
lop-11 lig+-l were then isolated as de- 
scribed (2). Since these phages contain 
the attachment site and int and xis genes, 
they can integrate into the host chromo- 
some and can be maintained in the pro- 
phage state (6). Recombinants containing 
lig can be easily detected since a condi- 
tionally lethal ligase mutant, ligts 7 (7), 
will grow at 43?C when Xgt4-lop-1 1 lig+ is 
carried as a prophage. A double lysogen 
of X+ and Xgt4-lop-ll lig+ was used to 
prevent the induction of phage growth at 
high tcmperature that occurs as a result 
of the temperature-sensitive mutation 
(ci857) in the X repressor carried by the 
Xgt vector. Lysogens containing Xgt4 or 
Xgt4-lop-1 1 lig+ were induced by a shift to 
43?C, and the cell extracts were assayed 
for DNA ligase activity (Table 1). This 
modified vector system produced an in- 
crease in ligase levels to approximately 
100-fold over that in uninfected lig+ cells, 
a significant improvement over the ten- 
fold increase observed with Xgt-lop- 
11 lig+ (2). 

Xgt4-lop-ll lig+ was further modified 
by introducing an amber mutation (S7) in 
the S gene (which prevents cell lysis) (8) 
by genetic recombination (9) between 
Xgt4-lop-11 lig+ and XcI857 nin5 S7. 
Lysogens containing Xgt4-lop-11 lig+ S7 
can be incubated for up to 2.5 hours after 
induction without significant cell lysis. 
DNA ligase levels in these cells increased 
continuously from the time of induction 
until lysis finally occurred (Fig. 2). Ex- 
tracts of such cells harvested 2 hours after 
induction showed DNA ligase levels that 
exceeded those in uninfected lig+ ex- 
tracts by more than 500-fold. Since there 
is also overproduction of X capsid pro- 
teins, the increase in specific enzyme ac- 
tivity is somewhat less (400-fold). We es- 
timate that ligase represents approxi- 
mately 5 percent of the protein in these 
extracts. 

Early work with the lactose repressor 
carried on a defective X phage demon- 
strated the correlation between the num- 
ber of copies of lactose i gene and the 
amount of repressor present (10). Since 
then, a variety of phages have been used 
as vehicles for gene amplification. For ex- 
ample, a X transducing phage that con- 
tains the DNA ligase gene has been iso- 
lated which, during vegetative growth, 
produced a 30-fold increase in ligase ac- 
tivity (11). The X vector system that we 
have constructed in vitro has a number of 
very attractive features. Cells containing 
the vector as a prophage are stable, and X 
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carries no known translocons capable of 
the recA-independent transfer of DNA 
segments known to occur with some plas- 
mids (12). Since the hybrid DNA is pres- 
ent in only a single copy in the prophage, 
it should be possible to clone genes in X 
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which would be lethal to the host in 
multiple copies. Furthermore, the pres- 
ence of the cloned gene in a single, unique 
sequence within the cell lessens the 
chance of sequence variants arising 
among a pool of gene copies. Amplifica- 
tion of the gene and, hence, the amount of 
enzyme coded for by the gene, is 
achieved, when desired, by induction of 
the prophage. The amber mutation in the 
S gene allows a long period of gene ampli- 
fication and expression before extracts 
are prepared and, thus, even further en- 
hances overproduction. It is obvious that 
the enzyme overproduction attained with 
this system significantly reduces the 
amount of purification necessary to ob- 
tain homogeneous protein and thus 
should make it substantially easier to pre- 
pare the large quantities of pure DNA li- 
gase required for the detailed analysis of 
its structure and mechanism. 
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sequence family. 

