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ABSTRACT
Double-stranded DNA molecules complementary to ovalbumin

chicken messenger RNA were synthesized in vitro and integrated
into the E.coli plasmid pCR1 using an oligodG-dC tailing pro-
cedure. The resultant hybrid plasmids, amplified by transfec-
tion of E.coli, were shown by hybridization and gel electropho-
resis to contain extensive DNA sequences of the ovalbumin struc-
tural gene.

INTRODUCTION
The expression of the ovalbumin gene is under hormonal

control (for a review, see ref. 1) and its isolation would be
very valuable for studies on the way in which steroid hormones,
histones, RNA polymerasesand other non-histone chromosomal pro-
teins, interact with DNA to control higher eukaryotic transcrip-
tion. Such studies would be facilitated if it were possible to
obtain in large amounts, fragments of DNA containing the struc-
tural ovalbumin gene plus its flanking putative regulatory se-
quences. There are two interrelated methods of molecular cloning
by which such fragments may at present be obtained (reviewed in
ref. 2 and 3). The first, which has recently becomeknown as
"shotgun cloning" involves the introduction into a bacterium of
fragments of DNA of an entire genome, followed by selection by
hybridization of those bacteria harbouring the gene or genes of
interest. The second approach, perhaps of lower potential bio-
logical risk, involves the preliminary purification of a gene-
containing fragment prior to its amplification within the bacte-
rium. The object of the work described here has been to amplify
within E.coli, specific sequences of the ovalbumin structural
gene so that these can be obtained in large amountsfor studying
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the ovalbumin gene organization and for use as a tool for selec-
tion of larger DNA fragments containing the ovalbumin structural
gene plus its possible regulatory sequences.

MATERIALS AND METHODS

1. Enzymes.
aAvian myeloblastosis virus (AMV) reverse transcriptase,

prepared according to the procedure of Kacian and Spiegelman (4)
was kindly provided by Drs.Beard and Houts. Calf thymus terminal
deoxynucleotide transferase was prepared according to the proce-
dure of Bollum (5), with minor modifications. E.coli DNA polyme-
rase I (fragment "A", ref. 6) was purchased from Boehringer. Re-
striction endonuclease EcoRI was prepared according to Green et
al. (7). Restriction endonucleases, R.HpaII and R.HaeIII, were

purchased from BRL (Bethesda Research Laboratories). Restriction
endonuclease digestions were carried out according to the recom-

mendations of the BRL booklet. Nuclease Si from Aspergillus ory-
zae was purified according to the procedure of Vogt (8).

2. Synthesis of double-stranded, oligodG-elongated ovalbumin
cDNA.

Ovalbumin synthesizing polysomes from laying hens were

purified by an indirect immunoprecipitation technique with rab-
bit anti-ovalbumin and goat anti-rabbit y-globulin (9). Immuno-
precipitated polysomes [more than 98% of the mRNA present in
the polysomes is ovalbumin mRNA (9)] were digested with pro-
teinase K (Merck) and the RNA was extracted with phenol-chlo-
roform. Polysomal RNA containing the ovalbumin messenger RNA
was used directly for cDNA synthesis. cDNA was synthesized in
a reaction mixture containing 50 mM Tris-HCl buffer pH 7.5, 10
mM MgCl2, 2 mM dithiothreitol, 200 ig/ml actinomycin D, 36 ig/ml

oligodT12-18 (Collaborative Research), 4.8 mg/ml immunoprecipi-
tated polysomal RNA, 120 pM [32P]dCTP (Amersham), 400 PM dGTP,
dATP and dTTP and 350 units (4) per ml of reverse trascriptase.
After incubation at 41°C for 1 h the reaction mixture was made
0.3 M in NaOH and incubated for a further 15 min at 680C in or-
der to hydrolyse the RNA. After neutralization with HCl, the re-
action mixture was passed through a column of Sephadex G-50 and

2390



Nucleic Acids Research

the cDNA was precipitated with ethanol in the presence of 30 pg/
ml of E.coli tRNA (Boehringer) carrier. The precipitate was re-

dissolved in 200 Pl of 0.2 M NaOH, 0.8 M NaCl and 5 mM EDTA and
layered onto the surface of a 5-20% alkaline sucrose gradient
in the same solution. After centrifugation at 39,000 rpm for 14 h
in a Spinco SW60 Ti rotor, the fastest-sedimenting portion of
the cDNA peak (about 30% of the total cDNA) was selected and pre-
cipitated with ethanol.

