAGTAGAG 2650 

ACAGGGTTTC ACCGTGTTAG CCAGGAGG6A CCCTTAATAC TTTTTACTGG 2700 
< Alu (X3-A1) 

ATCGGGGATCC 
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2.Characterization of Human DNA Segment Harbored in LhX-4 

Physical maps of LhX-4 and phX-4 

The second recombinant phage characterized was designated 

LhX-4. This clone was plaque-purified for several rounds, 

and the phage DNA was prepared for physical mapping and 

subcloning. The physical maps of LhX-4 and phX-4 were 

determined (shown in Figure 5) by using the same methods and 

procedures as those described previously for constructing 

physical maps of LhX-3 and phX-3. The human DNA insert in 

LhX-4 is 15.0 kb in size. The phX-4 subclone was 

constructed by inserting the 1.3-kb BamHI fragment of LhX-4 

into the BamHI site of the plasmid pUC18. Representative 

Southern blots of LhX-4 and phX-4 are in Figure 6. A 

photograph of a representative autoradiogram of cos-site 

[5'-32P]oligomer hybridization to partially digested LhX-4 

is shown in Figure 7. 

DNA sequence of phX-4 

The DNA insert of phX-4 was subcloned into M13 and 

sequenced on both strands as shown in Figure 5C. The 1.37-

kb sequence is shown in Figure 8. Comparison of the 

sequence with the GenBank database revealed the presence of 

an Alu repeat. This Alu element, designated X4-A1, has an 

identity of 89% with the Alu general consensus sequence 

(Britten et al., 1988). The terminal direct repeats are 12 
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nucleotides long and, apart from one nucleotide, the two 

repeats TTG/CTCAAGAGAA are identical. The X4-A1 sequence is 

followed by a 26-nt A-rich sequence (Figure 8). 

There is another region of about 200 basepairs containing 

(TTTC)n and (CCCT)n simple repeat sequences in phX-4. This 

region is similar to the human nontranscribed ribosomal 

spacer sequence with a homology of around 60%. 
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Figure 5. Physical maps of LhX-4 and phX-4 containing simple 

repetitive sequences and an Alu repeat. (A) Physical map of 

LhX-4. The LR and RR denote the left arm and right arm of 

the lambda Charon 35 phage, respectively. The dotted area 

denotes the Alu element and the blacked area denotes the 

region containing (TTTC)n and (CCCT) n simple repetitive 

sequences (denoted by SR). The crossed area represents the 

region hybriding to the tRNA probe. The hatched areas 

depict the lambda vector. (B) Physical map of the plasmid 

subclone phX-4. Similar to the map of LhX-4, the dotted 

area denotes the Alu element and the blacked area denotes 

the region containing simple repetitive sequences. The 

arrow indicates the orientation of the Alu repeat (from 5' 

to 3' of the noncoding strand). The crossed area represents 

the region hybriding to the tRNA probe. The hatched areas 

represent pUC18 vector. (C) Strategy for sequencing phX-4. 

The solid boxes at the ends of some arrow indicate that 

synthetic oligonucleotide primers were used. 
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Figure 6. Hybridization of unfractionated bovine liver [3'-

32P]tRNA probe to restriction enzyme-digested LhX-4 DNA and 

phX-4 DNAs. LhX-4 DNA (2 ^g) and phX-4 DNA (1 jLtg) were 

digested by the restriction enzymes indicated and subjected 

to 0.7% (for LhX-4) and 1% (for phX-4) agarose gel 

electrophoresis. The DNA fragments on the agarose gels were 

transferred to positively-charged nylon membranes (Zeta-

probe} using 0.4 M NaOH (Reed and Mann, 1985) and hybridized 

to the 32P-labelled probe. Hindlll digests of lambda phage 

DNA and Hinfl digests of pBR322 DNA were used as standards. 

The sizes (kb) of the standard bands are indicated at the 

left. Above each lane, "A" denotes a photograph of an 

ethidium bromide stained gel lane and "B" denotes a negative 

image of the corresponding autoradiogram. 
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L H X - 4 p H X - 4 

EcoRI EcoRI 

Size 

in Kb 

23.72 

9.46 

6.67 

4.26 

2.25 
1.96 

1.63 

0.52 

EcoRI Ncol Stul 

STD A B A B A B 

4.26 

2.25 
1.96 
1.63 

Si z e Hindi 11 Apal Rsal 
I I I I I I 

i n Kb STD A B A B A B 

23.72 
9.46 
6.67 

0.520 
0.396 
0.344 
0.298 
0.220 
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Table 3. Sizes of DNA fragments obtained from agarose gel 

electrophoresis of restriction digests and Southern blot 

hybridization of clone LhX-4 DNA. The standards used for 

estimation of the fragment sizes were from a Hindlll digest 

of lambda DNA and a Hinfl digest of pBR322 DNA. 

* The DNA fragments that hybridized to total tRNA probe. 

# The DNA fragments that hybridized to Alu (BLUR8) probe 

(Deininger et al., 1981). 
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Table 3 
SINGLE AND DOUBLE RESTRICTION ENZYME DIGESTIONS 

OF LhX-4 INSERT DNA 
Primary Secondary Fragment Primary Secondary Fragment 
digest digest size (kb) digest digest size (kb) 

BamHI 12.3# 
0.85 
1.30*# 

Smal 13.00*# 
1.99# 

Xbal 

EcoRI 

EcoRI Smal 

EcoRI StuI 

9.80# 
0.32 
2.80*# 
1.50 
0.58 

5.20# 
2.40# 
2 .25# 
1.69 
1.55* 
0.61 
0.52 

5.20 
2.40 
1.99 
1.69 
1.55* 
0.61 
0.52 

2 . 8 0 
2.40 
1.55* 
1.32 
1.18 
0 . 8 0 
0 . 6 1 
0.52 

StuI 

Ncol 

ECORI Xbal 

Ncol Xbal 

5 
3 
2 
1 
1 

60*# 
10# 
80 
82# 
10 

5.20*# 
3 .70 
2.90# 
1.82 
0 . 8 6 

4.30 
2 .25 
1.82* 
1.68 
1.52 
0.97 
0.86 
0.67 
0.48 

3.70 
2.80* 
2.50 
1.82 
1.50 
0 . 8 6 

EcoRI Ncol 2.40 
2 .25 
1, 
1 
1 
1 

85 
69 
55* 
20 

0.84 
0.61 

StuI Xbal 3.30 
3 .10 
2 . 80 
2 .66* 
1.82 
1.28 
1.15 
0.58 
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Table 4. Sizes of DNA fragments obtained from agarose gel 

electrophoresis of restriction digests and Southern blot 

hybridization of both insert and vector of plaŝ nid phX-4 

DNA. The standards used for estimation of the fragment 

sizes were from a Hindlll digest of lambda DNA and a Hinfl 

digest of pBR322 DNA. 

* The DNA fragments that hybridized to total tRNA probe. 

# The DNA fragments that hybridized to Alu (BLUR8) probe 

(Deininger et al., 1981). 
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Table 4 
SINGLE AND DOUBLE RESTRICTION ENZYME DIGESTIONS 

OF phX-4 DNA 

Primary 
digest 

Secondary 
digest 

Fragment 
size (kb) 

Primary 
digest 

Secondary 
digest 

Fragment 
size(kb) 

Hindlll 3.10* 
0.96# 

Bglll 3.50* 
0.58# 

Sty I 

Rsal 

Rsal HindiII 

Bglll EcoRI 

Styl PstI 

3.20* 
0.38# 
0.32 

1.60 
0.68# 
0.61 
0.41* 
0.34 

1.60 
0.61 
0.51 
0.38* 
0.34 
0.21 

2.70 
0.77* 
0 . 6 2 

3.15* 
0.38 
0.32 
0.21 

Rsal EcoRI 

Rsal BamHI 

Bglll 

Bglll 

BamHI 

Styl 

1.60 
0.68 
0.61 
0.41* 
0.27 
(0.07) 

1.60 
0.61 
0.51 
0.41* 
0.34 
0.25 

2.70 
0.74* 
0 . 6 2 

3.10* 
0.38 
0.305 
0.15 
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Figure 7. (A) Representative autoradiogram of cos site [5'-

32P]oligonucleotide hybridization to partial digests of LhX-

4. Several partial StuI aliquots were mixed with a [5'-

32P] oligomer (lanes 1L to 5L) complementary to the left cos 

site or with a [5'-32P] oligomer (lanes 1R to 5R) 

complementary to the right cos site. An array of high 

molecular weight markers (SL and SR from Collaborative 

Research) were also hybridized with labelled left and right 

cos-oligomers. Since only the fragments from the partial 

digests which have a labelled oligomer hybridized to one of 

the cos termini appear on the autoradiogram, the differences 

between the sizes of the fragments are the sizes of the 

restriction fragments in order of increasing distances from 

the corresponding cos termini. (B) Diagram explaining the 

interpretation of the cos site hybridization autoradiogram. 

The L-cos represents the left cos site of the lambda phage 

and the R-cos represents the right cos site. The hatched 

areas are the left and right arms of the lambda Charon 35 

vector. All the sizes are in kb. 
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Figure 8. Nucleotide sequence of phX-4. The region 

corresponding to the Alu repeat is underlined. Direct 

repeats are boldfaced. The region containing poly (TTTC)n 

and poly(CCCT)n is indicated by a dotted underline. 
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Figure 8. X4.SEQ 
GGATCCAAAA GAGAAAAAGC AGAAAGATGT TTTTAAAAAA TTTTATCTTG 50 
AATATCAGTT TTTAATTAAG CAGACTTCTG ACTATAGAGG TCTTGAAAAA 100 
AATATTTCCA AATCTCTTAT TATCACATTT TAGCTGGGAC AAACAGCCAA 150 
TATTCCTGGC TTTTGAACTG TTTTTATTTT CTTTCTTTCC TTCTTTCTTT 200 

Simple repetitive sequence 
CTTTCTTTCT TTCTTTTCTT TCTTTCTTTT TCTTTCTTTC TTTCTTTCTC 250 