Interspersion of short repetitive DNA 
sequences with single copy sequences ap- 
pears to be a widespread feature of higher 
animal genomes. DNA sequence organi- 
zation in many animal genomes, repre- 
senting a wide range of phylogenetic 
groups, has now been examined in some 
detail (1-8). In the typical case a majority 
of the genome consists of short repetitive 
sequences about 300 nucleotide pairs 
long interspersed with single copy se- 
quences about 1000 to 3000 nucleotide 
pairs long. Exceptions to this general pat- 
tern of DNA sequence organization have 
so far been found only in the DNA's of 
several insects, including Drosophila 
melanogaster (5, 6), the honeybee Apis 
mellifera (7), and the midge Chironomus 
tentans (8). The genomes of these orga- 
nisms are relatively small, and they do 
not contain detectable quantities of short 
repetitive DNA sequences interspersed 
with single copy DNA. 

Current knowledge of DNA sequence 
organization derives largely from mea- 
surements of binding to hydroxyapatite 
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of partially renatured DNA fragments of 
various lengths which contain repetitive 
duplex. The fraction of these fragments 
included in repetitive duplex regions and 
in the flanking single-strand nonrepetitive 
"tails" has been assayed optically, and 
by measuring the amount of renatured 
DNA that is resistant to digestion with 
single-strand specific nuclease. Addition- 
al evidence has been obtained by electron 
microscopy of the renatured DNA struc- 
tures (3-5). These methods have yielded a 
quantitative insight into the average pat- 
terns of sequence organization in animal 
DNA's. We now describe recent progress 
in analyzing the specific features of inter- 
spersed sequence organization in several 
cloned fragments of sea urchin DNA. In 
such fragments, it is possible to deter- 
mine the spacing and the exact length of 
the individual repetitive sequence ele- 
ments, as well as their repetition fre- 
quency in the genome. An additional 
question of significant theoretical interest 
(9), which can be investigated in cloned 
DNA fragments, is whether neighboring 

189 

of partially renatured DNA fragments of 
various lengths which contain repetitive 
duplex. The fraction of these fragments 
included in repetitive duplex regions and 
in the flanking single-strand nonrepetitive 
"tails" has been assayed optically, and 
by measuring the amount of renatured 
DNA that is resistant to digestion with 
single-strand specific nuclease. Addition- 
al evidence has been obtained by electron 
microscopy of the renatured DNA struc- 
tures (3-5). These methods have yielded a 
quantitative insight into the average pat- 
terns of sequence organization in animal 
DNA's. We now describe recent progress 
in analyzing the specific features of inter- 
spersed sequence organization in several 
cloned fragments of sea urchin DNA. In 
such fragments, it is possible to deter- 
mine the spacing and the exact length of 
the individual repetitive sequence ele- 
ments, as well as their repetition fre- 
quency in the genome. An additional 
question of significant theoretical interest 
(9), which can be investigated in cloned 
DNA fragments, is whether neighboring 

189 

Interspersion of Short Repetitive Sequences Studied 

in Cloned Sea Urchin DNA Fragments 

Abstract. The length and spacing of repetitive sequence elements were studied in 
several cloned sea urchin DNA fragments. Sequence organization in these fragments 
was found to be of the short interspersed form expected for sea urchin DNA, and for 
one clone the evidence shows that nearby repeats do not belong to the same repetitive 

Interspersion of Short Repetitive Sequences Studied 

in Cloned Sea Urchin DNA Fragments 

Abstract. The length and spacing of repetitive sequence elements were studied in 
several cloned sea urchin DNA fragments. Sequence organization in these fragments 
was found to be of the short interspersed form expected for sea urchin DNA, and for 
one clone the evidence shows that nearby repeats do not belong to the same repetitive 



interspersed repetitive sequences are 
members of the same or of different re- 
petitive sequence families. 