600 ng of cDNA was then incubated with 25 units of E.coli
DNA polymerase I (fragment "A", ref. 6) in a reaction mixture
(4.2 ml) containing 30 mM Tris-HCl buffer pH 7.5, 4 mM MgCl2,
0.5 mM 8-mercaptoethanol and 200 "M dATP, dCTP, dGTP and dTTP.
After incubation at 300C for 60 min, the reaction mixture was
extracted twice with phenol and dialyzed extensively against
H20, during which time the volume of the reaction mixture in-
creased to 6.0 ml. The reaction was then made 3 mM in ZnCl2, 30
mM in sodium acetate (pH 4.5) and 300 mM in NaCl, and a suffi-
cient quantity of nuclease Si was added to render 600 ng of
single-stranded cDNA acid-soluble within 40 min. After incuba-
tion at 400C for 80 min the reaction was extracted twice with
phenol, dialyzed extensively against H20 and lyophilized to re-
sidue. Assay of the acid precipitability of the original l 2p]_
labelled cDNA strand before and after nuclease Si treatment
showed that approximately 50% of the cDNA had been rendered
double-stranded under the above conditions. The lyophilized
double-stranded cDNA (ds-cDNA) was resuspended in 250 pl of 10
mM Tris-HCl buffer pH 7.5 containing 0.8 M NaCl, 8 mM EDTA and
layered onto the surface of a 5-20% neutral sucrose gradient in
the same buffer. The DNA was centrifuged for 13.5 h at 30,000 rpm
in a Spinco SW60 Ti rotor in order to select the fastest-sedimen-
ting DNA molecules which were dialyzed against H20. 60 ng of the
largest ds-cDNA in 1.6 ml H20 was made up to 10 mM HEPES buffer
pH 7.1 containing 5 mM MgCl2 and 1 mM a-mercaptoethanol; 250 PM
dGTP and 200 units-of terminal transferase were added (1 unit of
activity is defined as that amount of enzyme that will incorpo-
rate 10 pmoles of dCTP into acid-insoluble product in 5 min at
370C in the presence of 0.4 M HEPES buffer pH 7.1, 2 mM CoCl2,
2.5 mM a-mercaptoethanol, 0.13 pg/ml of oligodA1o and 1 mM dCTP),
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bringing the volume of the final reaction mixture to 2.3 ml. In-
cubation for 5 min at 37°C resulted in the addition of a suffi-
cient number of residues of dGMP to the termini of the cDNA

to allow efficient molecular hybrid formation with oligodC-elon-
gated linear pCR1 DNA as assayed by transfection of E.coli (see
below). The reaction was extracted with phenol and dialyzed ex-

tensively against H20 before use in transfection experiments.

3. Preparation of linear, oligodC-elongated pCR1 plasmid DNA.
Covalently closed circular pCR1 plasmid DNA (10) was se-

parated from cellular DNA by equilibrium banding in caesium
chloride/ethidium bromide gradients, followed by sedimentation
in a neutral 5-20% sucrose gradient. 30 ig of plasmid DNA was
incubated with sufficient EcoRI restriction endonuclease to con-
vert the superhelical DNA into linear unit length molecules as
assayed by electrophoresis on 1% agarose gels and by direct ob-
servation under the electron microscope. After phenol extraction
and ethanol precipitation 25 pg of linear plasmid was incubated
with 7 units of AMV reverse transcriptase for 70 min at 420C in
a 0.8 ml reaction mixture containing 50 mM Tris-HCl pH 9.0, 400
PM dATP, 400 pM dTTP, 10 mM MgCl2 and 2 mM dithiothreitol in or-

der to fill the cohesive termini left by the EcoRI restriction

endonuclease. After phenol extraction and ethanol precipitation,
11 pg of repaired linear plasmid DNA was incubated with 18 units
of calf thymus terminal transferase in 150 pl of reaction mixture

containing 100 mM HEPES buffer pH 7.2, 1 mM CoCl2, 1.25 mM 3-mer-
captoethanol and 1.26 mM dCTP. Incubation at 37°C for 20 min re-
sulted in the addition of a sufficient number of residues of dCMP
to the termini of the linear plasmid DNA to allow the formation
of molecular hybrids with oligodG-elongated ds-cDNA. The elongat-
ed plasmid DNA was phenol extracted, ethanol precipitated and

dialyzed against the hybridization buffer (see below).