TTTCTTTTTT CTCTTTAATC CCCTTTCCCT TCCCTTCCCT TCCCTCCTTC 300 

CCCTCCCTCC TCTCCCCTCC CCTCCCCTCC CTTCCCCTCC CTTCCCCTTC 350 

CCTTCCCTCT TTTAAACCAA GGATACCTTT GCAAATGACT CACCAAAACC 400 

AATAAGCTTT AACCAAGGTT ATGACTTAAC CAAGAATGTA CAAGGTACAT 450 
CCAAGGAGGT GCAAAGCAAT CCTCACAAGT CCAGAACCAT CCCAAAGACA 500 
GCTCAAAAAA ACCAGTTTTG CTAACCACAA ATGGGGTACA ACTCATATTT 550 
TTGTCTGGCC ATGTTTTCTG GGGTCTCCAC TTCTTAACTG ACCCTAAAGC 600 
CTTATGTGCC TTCTACAAAT GGAGGAAAAC AGAAAATCCA AAGCCGTCTA 650 
TGAAAGGGAA AAAGATCAAT AACAAATGGG CACTCCCAAA AGTCAAAAAT 700 
CACACAAATA TCAAAACAAG TTTTCAATAA ATGTTTCTTT TCCTCAATTA 750 
GAGGACATAG ATCTGCAAGA ATTGGTTCTC TGACTGAGAA TCAAACCTAG 800 
GTCATGGTGG TGAACTTGTG GAATTCTAAC CACTAGACTA CAGGATGGAG 850 
TGCACCTTAT TGTAAATCCG TCAGGGAGTC CAAAGTAGGT AGTTTTAGTG 900 
TACAAAGGAT TTTAACTTTG TTTTAGGTCA GATTTTTTTC TCTTTAATTT 950 

TCTCAAGAGA ATTTTTTTTT TTTTTTTTTT TTTTTTTGAG ATAGAGTCTC 1000 

TCTCTGTCAG CCAGGCTGGA GTGCAGTGAC ACGATCTTGG CTCACTGCAA 1150 

CCTCTGCCTC CCAGGCTCAA GCAATTCTCC TGCCTCAGCC TCCCAAGTAG 1200 

CTGGGATTAC AGGCGTGTGC CACCACTCCC GGCTAATTTT TGTATTTTTA 1250 

GTAGAGATGG GGTTTCACCA TGTTGGCCAG GCTGGTCTTG AACTCCTGAC 1300 

CTCAGGTGAT CCACCTGCCT TGGCCTCCTA AGTGCTGGGA TTACAGGCGT 1350 

GAGTCACCAC ACCCAGCCAT TGTCAAGAGA AGTTCTAAGG CTAGCCATGA 1400 
< Alu (X4-A1) 
CACTAGTCAT GTGTCTTTTT AAAATTTGAT CCTCTCATAG ATACAAGGTA 1450 
ATTGTTTAGA ATGAGAGATC 
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3.Characterization of Human DNA Segments Harbored in LhX-5 

Physical maps of LhX-5 and its plasmid subclones 

The third recombinant phage clone selected for 

characterization was designated LhX-5. The general methods 

used to develop the physical map of LhX-5 was the same as 

that for LhX-3 and LhX-4. The physical map of LhX-5 is 

shown in Figure 9A and the results of restriction digestion 

and Southern blot hybridization are shown in Figure 10. The 

human DNA segment in LhX-5 is 14.6 kb in size. The cos [5'-

32P]oligomer hybridization to partially digested LhX-5 is 

shown in Figure 11. The DNA fragment sizes generated by 

restriction enzyme digestion and Southern blot hybridization 

analyses are summarized in Table 5. Four plasmid subclones 

(named phX5Kl, phX5K2, phX5K3, and phX5K4) were constructed 

as shown in Figure 9A. The restriction maps of phX5Kl and 

phX5K2 were determined by routine restriction digestion and 

Southern blot hybridization techniques (Figures 9B and 9C 

and Tables 6 and 7) . A physical map of the combined 

results obtained from phX5Kl and phX5K3 is shown in Figure 

9C since the maps of these two clones overlapped. The sizes 

of the human inserts for these four plasmid clones are: 2.5 

kb, 3.5 kb, 2.6 kb and 2.2 kb for Kl, K2, K3,and K4, 

respectively. 
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DNA sequences of phX5K!K3 and phX5K4 

The inserts in all three plasmid subclones were further 

subcloned into M13 RF DNA and the DNA sequences were 

determined by the dideoxynucleotide chain termination method 

as phX-3 and phX-4. The sequencing strategies are shown in 

Figures 9B, C, D and the DNA sequences are presented in 

Figures 12A and 12B. A search of the GenBank database for 

possible nucleotide sequence similarities revealed four Alu 

elements, two in phX5Kl and two in phX5K4. These Alu 

elements were designated X5-A1, X5-A2, X5-A3, and X5-A4 

(shown in Figures 9C and 9D) . The two Alu elements in phX5Kl 

are of opposite orientation to each other. X5-A1 is 93% 

identical to the Alu Sb subfamily consensus sequence (Matera 

et al., 1990). It is flanked by almost perfect direct 

repeats of 14 nt (AAGTG/AGTGTTTGTC) and has a 27-nt 

interrupted poly(A) tail. X5-A2 is 90% identical to the Alu 

Sb subfamily consensus sequence. It is flanked by two 

perfect terminal direct repeats of 15 nt (AGAAATACATAGGAA) 

and has an interrupted poly (A) tail of 28 nt. The direct 

repeats in both Alu elements in phX5Kl are rich in A 

residues, as observed with other retroposons (Rogers, 1985; 

Weiner et al., 1986). X5-A3 and X5-A4 both occur in the 

same orientation in the phX5K4 subclone. These two Alu 

elements are very close to each other as shown in the 

sequence from nt 633 to 1370 (Figure 12B) . X5-A3 and X5-A4 
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have 87% and 88% identity with the general Alu consensus 

sequence, respectively. Neither of them have direct repeats 

flanking the Alu elements. X5-A3 has a (AAC)12 or (TTG)12 

array in the sequence (nt 588 to nt 620) replacing the usual 

poly A tail. X5-A4 has a 46 nt duplication. 

DNA sequence of a segment of phX5K2 

The 348-bp HincII/Ncol fragment in clone phX5K2 

(figure 9B) which hybridized to the total tRNA probe was 

selected for sequencing. There was no tRNA gene present in 

this region but the 3' end of one of the human Kpnl long 

repetitive sequence called LINEs (Finnegan, 1985) was 

identified (nt 7 to nt 348 in Figure 12C). 
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Figure 9. Physical maps and DNA sequencing strategies of 

LhX-5, phX5K2, phX5KlK3 and phX5K4 DNAs containing Alu 

elements. (A) The physical map of LhX-5. LR and RR denote 

the left and right arm of the lambda Charon 35 vector, 

respectively. (B) Physical map of the plasmid subclone 

phX5K2. The arrows indicate the region sequenced. (C) 

Physical map of phX5Kl and phX5K3. (D) Physical map derived 

from the DNA sequence of phX5K4. 

The crossed areas represent the regions hybriding to the 

tRNA probe. The stippled boxes indicate the regions 

homologous to Alu elements. The arrows indicate the 

overlapping DNA segments sequenced. The arrows above the 

Alu elements indicate the orientation of each Alu element 

from 5' to 3' on the noncoding DNA strand. The small black 

boxes at the ends of the arrows below the physical maps 

indicate that synthetic oligonucleotide primers instead of 

the universal sequencing primers were used. The hatched 

areas are lambda Charon 35 and pUC18 plasmid vectors. 
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Figure 10. Hybridization of unfractionated bovine liver 

[3'-32P]tRNA probe to restriction enzyme-digested LhX-5, 

phX5Kl, and phX5K2 DNAs. LhX-5 DNA (2 pg) and phX5Kl and 

phX5K2 DNAs (1 |i,g each) were digested by the restriction 

enzymes indicated and subjected to 0.7% (for LhX-5) and 1% 

(for phX-5) agarose gel electrophoresis. The DNA fragments 

on the agarose gels were transferred to positively-charged 

nylon membranes (Zeta-probe) using 0.4 M NaOH (Reed and 

Mann, 1985) and hybridized to the 32P-labelled probe. 

Hindlll digests of lambda phage DNA and Hinfl digests of 

pBR322 DNA were used as standards. The size (kb) of the 

standard bands are indicated at the left. Above each lane, 

"A" denotes a photograph of an ethidium bromide stained gel 

lane and "B" denotes a negative image of the corresponding 

autoradiogram. 
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L H X - 5 pHX5K1 PHX5K2 

BamHI 
EcoRI Sstl 

Size | 1 | 1 
in Kb STD A B A B 

8.40 

Size 

in Kb 

23.72 
9.46 
6.67 
4.26 

2.25 
1.96 
1.63 

0.520 
0.396 
0.344 
0.298 
0.220 

Aval Hindlll Haell Pstl ps{| s^y | 
m n n n n n n 
A B A B A B A B S T D A B A B A B 
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Table 5. Sizes of DNA fragments obtained from agarose gel 

electrophoresis of restriction digests and Southern blot 

hybridization. Sizes of the fragments derived exclusively 

from the insert of LhX-5 DNA. The standards used for 

estimation of the fragment sizes were from a Hindlll digest 

of lambda DNA and a Hinfl digest of pBR322 DNA. 

* The DNA fragments that hybridized to total tRNA probe. 

# The DNA fragments that hybridized to Alu (BLUR8) probe 

(Deininger et al., 1981). 
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Table 5 
SINGLE AND DOUBLE RESTRICTION ENZYME DIGESTIONS 

OF LhX-5 INSERT DNA 

Primary Secondary 
digest digest 

Fragment 
size (kb) 

Primary 
digest 

Secondary 
digest 

Fragment 
size (kb) 

BamHI 

Hindlll 

SstI 

7.60*# 
6.70*# 

7.00*# 
5.80# 
1.10*# 

5.80*# 
3 .85 
2.45# 
0.92*# 
0.78 

EcoRI 

Bglll 

Xbal 

7.00# 
3.40* 
2.60*# 
2 . 2 0 # 

12.30*# 
1 . 8 8 # 
0.85*# 

13.00# 
1.50* 
1.10* 

BamHI Bglll 6.70* 
5.60 
1 . 8 8 
0.85* 

Xbal HindiII 5.80 
5.50 
1.50* 
1.10* 

BamHI EcoRI 

Hindlll SstI 

5.80 
3.40* 
2.60* 
2 . 2 0 
1.50 

5.80* 
2.25 
1.10 
0.87* 
0.78 
0.27 

EcoRI Bglll 6.70 
3.40* 
2 . 2 0 
1.67 
0.90* 
(0.10) 
2.90 
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Table 6. Sizes of DNA fragments obtained from agarose gel 

electrophoresis of restriction digests and Southern blot 

hybridization derived from both the insert and vectors of 

the recombinant plasmid phX5KlA. The standards used for 

estimation of the fragment sizes were from a Hindlll digest 

of lambda DNA and a Hinfl digest of pBR322 DNA. 

* The DNA fragments that hybridized to total tRNA probe. 