Eco RI fragments of sea urchin DNA 
which contain both unique and repetitive 
sequences were cloned in the plasmid 
pSC101 and in an ampicillin resistant de- 
rivative of Col El, RSF2124 (10). The 
methods used and the general character- 
istics of the clones obtained have been 
described. Eight cloned fragments have 
been examined to various extents in the 
present work. These range in size from 
3300 to 8300 nucleotide pairs. The repeti- 
tive sequence content of each fragment 
was determined by reacting labeled 
cloned DNA fragments with excess 2000 
nucleotide long sea urchin DNA to C0o t 20 
(Co is the concentration of nucleotides in 
moles per liter, and t is the time in sec- 
onds), and then measuring the fraction of 
the cloned fragment resistant to digestion 
with the single-strand specific SI nucle- 
ase. The resistant fraction measures the 
amount of duplex formed between the re- 
petitive sequences of the cloned DNA 
fragments and the excess of sea urchin 
DNA. The result of these analyses are 
summarized in Table 1. Here it can be 
seen that seven out of the eight cloned 
fragments contain repetitive sequences, 
and that these constitute 6 to 20 percent of 
the total sea urchin DNA in the cloned 
inserts. One fragment contains no detect- 
able repetitive sequence. These results 
are approximately consistent with expec- 
tation for random samples of the sea ur- 

Fig. 1. Size determinations for repetitive se- 
quence elements in clones PSC34 and CS0859. 
Plasmid DNA's were labeled in vivo with [3H]- 
thymine. (A) PSC34 supercoils were treated 
with Eco RI, and the 7000-nucleotide-pair sea 
urchin fragment was isolated by gel electro- 
phoresis. The (+) and (-) strands of the 7000- 
nucleotide-pair firagment were prepared by al- 
kaline denaturation of the isolated fragment, 
followed by electrophoresis in a 1 percent aga- 
rose gel (14). The separated strands were rena- 
tured to Co t 20 with excess sea urchin DNA 
2000 nucleotides in length, and 'the reaction 
mixtures were treated with S1 nuclease (15). 
The S 1 resistant DNA duplexes were collected 
on hydroxyapatite columns and sized on a 4 
percent polyacrylamide gel with OX174 RF re- 
striction fragments as size markers (16). DNA 
at the top of the gel is renatured PSC34 derived 
from a small percent of cross contamination 
with the other strand. (B) CS0859 supercoils 
were treated with Bam HI, which cuts the 
RSF2124 genome once, but does not cleave 
this particular sea urchin DNA sequence. The 
linear molecules of unit length containing both 
the plasmid and the sea urchin DNA fragment 

Table 1. Repetitive sequence content of cloned 
sea urchin DNA fragments. Abbreviation: 
NTP, nucleotide pairs (18). 

Frag- S I 
Clone ment re petitive 

number* sizet r %t sequences 
(NTP) ? (NTP) 

CS0870 3300 7 230 
CS0895 3700 0 0 
CS0849? 5200 20 1040 

6400 6 390 
CS0859 5700 15 855 
PSC34 7000 13 900 
CS0025 8000 12 960 
CS0818 8300 18 1440 

*The designation CS indicates a sea urchin fragment 
cloned in plasmid RSF2124. PSC34 indicates a sea 
urchin fragment cloned in plasmid pSC101. 
tEstimated from electrophoretic mobility in agarose 
gels. tThe SI resistant duplex content at Co t 20 
was measured by binding to hydroxyapatite. 
?Clone CS0849 contains two sea urchin fragments, 
one 5200 nucleotide pairs long, the other 6400 nucle- 
otide pairs long. 

chin genome. Thus, at least 75 percent of 
the total DNA of this organism consists of 
repetitive sequences averaging 300 nucle- 
otides in length interspersed with longer 
single copy sequences (2). Regions dis- 
playing this form of sequence organiza- 
tion (2) include on the average about 14 
percent of the genome as repetitive se- 
quence, and > 61 percent as single copy 
sequence, or about 300 nucleotides of re- 
petitive sequence per - 1300 nucleotides 
of single copy DNA. In some cases the 
fraction of repetitive sequence will be sig- 
nificantly smaller since many single copy 
sequences are well over 2000 nucleotides 
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long (2). Similarly, some interspersed re- 
gions where the single copy sequences 
are only 1000 nucleotides or less (2) could 
have as much as 25 percent repetitive se- 
quences. An interesting question that 
can be answered by studying cloned se- 
quences is whether relatively short and 
relatively long single copy sequence ele- 
ments tend to be contiguous to each oth- 
er, or whether they tend to be scrambled. 