4. Construction of molecular hybrids and transformation of E.coli
22.5 ng of oligodG-elongated ds-cDNA was mixed with 165

ng of linear oligodC-elongated pCR1 plasmid DNA in a volume of
200 pl of 10 mM Tris-HCl buffer pH 8.0, containing 0.1 M NaCl
and 1 mM EDTA. The hybridization mixture was heated to 650C for
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2 h and allowed to cool slowly to room temperature. An overnight
culture of E.coli C600 rk mk rec B C (11) was diluted into 160
ml of L-broth and incubated at 370C until the 630 nm absorbance
was 0.6. The cells were then spun down and resuspended in 80 ml
of cold 50 mM CaCl2 containing 50 pg/ml of thymidine. After

standing for 10 min on ice the cells were again spun down and
resuspended in 8 ml of cold 50 mM CaCl2 containing 50 pg/ml thy-
midine. The cells were kept on ice. Either 20 or 40 vl of the
molecular hybrid solution prepared as above was made up to 100 Vl
with 0.1 M Tris-HCl pH 7.0 and each sample was mixed with 0.2 ml
of the bacterial suspension. The cells were allowed to stand on

ice for 10 min and then maintained at 37°C for 5 min. 0.5 ml of
L-broth was added and the cells were shaken at 370C for 30-45
min. 0.2 ml aliquots of the cellular suspension was then spread
over tryptone plates containing 12 pg/ml of Kanamycin.

RESULTS

1. Construction of hybrid plasmids.
Several procedures have been developed for the integration

of cDNA molecules into bacterial plasmids. All of these methods
require tailing the linear plasmid and cDNA with short blocks of
complementary homopolymer in order to form circular hybrid mole-
cules. The cDNA is made double-stranded either before the con-
struction of hybrid molecules (11, 12, 13) or alternatively by
in vivo repair following transformation of E.coli by hybrid plas-
mids (14). In addition cDNA-mRNA hybrid molecules can be success-
fully integrated into plasmid vectors (15).

The method employed for the integration of ovalbumin cDNA
into the E.coli plasmid pCR1 was essentially the same as that
used by Rougeon et al. (11) for the molecular cloning of rabbit

~-globin cDNA. As described in Materials a.nd Methods and outlined
in Fig. 1, single-stranded cDNA was synthesized from purified
ovalbumin mRNA using reverse transcriptase.Thelongest cDNA mole-
cules with size approaching that of ovalbumin mRNA were selected by

sedimentation in alkaline 5-20% sucrose gradients. This so-called
"full length" cDNA has a length of approximately 1930 nucleotides
as determined by electrophoresis on 3% polyacrylamide gels con-
taining 99% formamide (see Fig. 6). "Full length" cDNA was made
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double-stranded by incubation with fragment A of E.coli DNA poly-
merase I (6). As observed by others (12, 16), the cDNA was able

to serve as a template for DNA polymerase without the addition of
a primer, although only approximately 50% of the cDNA could be

made double-stranded as assayed by resistance of the parental
strand to nuclease Si. Non-primer dependent synthesis of ds-cDNA

is presumably due to the ability of the 3'-OH terminus of the

cDNA to fold back upon itself to form a small hairpin structure
(16, 17). This terminal hairpin, together with any other single-
stranded regions were then removed by incubation with nuclease Si.

The ds-cDNA was found to sediment through a 5-20% neutral sucrose

gradient as a wide peak with an average length of about 1000 nu-

cleotide pairs (not shown). In order to maximize the probability
of obtaining clones containing "full-length" ds-cDNA, only the
fastest sedimenting portion of the ds-cDNA peak was selected. To
each 3' OH-terminus of this material oligodG was added using
calf thymus terminal transferase (18, 19).