# The DNA fragments that hybridized to Alu (BLUR8) probe 

(Deininger et al., 1981). 
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Table 6 
SINGLE AND DOUBLE RESTRICTION ENZYME DIGESTIONS 

OF phX5KtA DNA 

Primary 
digest 

Secondary 
digest 

Fragment 
size (kb) 

Primary 
digest 

Secondary 
digest 

Fragment 
size (kb) 

Aval 

Hindlll 

Smal 

Aval PstI 

Heall Hindlll 

Bglll EcoRI 

3 .30 
1.12* 
0.65# 
0.32# 

4.00# 
1.05*# 

3.90 
1.28* 

3 .30 
0.65 
0.41* 
0 . 2 8 

1.90 
1.15* 
1.10 
0.37# 
0.29# 
0.24 
0.17 

2.70 
1.68# 
0.81*# 

Heall 

PstI 

SstI 

Aval Hindlll 

SstI PstI 

SstI Bglll 

Styl EcoRI 

1.90 
1.70*# 
1.12 
0.37 
0.29# 

4.5# 
0.68*# 

4.35# 
0.86*# 

3.30 
0.88* 
0.65# 
0 . 2 8 # 
1.85 

4.20 
0 .70* 
0.18 

4.20 
0.85* 

2.70 
1.46*# 
0.94 
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Table 7. Sizes of DNA fragments obtained from agarose gel 

electrophoresis of restriction digests and Southern blot 

hybridization derived from both the insert and vectors of 

the recombinant plasmid phX5K2B. The standards used for 

estimation of the fragment sizes were from a Hindlll digest 

of lambda DNA and a Hinfl digest of pBR322 DNA. 

* The DNA fragments that hybridized to total tRNA probe. 

# The DNA fragments that hybridized to Alu (BLUR8) probe 

(Deininger et al., 1981). 
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Table 7 
SINGLE AND DOUBLE RESTRICTION ENZYME DIGESTIONS 

OF phX5K2B DNA 
Primary Secondary Fragment Primary Secondary Fragment 
digest digest size (kb) digest digest size (kb) 

AccI 

Haell 

4.10 
0.88* 
0.385 

2 .80* 
1.88 
1.18 
0.385 

Xbal 

Dral 

4.26 
1.35* 

3 .50 
1.03 
0.84* 
0 . 6 8 
0.125 

Styl 

PvuII 

ACCI Xbal 

Haell Xbal 

2.70 
2 .12* 
0.52 

3.25* 
2 .25 
0 . 2 8 

4.10 
0.88* 
0.385 
0.21 

1.88 
1.50* 
1 . 1 8 
0.94 
0.385 
0.21 

PstI 

HincII 

AccI EcoRI 

Dral Xbal 

2.90* 
2 .55 

3 .50 
1.00* 
0.94 
0.52 
0.21 

2.50 
1.90 
0.88* 
0.385 

3.00 
0.84* 
0 . 6 8 
0.41 
0.125 

Ncol Xbal 

HincII Xbal 

PvuII BamHI 

4.30* 
0.92 
0.54 

3.50 
1.00* 
0.94 
.52 
,21 

0 
0 

3 
2 
0 
0 

00* 
25 
28 
18 

Styl EcoRI 

HincII EcoRI 

PstI Xbal 

2.55 
2.12* 
0.52 
0.10 

2.65 
1.00* 
0.94 
0 . 6 8 
0 . 6 8 

2 .55 
1.55 
1.35* 
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Figure 11. (A).Representative autoradiogram of cos-site 

[5-' 32P]oligonucleotide hybridization to partial digests of 

LhX-5 DNA. Several aliquots of partial BamHI or EcoRI 

digests were mixed with a [5'-32P]oligomer (lanes L) 

complementary to the left cos site or with a [5'-

32P]oligomer (lanes R) complementary to the right cos site. 

An array of high molecular weight markers (SL and SR from 

Collaborative Research) were also hybridized with labelled 

left and right cos-oligomers. Since only the fragments from 

the partial digests which have a labelled oligomer 

hybridized to one of the cos termini appear on the 

autoradiogram, the differences between the sizes of the 

fragments are the sizes of the restriction fragments in 

order of increasing distances from the corresponding cos 

termini. (B) Physical map of LhX-5 based on the 

interpretation of the cos-site hybridization autoradiogram. 

L-cos represents the single-stranded left cos site of the 

lambda phage and R-cos represents the single-stranded right 

cos site. The hatched areas are the left and right arms of 

the lambda Charon 35 vector. All the sizes are in kb. 
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Figure 12 

Nucleotide sequences of (A) phX5KlK3, (B) phX5K4, and (C) 

phX5K2, respectively. The regions containing Alu elements 

are underlined. The orientations of the Alu elements are 

indicated by arrows. The direct repeats flanking the Alu 

elements are in boldface print. The regions containing 

short repeated sequences are indicated by broken lines. The 

DNA sequence containing a segment of human long repetitive 

sequence element (LINE) is underlined by dots. 
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Figure 12A 
phX5KlK3.seq 

GGATCCTATC 
TGCATGCCAA 
GTCGGCCGGG 

TGGCACCTGC 
CCACACCAGT 
CGCGGTGGCT 

TCTTCTCAAG 
GCATTTCAAG 
TACGCCTGTA 

GCCAAAAGCA 
TTCTGTTAGA 
ATCCCAACAC 

GACACTCAAG 
AGTAGTGTTT 
TTTGGGAGGC 

50 
150 
200 

Alu (X5-A1) > 
CGAGGTGGGC AGATCACGAG GTCAGGAGAT CGAGACCATC CTGGCTAACA 250 

CCGTGAAACC CCATCTCTAC TAAAAATACA AAAAATTAGC CGGGCATGGT 300 

GGCGGGTGCC TGTAGTCCCA GCTACTCGGG AGGCTGAGGC AGGAGAATGG 350 

CATGAACCCA GGAGGCGGAC GTTGCAGTGA GCCGAGATCA CGCCACTGCA 400 

TCCAGCCTGG GCAACAGAAA GAGACTCCGT CTCAAAAAAA AAAATAAAAA 450 

TAAAAATAAA 
AGCAAGTCAT 
GCCTACAGGA 
ACAGTACAGT 
GTTCCCTTAA 
TGTCTTTACT 
TACCTGATAC 
AATTCAAAGG 
CACTTTACTC 
ATAATTCTTT 
ATTTTTAGTG 
ATTTTTAGTT 
CAAAGAAGAG 
TAATTTCTTG 
ATCCCTCAGG 
GTGATATGTA 
GTGATCTTCC 

AAGTGGTGTT 
ATGGCTAAGC 
GCACGTGACA 
CTTCCACACC 
CTCTATCCAC 
TAACCCTTCT 
ACCAGGACTG 
CTGTATTTAC 
TAATGAAGTA 
CACTGTGAAG 
TGGTTGATAA 
CAGTTTGTGA 
AGAAAAATTA 
TAAGTAATCC 
TACAAGTGAC 
ATGCATACAG 
TATGTATTTC 

TGTCACATCT 
TCAAGGTCAA 
TTGGCTGGAG 
TAGCTCCCTT 
CTTTCTCTGT 
GTGTATGCCA 
AATTGGGATC 
ACAGCTAACA 
TATCTGTAAT 
AGCTCTTGTT 
TCTTTGGTTT 
TATAATTTAA 
CAGATGAATA 
AATGTCAAAC 
AGTAAAGCTT 
TTCATAATAA 
TTTTTTTTAA 

GCTTCGATTC 
AGGGCAAGGA 
GAATGGTCAA 
CCCCTCCAGC 
AAATAGCTTC 
TCTGCTTCCT 
TGCCTACTTC 
ATTTATTATA 
GAACATGAGT 
TATACTGTAA 
TAGTTATAAC 
TAACTTAGTT 
TTTATGTTAT 
ATATTGAGCC 
ATAGACTTAT 
AGTCCATTGA 
ATTTATTTTT 

CATTGACCAA 500 
AGTATATTCT 550 
TTGAGAAGAA 600 
TTCTAGTTGG 650 
TGCATTTAAC 700 
GCAGAGACCC 750 
TTTGACTCTT 800 
GGTAGATCTC 850 
ACACACAGAA 900 
GTGCACTTAG 950 
CTTTATGATA 1000 
ATTTTAATAC 1050 
TAAGCTAGAT 1100 
AGCCTATAAT 1150 
GAGAGATATA 1200 
ATTGACATGG 1250 
TATTTTTTTA 1300 

GACGGAGTCT CAACTCTGTT GCCCAGGCTG GAGCGCAGTG GAGTGATCTC 

GGCTTACTGC AAGCTCCGCC TCCCGGGTTC ACGCCATTCT CCTGCCTCAG 

CCTCCTGAGT AGCTGGGACT ACAGGCGCCC ACCACCACTC CCGGCTAATT 

GTTTTTTTGT ATTTTTAGTA GAGACAGGGT TTCACCATGT TAGCCAGGAT 

GGTCTCTATC TCCTGACCTC GTGATCCGCC CACCTTGGCC TCCCAAAGTG 

TTGGGATTAC AGGCGTGAGC CACCGCGCCC AGTCTACTTT CCTATGTATT 

TCTGCATGTG 
AAAGTCAGGA 
CAGGAATGGG 
TGACAACTAA 

ATGATTGAAA 
CGCATTTGAA 
CGAAGCGCCT 
AAATATGAAT 

< Alu (X5-A2) 
AAAGAAATCA CAAAGAAGAT 
CATGTCTACG GTATGTTGGA 
CAGCCGGTAA TTTGAGTTTA 
ACGCCACCAG GCAGCACTCA 

CCCTATCGTA 
GCGCGCCAGT 
TAAAATACGA 
GGAAAATGAG 

1350 

1400 

1450 

1500 

1550 

1600 

1650 
1700 
1750 
1800 
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TGACAACTAA 
ATCGATCTGC 
TATCAGCGTG 
TTAAGCACAC 
ACAGGGCAAC 
CGCCCGAGTC 
GGTAAAACCA 
TTTTCCGATT 
GTGAGCTGGC 
CAGCAACTGA 
TGAAGAGTTC 
GAGTTGCGCT 
GTCGTGAGCC 
CTTTACCGTT 
TGACTGGTGA 
AACAACTATT 
AAGCCTTGAA 
ACCAAGCGGA 
GACCTTAACC 
TAATCAACTC 
ATAAGAAAGA 
CTGGAGCAAG 
CACCCAACAG 
GCGGTATATC 
ATCCAGTGCC 
CGCAGCCAGT 
CTTGGCCTGT 
GTCGTGGTGT 
TATGCCACTA 
TAAGAAAAAT 
CCTTCCTGGC 
GCGCTACGAA 
TCTAATGATC 
CAACTCTGGC 
GATGCCGACT 
TGAACATGGC 
CGAATT 