To determine the length of the repeti- 
tive sequence elements in the cloned frag- 
ments, we measured the size of the S1 
nuclease resistant DNA duplexes on 
polyacrylamide gels. Experimental pro- 
cedures are described briefly in the leg- 
ends of Figs. 1 and 2. Self-reaction of the 
cloned sea urchin fragments was avoided 
by the use of strand-separated cloned 
fragments. Results for two of the cloned 
fragments are shown in Fig. 1, A and B. It 
can be seen that the individual repetitive 
sequences in these clones, PSC34 and 
CS0859, are short. Their length is about 
300 to 500 nucleotide pairs. Together with 
the measurements shown in Table 1, 
these data indicate that there are two or 
three such sequences in each of the two 
cloned fragments. The cloned fragments 
thus appear fairly typical of the inter- 
spersed repetitive sequences of the sea 
urchin genome. 

If they are interspersed with single 
copy sequence, the individual repetitive 
sequence elements on each fragment 
could be homologous; for example, s,-a- 
s2-a-s3, where "s" is single copy se- 
quence and "a" is a given repetitive se- 
quence, or they could be heterologous, 
for example, s,-a-s2-b-s3, where "a" and 
"b" belong to different repetitive se- 
quence families. If they are homologous, 
several different registrations are pos- 
sible when the DNA is renatured, and a 
branched or looped renaturation product 
will sometimes be formed; for example, 

s a-- s2 S3 

a' 
/ \ sI --2 a' st3 

If the repeats are heterologous, however, 
only one registration is possible: 

S1 -a -s2 -b -S3 

s'tl-a'-s'2-b'-s'3 

To distinguish between these alternatives 
the cloned fragments were renatured and 
the structures formed were examined in 
the electron microscope. Out of hundreds 
of examples of structures of the length of 
the sea urchin DNA inserts inspected, on- 
ly long, perfectly paired, nonbranched 
duplexes were observed. A sample is 
shown in Fig. 2A. This experiment in it- 
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Fig. 2. Electron micrographs of renatured cloned sea urchin DNA fragments. (A) Unit-length sea urchin DNA fragments from plasmid PSC34 were 
denatured with alkali and renatured. They were then dialyzed into a solution of 57 percent formamide, 0.1M tris, 0.01M EDTA,pH 8.5 (12). They 
were spread for electron microscopy from this medium by a modification (12) of the Kleinschmidt procedure. Several renatured PSC34 fragments 
are shown. The bar represents 1 kilobase pair. (B) A PSC34 molecule is shown after renaturation with excess sea urchin DNA to C0 t 20. A terminal 
poly(A) tail had been added to the PSC34 fragment as described in text, and most of the excess sea urchin DNA was removed by passing the reaction 
mixture over an oligo(dT) column. The bar represents 1 kilobase. An interpretation of the complex structure formed is shown below the photograph. 

self does not necessarily prove that the 
adjacent repetitive sequences are heterol- 
ogous, since it is difficult to exclude the 
possibility of branch migration. The inter- 
pretation given here has been confirmed 
in an independent manner for clone 
PSC34 as follows. The sea urchin DNA 
insert was digested with restriction en- 
donuclease Hha I, yielding nine discrete 
fragments. When reacted with sea urchin 
DNA, six of these proved to contain re- 
petitive sequence. None of the Hha I 
fragments were able to react with each 
other. Therefore, there is no homology 
among the repetitive sequences on this 
fragment. At least for this case, the prox- 
imal repeat elements must belong to dis- 
tinct repetitive sequence families. 

The total length of the six fragments 
that contain repetitive sequence is 3200 
nucleotide pairs. However, as Table 1 
shows, PSC34 contains only about 900 
nucleotide pairs of repetitive sequences. 
Therefore, 2300 nucleotide pairs of single 
copy DNA must be included in these frag- 
ments. Since the largest two Hha I frag- 
ments containing repetitive sequences 
are 640 and 700 nucleotide pairs, the 
single copy DNA must be included in 
more than two fragments. It follows that 
more than one repetitive sequence ele- 
ment exists on PSC34. This conclusion is 
consistent with the data of Fig. 1A, where 
it is shown that the individual repetitive 
sequence elements are only 300 to 500 nu- 
cleotides in length. 