In order to serve as a molecular cloning vehicle, the
E.coli plasmid pCR1 (11)was cleaved at its single EcoRI restric-

tion target, and the short cohesive termini of the linear molecu-
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le were reparied using reverse transcriptase (Fig. 1 and Materi-
als and Methods). The object of this step was to provide more
accessible 3'-OH termini for the subsequent action of terminal
transferase, and also to attempt to reconstitute the EcoRI re-
striction sites on either side of the integrated ds-cDNA (11).
The linear plasmid was then elongated with oligodC at each 3'-OH
terminus using calf thymus terminal transferase. OligodC-elongat-
ed linear pCR1 DNA and ovalbumin oligodG-elongated ds-cDNA were
hybridized together and used to transform E.coli.

Only circular plasmid molecules are able to infect E.coli
and in principle the only means by which an oligodC-elongated
plasmid DNA molecule can circularize, is by combining with oligo-
dG-elongated ovalbumin ds-cDNA. Moreover, since the plasmid car-
ries the resistance determinant of Kanamycin, bacteria harbou-
ring recombinant plasmids can readily be selected by plating
transformant cultures on agar contai-ning Kanamycin. Complete de-
tails of the method used for transformation of E.coli with hybrid
plasmids are given in Materials and Methods. Briefly, oligodG-
elongated ds-cDNA was hybridized with approximately a sevenfold
weight excess of oligodC-extended plasmid DNA. In a typical expe-
riment, hybrids formed between 22.5 ng of ds-cDNA and 165 ng of
linear plasmid gave rise to 284 transformants. Experiments em-
ploying higher plasmid to ds-cDNA ratios did not produce any ad-
ditional enhancement of the transformation efficiency. In control
experiments, 165 ng of oligodC-extended pCR1 DNA alone gave rise
to 16 transformants, while 1.5 ng of superhelical plasmid DNA
alone gave rise to 280 transformants. Hence hybrid DNA molecules
were able to transform E.coli at about 1% of the efficiency of
wild-type plasmid DNA molecules.

2. Analysis of recombinant clones.
A preliminary analysis of the recombinant clones was car-

ried out as described by Rougeon et al. (11). DNA was extracted
from colonies inoculated in L-broth and subjected to an overnight
incubation in chloramphenicol. The DNA was immobilized on nitro-
cellulose filters and hybridized with [3H] ovalbumin cDNA. This
experiment showed that about 75% of the colonies contained an

ovalbumin sequence (not shown).

2396



Nucleic Acids Research

Since, however, this sort of analysis provides no informa-
tion as to the length of the integrated sequence, the DNA of some
of the colonies was examined with respect to its capacity to pro-
tect "full length" ovalbumin cDNA molecules from nuclease Si di-
gestion. As shown in Table 1, most of the transformants selected
showed clearcut evidence of integrated ovalbumin DNA, with levels
of protection ranging from more than 5% to 85% of the input cDNA.

Ovalbumin-specific DNA sequences should be integrated into
the plasmid at the position of its EcoRI restriction site, and

TABLE 1

% protection of
"full length" cDNA
from nuclease Si

digestion

85
65
60
65
20
25
35
.5

45
.5

10
15
30
70
<5
<5
<5
<5
60
15
15
.5
<5

Plasmid
designation

pCRlov3 .20
3.21

3.22
3.23
3.25
3.26
3.27
3.28
3.29
3.32
3.33
3.34
3.35
3.36
3.37

3.38
3.39
3.40
3.41

3.42

3.43
3.44

% protection cf
"full length" cDNA
from nuclease S1

digestion

50
10
.5
25

10
<5
50

20
55
10
-5-

15
50
.5
35
10
.5
32
.5

40
<5
45

Total DNA was extracted from 10 ml cultures of 45 hybrid clones.
10 pl of DNA (between 1 and 2 vg) was mixed with 90 ul of 0.3 M
NaOH and heated to 1000C for 15 min. The solutions were then
neutralized with HCl and madeO.3M NaCl, 10 mM Tris-HCl pH 7.5,
1 mM EDTA, 0.1% SDS. Appro-ximately 33 pg of [3H]cDNA (specific
activity 15,000 cpm per ng) was added and the solutions were
heated at 100°C for 2 min and then at 68°C for 24 h. The mix-
tures were then incubated with nuclease S1, precipitated with
TCA and counted.