AAATATGAAT 
TTCGTTCGGT 
ACCGCGTTAT 
CAATTTATCA 
GCCATTCTCA 
TGCACCGGAG 
TTGCTGAACT 
GTGGGTCGCG 
GATCAGCTGG 
CACTCACGGT 
ACCGTCAATG 
GACTATCGCG 
AGCGTACCGA 
AGCGAACGCA 
TGATCCCCAG 
TGCAACAGAA 
TTCTTACAGC 
AGAAAAACTC 
TGGAAGCCAA 
AATGAGCTGA 
TCACCCAACT 
AACGCAAACG 
GAAGTGTTGC 
TGCAATTACT 
ATTGGTAACG 
GAAACCGAAA 
TTATTTCTGT 
AGAAGCCCCG 
TCCCAATGAC 
TTATTTTCTA 
GGTGGATAAC 
CCAGTCTGCA 
ACCGGTGCGA 
AGCGGTGATC 
TACGCCGTGG 
TTGTCGGAAT 

ACGCCACCAG 
CGGCGAGTTA 
TCACGCTGAA 
GGCAGATACT 
GCGGCCTGAG 
ATCCAACTGC 
GAATCTGCGC 
GCTGGGCGAG 
ATGCATATTC 
TGGGGAAAAC 
GTATGGTCGG 
GACATTAAGG 
ACTGGAAGCG 
GTAAAGAAAG 
TTGATTACTC 
TATCGCTCGC 
GCCAGTTACC 
AACGTTTATC 
AGCCGTTCTT 
CCTTCCGCGA 
TATCGTGCGC 
CCTGAATAAG 
GTTTAAGTCG 
TAACCGCCAG 
TGCGGATTAT 
AAAGCGTTGA 
GGGTGCCGTG 
GAACAACTGG 
CGAGTGGCTG 
ATCAGCAGCG 
CCGGCGGATT 
TTTCGCTATG 
CGCCAGACAG 
GCCCAGTCCG 
TTATTCGCAT 
ATCTGGCAGG 

GCAGCACTCA 
TGGGATCACC 
TCGCTGTCGC 
CTGGTCCAGG 
CGATATGATC 
TGCAATCGCG 
GACATAGTTG 
ATTAACCAAA 
CACAACTGAA 
GGCCACTATA 
CCAGCGTCTG 
CCAAACCAGG 
ATTAACGCAT 
CGGGATGCTG 
GTATTCTGAA 
CAGGCGGCGC 
TGAAGTGCGC 
GCCAGCAGCG 
GAGCAGATTG 
GGCAGAGATC 
TGCTGGAAAA 
CGGGTATCGG 
TGACCGTAGA 
CAGGAGTTGA 
CGACCCGGCA 
ACGTGGTGCT 
CTGGCGCGTG 
AAGAGCACGG 
GATAAACGCA 
CCATCGTACT 
CTGCTGTGGA 
ATGGAGACGG 
TGGTAAAACG 
ATCAAAAAGT 
AACCTGTTTA 
TAAAGATGGG 

GGAAAATGAG 1800 
GTAAGTTTAT 1850 
TTACTCGCTG 1900 
TTGAGCAAAA 1950 
CCTAACTCAT 2000 
CATGATTCTC 2050 
AGCAGAAGTA 2100 
GAAAAACCAG 2150 
TGGTCAGGAT 2200 
CACTGGAAGG 2250 
GAAAAAGATG 2300 
AACACAGTTT 2350 
TGCAGGAAAC 2400 
GAACTTACCA 2450 
CAGCATCGCT 2500 
AGGATTCACA 2550 
AGCGAGCTGG 2600 
CGATTCGGTT 2650 
TGAACGTTGA 2700 
TCCCAGCTGT 2750 
ACGCCAGACG 2800 
CAATGCCTTC 2850 
AGCGGGCCGT 2900 
GTATTTCGAA 2950 
GTCACTCAGC 3000 
TGGTTTTATT 3050 
CGATGTTGCC 3100 
CATCAGCGTT 3150 
CCCGTCTGCG 3200 
AAAAATATCC 3250 
AGCCGTACGT 3300 
AGAATAACAT 3350 
TTTGTCAGTT 3400 
GTTATTTATT 3450 
CCGTGAGTAA 3500 
GTACCGAGCT 3550 
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Figure 12B 
phX5K4.SEQ 

AATTCAATGA TTTGCCTCAG TATCTTCTTG GCAGTAGAAT CGTGACCACA 50 
ACAGTGGCTC ACAAATTTGG GGATTTCACA AAATAGGAAA AATCTCTCCC 100 
CCAACAACAA CAAAAAAAGA AATGAAGAAA GCCAACATAA AGTTGCCAAT 150 
GTTTTATCTC GTCAAGAATT TTACCCCAAA CTATTACCCA TTAGCAGTTT 200 
CACAAAGGAC ACTTAACAAG AGGAACCAAA AAAAACCCAA TCTTAGATTT 250 
GAATACATTT AGCTTTATAA ATAACTCATC CTTTTGTCCT AATTCTAAAC 300 
TGTGCCAGAC TGCAACCAGA CCATAAACCA GTTTGGGGAA CACAGCCCCA 350 
AAGACTACAT GAATCATGTC ATTGCACCAT CAGAGTTCAC AGGCTCCCAA 400 
AGGGACTAGT GAAAAGAAAT CACGGGGTCT GTCACCTTGA TTAGGAAAAA 450 
AAAAAAAATT ACAACTTCAT TTTCCCTACT ATAACTGAAA TTTAGCATTT 500 
CTTTCCATTA TGAATGTAGG CAACAAGCCA CTGTATTATC ACTAGCAATA 550 
CCGGTAACTT TGTCACCTAT CACATTAGGG TTTTGTTTGT TGTTGTTGTT 600 

GTTGTTGTTG TTGTTGTTGT TTTGAGATGG CATCTCGCTC TGTCGCCCAG 650 

GCTAGAGTGC AATGGCGTGA TCTTGGCTCA CTGCAACCTC CGCCTCCCGG 700 

GTTCAAGTGA TTCTCCTGCC TCAGCCTCCT GAGTAGCTGG GACTACAGGT 750 

GTGTGTCACC ACGCCCAGCT AATTTTTTTC TATTTTAGTA GAGACGGGGT 800 

TTCACCATGT TGGCCAGGAT GGTCTCAATC TCTTGACCTC GTGATCCACC 850 

CTCCTCGGCC TCCCAAAGTG CTAGGATTAC AGGCATGAGC CACCATGCCG 900 

GGCCAACATC TTGAAGTACT GTTTATGCAT 
< Alu (X5-A3) 

ATTACTAATT TGAAAAAGTA 950 

GTGGTTATTT 
AGCATATATG 

CAAACACTGT 
TTTTGGGGGT 

TAGATGCTTT 
TGGTTTTTTT 

ATTTAATGCA 
TTTTTTTTTT 

TTAATAAAGA 
GAGATATAGT 

1000 
1050 

CTCACTCTGT TGCCCAGGCT GGAGTGCAGG TTGGCACAAT CTCGACTCAC 1100 

TGCAACCTCC ACCTCCTGGG TTTAAGCTAG TCTCCTGCCT CAGCCTCCTG 1150 

AGTAGCAGGG ATTACAGGCA TGTGCCACTA CACCCGGCTA ATTTTTGTAT 1200 

TTTTAGTAGA GACAACCTTT CACCATGCTG GCCAGGCTGG TCTCGAACTT 1250 

AGTAGAGACA AGGTTTCACC ACATTTGCCG GGCTGGTCCC GAACTCCTGG 1300 

CCTCAAGTGA TCCGCCCACC TCGGCCTCCC AAAGTGCTGG GATTACAGGC 1350 

ATGAGAAACT GTGCCAGGCC TAGAAGCATG TATGTTGTTA TATAACAATT 1400 
< Alu (X5-A4) 

TAACTATTTT AGTGATTATT TCAGTATAAT TGGTTTCCAT TATAATCTTA 1450 
TGTCTTTGTT GCATTTAAAA CATAATTCTG AGAAAGGGCC CACAGGCTTC 1500 
AGACTGCCAA AGGGGCTCCT GGCACAAAAA TGATGAGAAA CCCTACTCTA 1550 
GGTTCTGCCT AACCTTCCCT CAGTCCTCAC ACGTGCTCAA CTTCAGACCC 1600 
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AGACTGCCAA 
GGTTCTGCCT 
TGGAAAGAAA 
TCCTCATCAG 
TGCCCTAGCT 
C TAG AG AG AT 
GGTGTAAATG 
TCATGTGCCC 

AGGGGCTCCT 
AACCTTCCCT 
GGTAACAGCA 
AAATTCTCTA 
GTTTTGCCAT 
ACCTAGTGCC 
TAGAGTCGGC 
TGTGTCGTAC 

GGCACAAAAA 
CAGTCCTCAC 
GGTCCCAGGG 
CCAGTCCTTA 
CTGTTTAACC 
AACATTTAAG 
ACTTGCCCTG 
AGCACCCTAG 

TGATGAGAAA 
ACGTGCTCAA 
CAAATGTTCA 
ATTTTCACCT 
CXAACTCGAC 
GAGGCACGCA 
AGAGTAAGTG 
TTCAGATGCA 

CCCTACTCTA 1550 
CTTCAGACCC 1600 
CCACATGATT 1650 
TCTTTCCTTC 1700 
GAGGGTGGGG 1750 
CTCTCAGGGT 1800 
CCCCCTTAAA 1850 
GCTACTGTAA 1900 

CTACACACAC ACACACACAC ACAAGTTTAA GCAAAGCTCT TAAAAATGCT 2000 

TGATGCAGCT 
AGCTGTTAAA 
GAATTTCTGG 
AAGCTCTCCA 
CTAAGAAAGA 
GAGTTCCAGG 

TTTATTCTTA 
AATTCTGATG 
AGATGGACCC 
TGGTTGGTTC 
TGATATGCAG 
AGAATCTGAA 

AACATGTCTC 
CTCAGACCGG 
AGGCATCTGT 
TCAAGTGCCG 
ACTGAGATGA 
TGGGTACCGA 

CATACAAAAA 
ACTGCAGATA 
ATTTTTTTAT 
ACAAGGTTGA 
CTTCTGTAAA 
GCTCGAATT 

TCACCTGGAG 2050 
TATGAAATTA 2100 
TTTATATTTA 2150 
AAATCAGTGC 2200 
AACTCCTCTG 2250 
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Figure 12C 
phX5K2.SEQ 

AACAACCTTT TTCTTTTTTT TTCTTCTTTT TTAAATTTTA TTTTATTATT 50 

ATTATACTTT AAGTTTTAGG GACATGTGCA CAACGTCGAG GTTTGTTACA 100 

TATGTATACA TGTGCCATGT TGGTGTGCTG CACCCATTAA CTCGTCATTT 150 

AACATTAGGT ATTTCTCCTA < ACACTATCCC 
- LINE 

TCCCCCCTTC CCCCACCCCA 200 

CAACAGTCCC CGGTGTGTGA TGTTCCCCTT CCTGTGTCCA TGTGTTCTCA 250 

TTGTTCAGTT CCCACCTATG AGTGAGAACA TGCGGTGTTT GGTTTTTTGT 300 

CCCTTGCAAT AGTTTGCGGA GAATGATGGT TTCCAGCTTC ATCCATGG 



CHAPTER IV 

DISCUSSION 

The recombinant clones encompassing human DNA segments 

presented here were isolated in an attempt to obtain clones 

containing tRNA genes specific for the human X chromosome. 