To investigate the spacing of the repeti- 
tive sequences of the cloned fragments, 
we developed a technique for visualizing 
the interspersion pattern in the electron 
microscope. The 7000-nucleotide sea ur- 
chin fragment was purified from the plas- 
mid sequence after Eco RI treatment by 
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gel electrophoresis, and polyadenylate 
[poly(A)] tracts of a few hundred nucle- 
otides in length were enzymatically at- 
tached to the 3' termini of the fragment by 
the terminal transferase method (11). 

The cloned sea urchin DNA fragment 
was reacted to Co t 20 with excess sea ur- 
chin DNA of average fragment length of 
1400 nucleotides, and the partially rena- 
tured molecules were then passed over an 
oligo(dT) (dT, deoxythymidylate) cellu- 
lose column. The bound fraction was 
eluted with a solution of 10 mM tris, pH 
7.4, 5 mM NaCl, and 1 mM EDTA at 
room temperature; under these condi- 
tions, the repetitive DNA duplexes re- 
mained intact. The bound fraction was re- 
cycled over another oligo(dT) cellulose 
column to further reduce the driver DNA 
background. It was then concentrated 
and prepared for electron microscopy 
(12). Molecules of the length of the PSC34 
fragment were observed in the spreads, 
and these always displayed branched 
structures formed by reaction with sea ur- 
chin DNA. Shorter DNA driver mole- 
cules displaying typical interspersed 
branched structures (3) were also ob- 
served. An example of a complex of 
PSC34 fragment and sea urchin DNA is 
reproduced in Fig. 2B. There appear to be 
two duplex regions separated by about 
1000 nucleotides. More than 30 such 
molecules were analyzed, and the struc- 
tures found in all were consistent with 
one particular sequence organization. 
One end of the PSC34 fragment appears 
as a long (3000 nucleotides) "tail" con- 
sisting mainly of single copy DNA, while 
the other contains interspersed repetitive 
sequences. In some cases, a short repeti- 
tive sequence was observed in the "tail" 
region of the molecule. Since the driver 

sea urchin DNA fragments form 
branched single-stranded structures with 
the PSC34 fragment, the two families of 
repetitive sequence represented in clone 
PSC34 generally appear in the sea urchin 
genome in an environment of other se- 
quences, almost certainly single copy se- 
quences. 

The PSC34 fragment hybridizes with 
sea urchin oocyte RNA, and thus may 
contain a transcribed sequence that may 
be a structural gene responsible for the 
synthesis of a maternal RNA (T. Thomas 
and R. Angerer, unpublished results). Al- 
though still in progress, our studies dem- 
onstrate short period repetitive sequence 
interspersion in cloned DNA fragments. 
This, to our knowledge, has not pre- 
viously been observed since most studies 
so far published have been carried out on 
Drosophila DNA, which lacks short peri- 
od interspersion (13). The sequence orga- 
nization observed in these fragments is 
approximately in accord with average 
predictions made from physical measure- 
ments on the total DNA. 
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Reverse transcriptase has been used to 
synthesize complementary DNA (cDNA) 
copies of a variety of polyadenylated 
messenger RNA's (mRNA's). Several 
years ago, we discovered that reverse 
transcriptase leaves a short double- 
stranded hairpin structure when it termi- 
nates the synthesis of such cDNA's. This 
structure provides an efficient primer for 
second-strand synthesis by DNA polym- 
erase I (1) so that it is possible to synthe- 
size a double-stranded DNA copy of the 
mRNA sequence. This, and similar ob- 
servations (2), prompted us as well as oth- 
ers to use the self-priming characteristics 
of cDNA's made with reverse transcrip- 
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tase to develop general methods for clon- 
ing sequences copied from mammalian 
mRNA's in bacterial plasmids (3-5). Oth- 
er methods have been developed for clon- 
ing mRNA sequences that did not utilize 
the self-priming nature of cDNA's syn- 
thesized by reverse transcriptase (6). In 
some of these cases, however, the use of 
complicated steps to force priming arti- 
ficially at the desired location resulted in 
cloning efficiencies one to two orders of 
magnitude lower than that which we re- 
ported. 