The unfractionated bovine liver tRNA probe used for 

screening the X chromosome-specific library apparently 

hybridized to ribosomal DNA, Alu elements and possibly other 

repetitive sequences. One possibility is that the tRNA 

probe used was contaminated with ribosomal RNA fragments. 

Another less likely, but not impossible, interpretation is 

that some complementary relationship between ribosomal RNA 

and tRNAs might occur. As mentioned by Smardo and Calvert 

(1987) , a human tRNAGlu formed a stable hybrid in vitro with 

28S rRNA. Computer analysis located a sequence near the 

middle of the human 28S rRNA which is complementary to 15-26 

nts between nts 20 and 50 of this tRNAGlu (Smardo and 

Calvert, 1987) . The authors suggested that this tRNA may 

have functions in the cell in addition to translation. It 

is not known at this time if there are any other tRNAs that 

have similar contacts with 28S rRNA. Another less likely 

possibility is that tRNA probe might contain an unknown RNA 

similar in size to tRNA but which hybridizes to DNA 

83 
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sequences in the clones characterized in this research. It 

is also feasible that the tRNA probe contained tRNA-sized 

fragments derived from transcription of Alu family members 

(Haynes and Jelinek, 1981; Maraia et al., 1993). Another 

possible explanation for the identification of DNA segments 

encompassing ribosomal RNA retropseudogene and Alu family 

mambers is that the X chromosome-specific library (Van Dilla 

and Deaven, 1986) may have contained DNA fragments from 

chromosomes other than the X chromosome. Another clone 

(phX-1) isolated from the same X chromosome-specific library 

was found to contain a fragment from chromosome 21 (Robert 

Pirtle, Irma Pirtle, and Donis-Keller Hellen, unpublished 

results). As reported, X chromosome library was the only 

exception during the construction of 15 human chromosome-

specific libraries (Fuscoe et al., 1986). Acturally, only 

three out of five sequence inserts of the X chromosome-

specific library tested by hybridization analyses were X 

chromosome specific (Kundel et al., 1982). 

1. Processed 28S ribosomal RNA retropseudogene 

Sequence of 28S ribosomal DNA retropseudogene 

To date, there has been only one report of a 28S 

ribosomal RNA pseudogene in the human genome (Munro et al., 

1986). It was a solitary and dispersed copy of the 28S rRNA 

gene that corresponds to nt 3627-4105 of the human 28S rRNA 
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gene (Gonzalez et al., 1985). The pseudogene was called an 

orphon 28S rRNA gene. This orphon gene is not flanked on 

both sides by short direct repeats characteristic of 

transposed DNA sequences. 

A comparison of the sequence of phX-3 with the GenBank 

database revealed that nt 1295-1556 of phX-3 (figure 4) 

corresponds to nt 4770-5024 of human 28S rDNA (Gonzalez et 

al., 1985), having a 91% identity within the 260 nt overlap. 

Further analysis revealed a 38-nt deletion. After adjusting 

for the deletion, the homologous region extended from nt 

1266 to 1556 of phX-3 and from nt 4600 to 5024 of the human 

28S rDNA sequence, increasing the identity to 96% (Figure 

13). The human 28S rRNA gene is 5025 nt long (Gonzalez et 

al., 1985). The 28S rDNA sequence in phX-3 is homologous to 

only nt 4770-5024 at the 3' end of the 28S rRNA gene. 

GenBank comparisons with the downstream sequence (nt 1660-

2711) of this region detected no homology with the noncoding 

outside spacer region of the human 28S rRNA gene (Safrany et 

al., 1989). Analysis of the flanking sequences revealed two 

perfect 17-nt terminal direct repeats (AATAATAATGAGATGGG) , 

shown in Figure 4. The direct repeats have a preponderance 

of A residues, characteristic of retroposon insertions into 

A-rich sequences (Rogers, 1985; Weiner et al., 1986). An A-

rich stretch is present at the 3' end (nt 1560 to 1642) of 

the region of phX-3 homologous to the human rRNA gene. The 
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presence of the terminal direct repeats and the unusual 

occurrence of the 3' poly(A) tail strongly suggest that the 

28S rDNA sequence in phX-3 is almost certainly a processed 

28S ribosomal RNA pseudogene derived from aberrant 

polyadenylation and reverse transcription of a 3'-end 

fragment of 28S rRNA. This 28S rRNA retropseudogene has 

been given the gene symbol RNRP2 by Dr. Phyllis J. McAlpine, 

Nomenclature Editor of the Genome Data Base. 

In the proposed secondary structure of human 28S rRNA 

(Gorski et al., 1987), the 3'-terminal region corresponds to 

the major part of domain 7. The 28S rRNA retropseudogene 

RNRP2 starts just before the Vll (variable region #11, nt 

4696-4908 of 28S rRNA gene) and covers the whole C12 

(conserved region #12, nt 4909-5025 of 28S rRNA gene). 

Therefore, RNRP2 has one variable region and one conserved 

region. A recent study was conducted by Leffers and 

Andersen (1993) on the V8 region of the human 28S rRNA from 

111 different cell lines. They found considerable sequence 

variation among the several hundred 28S rRNA genes as well 

as the 28S rRNAs in cytoplasmic ribosomes. However, the 38-

nt deletion found in the 28S rDNA pseudogene sequence of 

phX-3 is much larger, belonging to the variable region, 

(shown in Figure 13). 
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Figure 13. Nucleotide sequence of a segment of the sequence 

of phX-3 containing the 28S ribosomal retropseudogene RNRP2. 

The sequence is compared with the human 28S rDNA 

(abbreviated HUMRGM). The colons indicate identity; dashes 

indicate gaps introduced into the sequence to optimize the 

sequence alignment. The numbers above the sequence are the 

numbering for the sequence of RNRP2 (Figure 4) and the 

numbers below the sequence are for 28S rDNA (Gonzalez et 

al., 1985). The caret symbol represents the 38-nt deletion 

(nt 4756-4793; GCCCCCCCCTCCACGCGCCCCGCCGCGGGAGGGCGCGT) from 

the human 28S rDNA sequence in order to align the RNRP2 and 

HUMRGM sequence. 
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Figure 13. Comparison of RNRP2 with Human 28S rRNA gene 

HUMRGM: Human 28S ribosomal RNA gene. 
RNRP2 : phX-3 DNA sequence containing 28S rRNA pseudogene 
96 % identity in 291 nt overlap 

1270 1280 1290 1300 1310 
RNRP2 GCATCCGCCGCGGAGCCTCGGTTGGCCTCGGATAGCCGGTCCCCCGCCTGTCCCCG 

HUMRGM GCAG-CGCCGCGGAGCCTCGGTTGGCCTCGGATAGCCGGTCCCCCGCCTGTCCCCG 
4700 4710 4720 4730 4740 

1320 1330 1340 1350 1360 
RNRP2 CCGGCGGGCC---GCCCCGCCGTGCGCCGGGACCGGGGTCCGGGGCGGAGTGCCC 

HUMRGM CCGGCGGGCC A GCCCCGCCGCGCGCCGGGACCGGGGTCCGGTGCGGAGTGCCC 
4750 4800 4810 4820 4830 

1370 1380 1390 1400 1410 1420 
RNRP2 TTCCTCCTGGGAAACGGG--TCGGCCGGAAAGGCGGCCGCCCCCTCGCCCGTCAC 

HUMRGM TTCGTCCTGGGAAACGGGGCGCGGCCGGAAAGGCGGCCGCCCCCTCGCCCGTCAC 
4840 4850 4860 4870 4880 4890 

1430 1440 1450 1460 1470 
RNRP2 GCAACGCACGTTCGTGGGGAACCTGGCGCTAAACCATTCGTAGACGACCTGCTTC 

HUMRGM GCACCGCACGTTCGTGGGGAACCTGGCGCTAAACCATTCGTAGACGACCTGCTTC 
4900 4910 4920 4930 4940 

1480 1490 1500 1510 1520 1530 
RNRP2 TGGGTCGGGGTTTCCTACTTAGCAGAGCAGCTCGTTCGATGCGATCTATTGAAAG 

HUMRGM TGGGTCGGGGTTTCGTACGTAGCAGAGCAGCTCCCTCGCTGCGATCTATTGAAAG 
4950 4960 4970 4980 4990 5000 

1540 1550 
RNRP2 TCAGCCCTCGACACAAGGGTTTGTTAAAAAAAAAAGAAAAAAGAAAAAAGAAAAA 

HUMRGM TCAGCCCTCGACACAAGGGTTTGTC 
5010 5020 

II ^ II : Represents the following 38 nt deleted from the human 
28S rDNA sequence in order to align the two sequences.: 

4760 4770 4780 4790 
GCCCCCCCCTCCACGCGCCCCGCCGCGGGAGGGCGCGT 
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Possible Retroposition Mechanism of the 28S ribosomal RNA 

retropseudoqene RNRP2 

Since the 28S rRNA pseudogene RNRP2 is flanked on both 

sides by direct repeats and has a poly (A) tail at its 3'-

end, these structural features strongly suggest that it is 

indeed a retropseudogene. The most plausible mechanism that 

may have produced this rRNA retropseudogene is that the 

retropseudogene DNA was derived by reverse transcription of 

a 3'-terminal fragment of 28S rRNA. In the proposed 

secondary structure of the 28S rRNA gene (Gorski et al., 

1987), it is noticeable that the 5'-terminal region 

corresponding to this pseudogene terminated between two 

regions of secondary structure. Thus, this single-stranded 

region could be easily cleaved by nuclease. The 3'-terminal 

28S rRNA fragment probably was aberrantly polyadenylated by 

poly(A) polymerase, prior to the reverse transcription 

event. The 3'-polyadenylation may have subsequently led to 

the reverse transcription event. The reverse-transcribed 

double-stranded product could have then been integrated into 

the genome. 

There are two major structural features of this 

retropseudogene. First is the long poly(A) tail (about 80 

nt long) located at the 3' end of the retropseudogene. It 

is obvious that the 28S rRNA (from which this pseudogene was 

derived) had a poly(A) tail. The A-rich sequence at the 3'-
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end is evidence for post-transcriptional polyadenylation of 

the presumptive RNA intermediate. Unlike eukaryotic mRNAs, 

rRNAs do not have poly(A) tails (Schnarem and Gray, 1992) . 

In humans, the primary ribosomal RNA transcript, known as 

the 45S RNA, is transcribed by RNA polymerase I. The 45S 

RNA is then cleaved to give one copy each of the 28S RNA, 

18S RNA and the 5.8S RNA through possibly alternative ways 

of processing (Hadjiolova et al., 1993). A search of the 

nucleotide sequences preceding the poly(A) site in RNRP2 did 

not find the hexanucleotide sequence AAUAAA or AUUAAA, 

essential for polyadenylation in eukaryotic mRNA sequences 

(Wahle and Keller, 1992) . Therefore, the possibility of 

generating a adenylation site by mutation is less likely. 

The polyadenylation of this 28S retropseudogene may reflect 

more alternative ways of processing of 45S rRNA besides the 

nuclease cleavage pathways investigated by Hadjiolova et 

al.(1993). There are similar examples for polyadenylation 

of histone mRNAs. In somatic cells, histone genes are 

transcribed and processed into mRNAs devoid of poly(A) 

tails, as is typical for histone RNA primary transcripts. 

In spermatids, however, poly(A) tails are added to the mRNA 

(Challoner et al., 1989). Other proliferation, or 

replication-dependent, histone RNAs have also been found to 

have poly(A) tails (Fecker et al., 1990; Lieber et al., 

1988) . Since the polyadenylation pathway of any RNAs 
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lacking AAUAAA is unknown (Wahle and Keller, 1992), a 

possible mechanism of adenylation of this 28S rRNA fragment 

cannot be ascertained at this time. 

The second structural feature is a deletion found in the 

isolated retropseudogene. As the sequence alignment with 

the human 28S rRNA gene in Figure 13 shows, there is a 38-

nt deletion in this retropseudogene corresponding to nt 

4756-4793 of the gene rRNA right on a stem/loop structure of 

the variable region Vll-2. This deletion appears too large 

to be considered as sequence variation in the V region. It 

is likely the deletion happened during the process of 

reverse transcription or the retroposition event. It is 

less likely to be caused after this retropseudogene was 

integrated back into the genome. 

There are about 400 copies of ribosomal RNA genes in the 

human genome (Gonzalez et al., 1985). Compared with the 

number of reported pseudogenes of other middle repetitive 

genes like histones genes (Kardalinou et al., 1993; Marashi, 

1984; Wells and Bains, 1991; Kosciessa and Doenecke, 1990; 

Wellman et al., 1987), ribosomal RNA pseudogenes are 

exceedingly rare. The retropseudogene discovered in clone 

phX-3 is only the second 28S rRNA pseudogene and the first 

28S rRNA retropseudogene reported in the human genome. The 

first 28S pseudogene is a rRNA fragment 47 8 nt long, 

corresponding to nt 3627-4105 of human 28S rDNA (Munro et 
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al., 1986). Unlike RNRP2, this first pseudogene does not 

have the direct repeats flanking it as well as the aberrant 

3' poly(A) tail characteristic of retropseudogenes (Munro et 

al., 1986). 

Since ribosomes are involved in protein synthesis, 

ribosomal RNA is one of the most abundant RNA transcripts in 

the cell. The low ratio of rRNA pseudogene or 

retropseudogenes relative to rRNA genes suggests that there 

might be some mechanism that prohibits the reverse 

transcription or retroposition of rRNA genes in the cell. 

It also might be due to some feature of the sequence or 

secondary structure of the ribosomal RNA itself that is not 

suitable for self-priming or integrating back into 

chromosomal DNA. 

Evolution of the 28S rRNA retropseudogene 

The percent divergence of the nt sequences of the 

processed pseudogene can be determined to estimate their 

approximate ages. The processed pseudogenes were assumed to 

mutate at a rate free from selective constrains (Graur et 

al., 1989). It is also assumed that for neutral mutations, 

the rate of divergence is 0.7% per MY (million years) 

(Perler and Efstratiadis, 1980; Ochman and Wilson, 1987) . 

In the 28S rRNA retropseudogene RNRP2, there are a total of 

10 mutations, including deletions within the 291 nt 
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pseudogene when compared with the human 28S rRNA gene 

sequence (Gonzalez et al., 1985). Since there are 

heterogeneities among the variable regions of the 28S rRNA 

and its genes, only the differences in the conserved region 

can be considered as mutations. There are 5 mutations 

within the C12 region (117 nt long). The divergence 

calculated between the human 28S rRNA gene sequenced by 

Gonzalez et al. (1985) and the retropseudogene in phX-3 is 

determined to be 4.3%, corresponding to an approximate age 

of 6.14 MY. 

As mentioned, rRNAs are the most abundant RNAs present in 

the cell. However, reports about the retropseudogene of the 

rRNA are rare, especially of the larger 28S and 18S rRNAs. 

The 28S retropseudogene found in phX-3 was formed relatively 

recently (6.14 million years), according to the above 

calculation. Since the divergence of chimpanzee and human 

is believed to have occurred between 5.5 and 7.7 million 

years ago (Lewin, 1988), this retropseudogene can 

potentially be used to find out whether there exist 

dimorphisms of this pseudogene within human populations or 

in evolution of the primates. Two primers flanking the 

retropseudogene could be designed, and the PCR (polymerase 

chain reaction) method could be used to amplify the region 

between the primers. The occurrence of dimorphisms between 

the DNA samples could be confirmed by analysis by denaturing 
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polyacrylamide gel electrophoresis. Thus, RNRP2 could 

potentially be a useful marker in studying the evolution of 

the human genome. 
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2. Alu elements 

There are two major hypotheses about Alu repetitive 

element evolution and their progenitor or source genes. The 

"Master Gene Model" (Deininger and Slagel, 1988; Batzer and 

Deininger, 1991) pastorated that all present Alu elements 

originated from a single progenitor gene or a small number 

of source genes called master gene(s). In this model Alu 

elements are divided into "Old", "Sub" and "New" 

subfamilies. The bulk of Alu family members are part of the 

"Old" subfamily. The "New" subfamily is composed of 

recently inserted Alu family members (Deininger and Slagel, 

1988) . 

The other hypothesis proposes multiple progenitor or 

source genes for Alu elements (Jurka and Milosavljevic, 

1991; Matera et al, 1990; Willard et al., 1987; Britten et 

al., 1988, 1989; Hutchinson et al., 1993). Their studies 

suggest that there are two major Alu subfamilies, Alu-J and 

Alu-S. The Alu-S subfamily consists of at least five 

distinct subfamilies referred to as Alu-Sx, Alu-Sg, Alu-Sp, 

Alu-Sc, and Alu-Sb, as shown in the following diagram. 
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Alu 
/ \ 

J S 
/ \ 

Sbc Spqx 
/ \ / \ 

Sb Sc Sx Spq 
/ \ / \ 

Sbo Sbl Sb2 Sp Sq 
/ \ 

Sbo Sbl 

(Sbo denotes the members of Sb that are neither Sbl nor Sb2) 

The on-line software (Jurka and Milosavljevic, 1991) 

designed (which can be accessed via the electronic mail 

address: Pythia@anl.gov) makes possible the identification 

of subfamily membership of Alu sequences. After relaying 

the sequences containing Alu elements to the above E-mail 

address, Alu sequences from these human DNA segments were 

identified by making a series of decisions, each subsequent 

decision leading to the more specific placement of the Alu 

sequence in its appropriate subfamily. 

The average CpG dinucleotide content for human DNA is 

less than 1%, whereas Alu elements contain up to 9% CpG 

(Hellmann-Blumberg et al., 1993). During the course of 

studying Alu evolution and classification, a high proportion 

of TG and CA dinucleotides in sequence positions 

corresponding to a CG dinucleotide in the general Alu and 

Alu Sb consensus sequences were noticed in the Alu 

alignment. In vertebrates, CpG dinucleotides are frequently 

mailto:Pythia@anl.gov
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methylated at the position 5 of cytosine, which results in a 

high rate of transition to TpG (Hellmann-Blumberg et al., 

1993) . As a result, most of the retroposed Alu sequences 

become methylated and undergo the CpG decay process. 

Methylation of the retroposed Alu pseudogenes can serve as a 

lock on transcription of retroposed pseudogenes. Thus, CpG 

doublets in Alu source genes may be effectively selected to 

suppress expression of their retroposed offspring 

(Zuckerkandl et al., 1989). Consequently, the older Alu 

elements have lost many of their CpG dinucleotides as a 

result of mutation. Therefore, the higher the percentage of 

homology to the new or Sb subfamily consensus and the higher 

the CG dinucleotide content, the younger the Alu element 

(Hellmann-Blumberg et al., 1993). 

Analysis of Isolated Alu Elements 

There are a total of six Alu elements isolated and 

sequenced from the three lambda clones of the human X 

chromosome-specific library. The one in LhX-3 was named X3-

Al, and the one in Lh-X4 was named X4-A1. There are four 

Alu elements in LhX-5 that were sequenced, and they were 

designated X5-A1, X5-A2, X5-A3, and X5-A4. All six Alu 

elements have been aligned with the general consensus 

(Deininger and Slagel, 1988) and the Sb subfamily consensus 

sequences (Jurka and Milosavljevic, 1991) as shown in Figure 
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14. The identity of the Alu elements with the consensus 

sequences and the number of CG dinucleotide pairs are listed 

in the following: 

Alu element 
General 
consensus 
sequence 

Sb Number of 
consensus CG pairs 
sequence 

X3-A1 
X4-A1 
X5-A1 
X5-A2 
X5-A3 
X5-A4 

85.4% 
89.0% 
91.2% 
88.5% 
86.9% 
87.8% 

85.7% 
85.5% 
94.0% 
91.5% 
86.5% 
84.3% 

7 
3 

14 
12 
8 
7 

Usually the sequence divergence or variation among 

general subfamily members can be up to 15%, while the 

divergence among the Sb subfamily members is usually below 

8%. Therefore, it is apparent that X5-A1 and X5-A2 belong 

to the younger subfamily. They still have 14 and 12 CG 

dinucleotides, respectively, compared with 25 CG 

dinucleotides in the Sb consensus sequence (Matera et al., 

1990) . The remaining three Alu elements (X4-A1, X5-A3, and 

X5-A4) are relatively older. They retain only 1/3 to 1/4 of 

the CG pairs in the Alu general consensus sequence. In 

addition, X5-A3 and X5-A4 do not have direct repeats. Since 

X3-A1 is truncated at its 5'end, its percentage of CG 

content could not be determined precisely. When X3-A1 was 

compared with the consensus sequences, it seemed more likely 

to belong to the newer rather than the older Alu subfamily. 
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When the Alu elements isolated from this study were 

analyzed by on-line (E-mail) software designed by the Jurka 

group (Jurka and Milosavljevic, 1991), the results were 

similar to the alignment done above. 