We have described the character- 
ization of rabbit beta globin clones that 
we constructed using the cDNA tech- 

tase to develop general methods for clon- 
ing sequences copied from mammalian 
mRNA's in bacterial plasmids (3-5). Oth- 
er methods have been developed for clon- 
ing mRNA sequences that did not utilize 
the self-priming nature of cDNA's syn- 
thesized by reverse transcriptase (6). In 
some of these cases, however, the use of 
complicated steps to force priming arti- 
ficially at the desired location resulted in 
cloning efficiencies one to two orders of 
magnitude lower than that which we re- 
ported. 

We have described the character- 
ization of rabbit beta globin clones that 
we constructed using the cDNA tech- 

nique (3, 7). Our analysis included the de- 
termination of a 169-nucleotide sequence 
coding for the beta globin amino acid se- 
quences from cysteine 93 through the car- 
boxyl terminus of the structural gene (7, 
8). In the course of screening a series of 
36 plasmids (pHb51 through pHb86) for 
the presence and the orientation of beta 
globin gene sequences, we identified nine 
plasmids that appeared to contain alpha 
globin gene sequences. Here we report 
the preliminary characterization of these 
plasmids. 

Digestion with the two restriction en- 
donucleases Eco RI and Bam HI pro- 
vides a convenient method for screening 
beta globin gene sequences. A fragment 
70 nucleotides in length is liberated from 
plasmids which carry that portion of the 
beta globin gene which codes for amino 
acid residues 98 through 122. In addition, 
it is possible to determine rapidly the ori- 
entation of beta globin gene sequences 
within these plasmids by comparing the 
fragments liberated by digestion with 
Bam HI with those liberated with both 
Bam HI and Eco RI. Since there is a 
Bam HI site within the beta globin gene 
and another within the plasmid gene for 
tetracycline resistance, Bam HI diges- 
tion liberates a fragment in the size range 
600 to 1100 base pairs. If the orientation 
of the beta gene insertion is such that the 
Eco RI site is between the two Bam HI 
sites, then the corresponding fragment 
from a Bam HI plus Eco RI digestion will 
be 70 base pairs shorter. With the reverse 
orientation the Eco RI digestion does not 
affect this fragment. 
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Fig. 1. Plasmid pHb72 restriction fragment map. The number pairs above each line indicate amino acid correspondence for sequences bearing 
confirmed sites for the restriction endonucleases cited. The number pairs under each line indicate amino acid correspondence for sequences bearing 
possible sites for the enzymes cited. Single numbers between sites indicate the number of nucleotides between sites. The inserted sequences in 
pHb72 extend from the codon for valine (Val) 121 to approximately 12 nucleotides beyond the initiation codon. A wavy line indicates poly(dA . dT) 
homopolymer. The lengths shown (numbers in parentheses) for these homopolymer regions are approximate and were estimated from ladder 
sequencing gels (data not shown). The arrangement of the fragments in the map was determined by a combination of conventional techniques and 
correlation of sequencing results with the known amino acid sequence (10). 
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Nucleotide Sequences from a Rabbit Alpha Globin Gene 

Inserted in a Chimeric Plasmid 

Abstract. Rabbit alpha globin gene copies have been made, using reverse transcrip- 
tase and DNA polymerase I, and cloned in bacterial plasmids. Plasmid pHb72 has 
been shown to contain the alpha gene sequence by restriction enzyme analysis and 
nucleotide sequencing studies, and therefore has been approved for propagation un- 
der P2 plus EK1 conditions by the National Recombinant DNA Committee. 
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