Results of On-line Analysis of Alu Elements 

Alu X3-A1 X4-A1 X5-A1 X5-A2 X5-A3 X5-A4 

Subfamily Sbo Sx Sbl Sbl Sc Sx 

Similarly, X5-A1 and X5-A2 were determined to be younger 

Sbl subfamily members. X4-A1, X5-A3, and X5-A4 are 

apparently older Sc or Sx subfamily members while X3-A1 

belongs to the younger Sb subfamily but not to Sbl or Sb2 

subgroups. The uncertainty in the classification of X3-A1 

may be caused by the truncation at its 5' end. 
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Figure 14: Alignment of Alu elements and Alu consensus 

sequences. The first line shows the general consensus 

(Britten et al., 1988). The second line is the Sb subfamily-

consensus (Matera et al., 1990). Agreement between 

sequences is shown by dots, and short bars denote single nt 

deletions. Only bases that vary from the consensus sequence 

are shown. The asterisks represent the gap corresponding to 

the 46 bp duplication in X5-A4. The duplicated sequence is 

aligned under the X5-A4 sequence. The split internal 

promoter sequences for RNA polymerase III (Elder et al., 

1981) are indicated by overlines and CG dinucleotides are 

indicated by underlining. 
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Figure 14 
COMPARISON OF ALUS WITH ALU CONSENSUS SEQUENCE 

CON 
Sb 
X3A1 
X4A1 
X5A1 
X5A2 
X5A3 
X5A4 

Sb 
X3A1 
X4A1 
X5A1 
X5A2 
X5A3 
X5A4 

CON 
Sb 
X3A1 
X4A1 
X5A1 
X5A2 
X5A3 
X5A4 

GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCC 

. . .T. 

.A.T. 

,T. T. 
.A. 
.A. 

. . .C. . .AT T. 

...T...A.A..TT....T. 
,T. 

CON GAGGCGGGCGGATCACTTGAGGTCAGG*AGTTCGAGACCAGCCTGGCC 

A A. .T. . 
T A. 

A. . . T 
A...T.. 

*. .A T T 
.-A.TAAAA..T*.T.AA.G.T. .CT T 
.C * A 
. * . . A T T 

*. .A.A T T 
A.*. .A.T T 

C ~ 
( . .T. . .G C, 

AACATGGTGAAACCCCGTCTCTACTAAAAA-TACAAAAAA--
C 
C T A. .TT 

A 
CC A -

T - ACAA 
GGGG-- . .G ---

.G TT -

. . TG TT ) 

A 

TTAG 

CON 
Sb 
X3A1 
X4A1 
X5A1 
X5A2 
X5A3 
X5A4 

CCGGGCGTGGTGGCGCGCGCCTGTAATCCCAGCTACTCGGGAGGCTGA 

..A...A... G..A... . . .G A 
A.... ....A.A T 
A. . . G.T.... . . .G 

A ...T.G . . .G 
T 

T. .A. 
.A. A. A. A. 
...A.AT.. 

.A. 

.A. 

CON GGCAGGAGAATCGCTTGAACCCGGGAGGCGGAGGTTGCAGTGAGCCGA 
Sb G..G C 
X3A1 A G..G T T A. . . T.C . . . - . T. . 
X4A1 T G..T A A. 
X5A1 G..A A C 
X5A2 C...G..G C A 
X5A3 C A A. 
X5A4 C.A A A T T. . . 
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CON GATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTC 
Sb 
X3A1 A 
X4A1 . .CT.T.T .CT A TA 
X5A1 ....A - A AA 
X5A2 A.T G A CT A 
X5A3 A T T TG..A 
X5A4 ...T.T A T ATA 
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Some of the truncated Alu elements could reflect 

nucleotide changes that happened during the process of 

retroposition. The Alu repeat in phX-3 is located about 800 

basepairs downstream of the 28S rRNA retropseudogene RNRP2, 

in the opposite orientation. This Alu element (X3-A1) is 

only 212 basepairs long, about 75 nt shorter than the 

complete Alu consensus sequence, and is truncated at the 5' 

end. The truncated X3-A1 is flanked by identical 17-bp 

direct repeats (Figure 4). Since the truncation is at the 

5' end of the left monomer unit (which includes the region 

containing the RNA polymerase III promoter box A) , it is 

possible that the truncation may have occurred at the RNA 

level during the retroposition process as a result of 

incomplete reverse transcription or exonuclease attacks 

during integration. 

Alu sequences have been proposed as sites of 

recombination events responsible for the duplication and 

evolution of new genes in the human genome (Kudo and Fukada, 

1989). Alu elements contribute to genomic evolution in 

different ways, including homologous recombination between 

neighboring Alu elements, leading to gene duplication or 

deletion. One Alu element (X5-A4) isolated in this study 

illustrates this hypothesis. X5-A4 is the fourth Alu element 

in the human genomic clone LhX-5. It is about 340 base pairs 

long, which is 46 nt longer than the Alu general and Sb 
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consensus sequences. Sequence analyses revealed a 46-nt 

duplication in the left half of the Alu monomer, right 

before the A-rich stretch. Therefore, this is an unusual 

Alu element. The duplication in the X5-A4 Alu element 

appears to have been created by unequal recombination of the 

two Alu repeats. There are two possibilities for the origin 

of this X5-A4 element. One (as illustrated in Figure 15A) 

is that the two complete Alu repeats rearranged with one 

another, causing a duplication through unequal 

recombination. An alternative possibility (Figure 15B) is 

that two Alu elements were rearranged elsewhere in the 

genome and then subsequently inserted via retroposition into 

the current location. The second model is based on the 

assumption that the promoter of the rearranged Alu element 

was transcriptionally active and the Alu element could be 

transcribed. To clarify this, two 46-bp duplicated 

sequences (named B and b), originally belonging to two 

different Alu elements, were each compared to the Genbank 

database. The 10 matches with the highest degree of 

positional identity proved to be different sets. 

These two alternative models can be distinguished by 

looking for direct repeats, because the two models in Figure 

15 predict different outcomes. The model in Figure 15A 

predicts dissimilar flanking sequences, while the model in 

Figure 15B predicts identical direct repeats flanking the 
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Alu element. As shown in Figure 10B, there are no direct 

repeats within the X5-A4 flanking region. Therefore, the 

model shown in Figure 15A more likely predicts the origin of 

the X5-A4 Alu element. 
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Figure 15. Two possible models explaining the origin of the 

unusual X5-A4 Alu element. A. Two Alu elements already-

present in the location undergo recombination, producing an 

Alu element with different flanking sequences. B. Two Alu 

elements present elsewhere in the genome. After 

recombination, the rearranged Alu element can be transcribed 

and retroposed into the current location. This second model 

will result in similar direct repeats flanking the Alu 

element. 

In the figure, Box A represents X5-A4, bases 1-75; 

Box B represents X5-A4, bases 76-122; 

Box b represents X5-A4, bases 123-168; 

Box c represents X5-A4, bases 169-230. 
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To test whether the Alu elements isolated generated 

potential transcription products, the plasmid subclones were 

used as templates for in vitro transcription assays by 

Dr.Irma Pirtle of this laboratory. However, no presumptive 

transcripts (tRNA or Alu products) were detected. 

Therefore, these Alu family members do not appear to have 

RNA polymerase III promoter activity. (The Alu sequence in 

phX-3 apparently does not have a promoter since a large 

segment, including the promoter region in the left half of 

the Alu element, is truncated). In Figure 14, the putative 

RNA polymerase III promoters of the Alu elements are 

overlined. Almost all of the six Alu elements have mutations 

in the promoter box B region. These substitutions might be 

responsible for the lack of any apparent RNA polymerase III 

promoter activity. 

In addition, many Alu elements have been found to contain 

microsatellite sequences (also known as short repetitive 

sequences consisting of dinucleotides or trinucleotides), 

instead of the poly(A) tail of the right monomer unit. This 

is also true here, one (X5-A3) out of six Alu elements in 

this study contained poly(AAC)n instead of the usual poly(A) 

tail. It has been proposed (Kariya et al., 1987) that the 

poly(A) tails of the Alu elements are hot spots of 

retroposition of repetitive elements and other simple repeat 

sequences (Kariya et al., 1987; Epstein et al., 1990). A 
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simple repetitive sequence can adopt a left-handed 

conformation (Z-DNA) according to several criteria 

(Kilpatrick et al., 1984). This type of sequence also 

appears to be a hot spot for initiating or terminating gene 

conversions in the primate fetal gamma-globin genes (Fitch 

et al., 1990) . 
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3. Long Interspersed Nucleotide Elements (LINEs) 

The 350-bp HincII/Ncol fragment in phX5K2 (figure 10B and 

figure 12C) was sequenced because it hybridized to the 

unfractionated bovine liver tRNA probe. However, after 

conducting computer searches, no potential tRNA genes or 

tRNA pseudogenes were found. However, this region is 

homologous to the 3' end of a human LINE (long interspersed 

nucleotide element) family (Weiner et al., 1986). The Kpnl 

family is a long interspersed repetitive sequence family in 

primate genomes, one of the two most abundant classes of 

interspersed repetitive sequences (SINEs and LINEs). The 

name came from reports of repeated restriction endonuclease 

fragments of characteristic size in human and other primate 

DNAs. The sequence of the Kpnl family of LINEs is about 6 

kb and 20-50 thousand copies occur per haploid genome 

(Weiner et al., 1986). 

The homologies of phX5K2 with the Kpnl family sequences 

retrieved from GenBank are around 80%. The LINE sequence 

with the highest degree of homology with phX5K2 is in the 5' 

flanking region of the human steroid reductase pseudogene, 

with an identity of 91% in the 3' end region (320 bp), as 

shown in Figure 16. This suggests that the Kpnl repetitive 

element in clone LhX-5 is closely related to one discovered 

in the human steroid reductase pseudogene (Jenkins et al., 

1991; GenBank database locus: HUMSRD5AP) 
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Figure 16. Nucleotide sequence of the segment of phX5K2 

containing the 3' end of a human long repetitive element. 

The sequence is compared with the long repetitive element 

from the human steroid reductase pseudogene (GenBank 

accession number M68887). The vertical bars indicate 

identity; dashes within the sequences indicate gaps 

introduced to optimize alignment. The numbers above the 

sequences are for the sequence phX5K2; the numbers below 

the sequences are for the human steroid reductase pseudogene 

(Jenkins et al., 1991) 
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Figure 16 
phX5K2 . seq vs HUMSRD5AP 

HSP: HUMSRD5AP, H.sapiens steroid reductase pseudogene. 

Positives = 270/320 (91%), Strand = Minus 

phX5K2 333 
GAAACCATCATTCTCCGCAAACTATTGCAAGGGACAAAAAA-CCAAACACCGCAT 280 
Mil I I I I I I II I I I I I II I I I I II I I I I I I I I I I I I I I I I I II I I I I I I 
GAAATCATCATTCTCAGCAAACTATCACAAGG -ACAAAAAAACCAAACACCGCAT 316 
HSP 263 

phX5K2 279 
GTTCTCACTCATAGGTGGGAACTGAACAATGAGAACACATGGACACAGGAAGGG 226 
I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II 
GTTCTCACTCATAGATGGGAACTGAACAATGAGAACACATGGACACAGGAAGGG 372 
HSP 317 

phX5K2 225 
GAACATCACACACCGGGGACTGTTGTGGGGTGGGGGAAGGGGGGAGGGATAGTG 172 
I I I II I I II I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I III 
GAACATCACACTCTGGGGACTGTTGTGGGGTGGGGGGAGGGGGGAGGGTTAGCA 424 
HSP 373 

phX5K2 171 
TTAGGAGAAATACCTAATGTTAAATGACGAGTTAATGGGTGC AGCACACCAACA 118 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II 
TTAGGAGATATACCTAATGCTAAATGACGAGTTAATGGGTGCAGCACACCAGCA 478 
HSP 425 

phX5K2 117 
TGGCACATGTATACATATGTAACAAACCTCGACGTTGTGCACATGT-CCCTAAA 64 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I 
TGGCACATGTATACATATATAACTAACCTGCACATTGTGCACATGTACCCTAAA 532 
HSP 479 

phX5K2 63 
ACTTAAAGTATAATAATAATAAAATAAAATTTAAAAAAGAAGAAAAAAAAA 14 
I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I III II I 
ACTTAAAGTATAATAATAATTAAAAAAAGAAAAAAAAAGAATAAAGAATA 582 
HSP 533 
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4. Identification of a Putative Conserved Sequence Element 

During GenBank comparisons to the phX-3 sequence, several 

segments in the database had homologies of around 60-80% 

with one region (nt 420-695) in the phX-3 sequence (figure 

4). Using this region only and the BLASTN computer program 

(Altschul et al., 1990) for conducting the comparisons with 

the GenBank database, more than 3 0 human and other mammalian 

sequences were identified that contained similar sequences 

in their non-coding regions. About 20 sequences that 

matched this region were retrieved from the GenBank 

database. Several human and other primate gamma globin gene 

sequences were also retrieved, since the phX-3 sequence (nt 

420-695) also had similarity with a segment of the 3' 

noncoding region of these genes. After the sequences that 

were sufficiently long enough were aligned with each other, 

it became clear that these sequences are 60-80% homologous 

to each other. Most of the sequences are truncated, 

especially in the 5' region. The 3' ends of these conserved 

sequence elements mostly contain A-rich tracts or simple 

repetitive sequences. A consensus sequence was derived as 

shown in the aligned sequences in Figure 17. It is about 

315 bp long, with the (G+C) percentage being around 52%. 

The sequence elements are usually located in either the 

flanking regions or an intron of the genes. The sources and 

locations of these sequences are presented in Table 8. 
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Figure 17: Optimal alignment of sequences containing 

presumptive conserved sequence elements (CSE) with the 

reconstructed consensus sequence. The names with three or 

four letters/numbers are the abbreviations of the locus 

names of sequences retrieved from GenBank. The locus names 

are shown in Table 8. X3 is the sequence in phX-3 originally 

derived from LhX-3. "CON" is the consensus sequence 

constructed by alignment of the sequences retrieved from the 

GenBank database. In the alignment, the sequence underlined 

is the consensus sequence. For the other sequences, only 

bases that differ from the consensus are shown. Agreement 

with the consensus sequence is indicated by dots. Gaps 

(indicated by dashes) are introduced to provide a better 

fit. The caret denotes insertion(s) which are listed under 

the alignments. 
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Figure 17 
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110 120 130 140 150 
STRO TGA.A A A C.ATTAG. . . ~A. .GGGG. . .AA.TC.CAC 

. .T 
C.C 
. .C 

2XE9 ... A.TT T. . .GATG. . . - .-C 
7097 . . .G.AG A.-. N. 
S201 A C G A G A.-
POLA TG..C...T AA G -C 
PCI T.G.A.A-... . .C G -C 
TX60 CAC C..A T..C-T 
S468 G.T CA TG...- --
CAPG .C A..T CAA G -..AT AT-... 
8812 .C N G. CA T. TG. . A- .C.. —C . 
CON CACTGTGTCCTCACATGGTGGAAGGAGCAAGG-GAGCTCTCTGGGCGTCTC-T 
X3 A G CT-. .A. . .C. .T. .-AC. .-A 

...TC.-
,.A-... 
..AA-.. 
..A-.C. 
.T.-... 
.A.T... 

HGLB C CG. A , ...A.. A, .T.GCTTG.. . .CT. • T. . . . GA 
BGGL C. . A G T.GCT.G.. . .CT. • T. . . .GA 
OGLB ....... CG. .A. . ...A.. . .A. .T.GCTTG.. . .CT. .T. , . .GA 
CGLB .......OG. .A. . • . . A. i . .A. .T.GCTTG.. . .CT. .T. , . .GA 
GGLB TG. , A, , ,..A.. , . A. ,C.GCTTG.. . .CT. .T. , . .GA 

160 170 180 190 200 210 
STRO A. .C. .A C. .G T.G--AG. . .T. . .T. . 
2XE9 .CAT. . .AAA.GT T..C...G.. .TATT.--TGG — .-.GT. 
7097 . .-G. . .A. . .T T G. . .A. . .TG--T --
S201 .C-. . .G. .A T. . .A.TT. .--C A. 
POLA ...CCG T A. .G-TT. .TG.TGA 
PCI . . .G A. . .CG TG CA. .T.--C C. 
TX60 G A--.. C...... 
S468 . . .G C CAG C .--AC . .TC. . . 
CAPG C AC. . .G. .T AAGA.-.T.--AG.TT.T.—C. 
8812 G AA--.. T..T..TT— 
CON TTTATAAGGGCACTAATCCCATTCATGAGGGCGC - -NACCCTCA- -TGA-CCT 
X3 TG .C.--TG.T.A. 
HGLB AAGGA. . ATAATT. T. . GATGGGG. . CT. CT. TTATG. -G GC . AAA 
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OGLB AAGGA. . ATAATTTT. . GATGGGG. . CT. CT. TTATG. -G TC . A. A 
CGLB AAGGA. . ATAATTTT. . GATGGGG . . CT. CTCTTATG. -G TC . A. A 
GGLB AAGGA. . ATA. TTTT. . GATGGG- . . CT. CTCTTATG. -G TC. A. A 
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220 230 240 250 260 
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Table 8. The sources and locations of the sequences 

containing putative conserved sequence elements (CSE). 

"ABB" represents the abbreviation used in the sequence 

alignment in figure 17. "LOCUS" is the locus name of the 

sequence element in the GenBank database. "NAME" describes 

the particular gene name. "LOCATION" shows where the 

sequence element locates in its gene sequence. "% TO CON" 

indicates the percentage of identity of the sequence element 

to the deduced consensus sequence in figure 17. 
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ABB. LOCUS NAME LOCATION % TO CON 

7097 : T07097 Human cDNA clone HFBED62 68. 3 

X3 : HUMPS28S Human 28S retropseudogene 5' 74. 0 

PCI : HUMPCI Human protein C inhibitor 
aene 

intron 75. 1 

S201 : HUM4STS201 Human chromosome 4 
STS4-201 

— ~ 64. 9 

POLA : HUMDNAPOLA Human DNA polymerase 
aloha aene 

5' 75. 4 

TX60 : : HSDYSTX60 Human dystrophin gene 
exon 60 

intron 59 64. 2 

STRO : ; HUMDYSTRO Human dystrophin gene 
exon 44 

intron 44 72. 0 

S468 : : HUM4STS468 Human chromosome 4 
STS4-468 

78. 0 

CAPG : : HUMCAPG Human cathepsin G gene 3' 63. 7 

2XE9 ; : HS262XE9 Human DNA clone 
containing (CA) repeat 

3' 66. 0 

8812 : : M78812 Human cDNA clone HHCMG16 73. 0 

HGLB : HSGLBN Human fetal A-gamma and 
G-gamma aene 

3' 60 

OGLB : ORAGM12GLB Orangutan, Pongo Pygmaeus 
aamma-1 and 2 blobin aenes 

3' 60 

CGLB : CHPGM12GLB Chimpanzee, Pan Troglodytes 
aamma-1 and 2 alobin aenes 

i 3' 60 

GGLB : GORGM12GLB Gorilla gamma-1 and 
aamma-2 alobin aenes 

3' 60 

BGGL : GIBHBGGL Gibbon gamma-1 and 
aamma-2 alobin aenes 

3' 60 
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At first glance, these homologous sequences resembled 

segments of DNA fragments derived from the 3' non-coding 

regions of the gamma globin genes (Slightom et al., 1987; 

Fitch et al., 1990; Shen et al., 1981) that had drifted into 

other regions of the chromosomal DNA, apparently by 

retroposition. If this is the case, it should be possible to 

find the direct repeats flanking the sequence elements. As 

indicated in Figure 4, there are two short sequences 

(CAAAACC ACACAA/GCACA) flanking the sequence in phX-3 

that look like direct repeats. Similar direct repeats, 

which are in the form of CTCATCA/TT TGGAT/AGCCTTG/CTG, 

were found in the broad region of the sequence element in 

the intron of the human dystrophin gene Exon 60 (Koenig et 

al., 1989). There was also a pair of short direct repeats 

(CAGGCCA) flanking the sequence element in the 3' flanking 

region of the human cathepsin G gene. Whether there are 

direct repeats located in the flanking regions of the other 

sequence elements retrieved from GenBank is not known, since 

most of the sequences retrieved were incomplete either in 

the 5' or 3' regions. 

Besides similarities with the gamma globin 3' non-coding 

region, there are also significant differences of the 

sequence elements with the gamma globin gene sequences. 

First, there is a 34 nt insertion from the position of 30 to 

64 of this element, which was not found in any of the gamma 
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globin gene sequences, suggesting that it was not likely-

derived simply by mutation. Another significant difference 

was the uneven distribution of the homology within the 

globin sequence. Although the overall identities with the 

globin sequences are around 60%, one region of 120-250 nt 

spanning about 150 basepairs had a homology below 50%. This 

also could not be considered as random mutation of about 

25%. 

The 60-80% rate of homology can group these sequences 

into repetitive families. This sequence element appears to 

be quite conserved among mammals, especially human, 

indicating evolutionary conservation and possible functional 

properties. As a number of examples have indicated, cis-

acting sequences that regulate gene expression can be 

present in the introns or in the 3' flanking region of a 

gene (Coulombe et al., 1988; Rcisman et al., 1988). These 

sequence elements might also be one kind of regulatory 

element or a group of low frequency repetitive elements. 

There has been no report so far about this possible group of 

repetitive sequence elements. 
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