2396

Pl asmid
designation

pCRlov 2 . 1
2.5
2.6
2.10
2.16
2.17
2.23
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3. 10
3.11
3.14
3.15
3.16
3. 1 7
3.19
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two EcoRI sites should have been reconstituted on either side of

the integrated ds-cDNA. The DNA of wild-type plasmid pCR1, which

is about 13,000 base pairs in length as observed under the elec-

tron microscope (unpublished observations) is cleaved by restric-
tion enzyme R.HpaII into a series of fragments which can be re-

solved into more than 10 bands on 3% polyacrylamide-0.5% agarose
gels (Fig. 2). The slowest moving band (see right arrow, Fig. 2,

slot c) contains two fragments (not resolved on this print),
R.HpaII A and B, which are each approximately 700 base pairs in
length when compared with standard HaeIII fragments of SV40 DNA

(20) used as markers (slot a). The slower moving fragment, arbi-

trarily designated fragment A, is cleaved by EcoRI into a frag-
ment (Al) approximately 600 base pairs in length (see left arrow,

Fig. 2, slot b) and an additional fragment (A2) which is too

small to be detected on this gel. It can be concluded that R.HpaII
fragment A of pCR1 DNA contains an EcoRI cleavage site approxi-
mately 100 base pairs in from one end, and that this fragment

should carry the integrated ovalbumin sequences in hybrid plas-
mids, and hence should increase in size (see also Fig. 6).

a b c
FIGURE 2 Electrophoresis on 3% acry-
lamide-0.5% agarose gels (21) of endo-
nuclease R.HpaII fragments of wild-
type pCR1 DNA with and without further
cleavage by EcoRI. Slot a, HaeIII di-
gestion fragments of SV40 DNA used as
size markers; slot b, HpaII + EcoRI
digestion fragments of pCR1 DNA; slot
c, HpaII digestion fragments of pCR1
DNA. The arrows indicate those frag-
ments of DNA which are affected by
EcoRI cleavage (see text).
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Fig. 3 shows the R. HpaII cleavage pattern of the hybrid clone
pCRlov2.16 on a 3% acrylamide-0.5% agarose gel. This hybrid protects
about 20% of the "full length" cDNA from nuclease Si digestion
(Table 1). It will be observed that the plasmid R.HpaII fragmentA
(slot d, arrow 2) disappears to be replaced in the hybrid DNA
molecule by a slower migrating band which is 2000 base pairs in
length (Fig. 3, slot c, arrow 1). However, fragment B (see above)
also disappears (slot d, arrow 2), presumably because fragments
A and B are linked in the hybrid molecule, the HpaII cleavage
site connecting the two fragments being either deleted, or ren-
dered non-functional during the integration of ds-cDNA. As shown
in Fig. 3, slot b, the new pCRlov2.16 HpaII fragment is cleaved
by EcoRI to produce two smaller fragments of DNA, 1400 (arrow 3)
and 600 (arrow 4) base pairs long, respectively. The smaller
fragment migrates at the same position as the larger EcoRI clea-
vage product of R.HpaII wild-type fragment A (Fig. 2, slot b,
left arrow). It is concluded that pCRlov2.16 carries only one
reconstituted EcoRI cleavage site. Generally, the strategy of
regenerating the EcoRI cleavage sites so that the integrated ds-

a b c d FIGURE 3 HpaII cleavage pat-
tern on 3% acrylamide-0.5% aga-
rose gels (21) of pCRlov2.16
DNA with and without additional

4-1 cleavage by EcoRI. Slot a,
3-----HaeIII marker fragments of SV40

DNA (see Fig. 2); slot b,
-2 HpaII + EcoRI fragments of

pCRlov2.16 DNA; slot c, HpaII
||E~~~ - j fragments of pCR1ov2. 16 DNA ;

slot d, HpaII fragments of pCR1
wild-type DNA. Arrow 1 indicates
the larger fragment (slot c) pro-
duced by cleavage of pCRlov2.16
DNA with HpaII. Arrow 2 indica-
tes (slot d) fragments A and B
of wild-type pCR1. Arrows 3 and 4
indicate the two fragments ob-
tained by EcoRI cleavage of the
largest HpaII fragment of
pCRlov2.16 (arrow 1, slot c).
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cDNA could be accurately re-excised, was not sucessful. Out of
10 hybrid plasmids analysed in detail, only pCRlov2.16 carries
one EcoRI cleavage site and none had two EcoRI cleavage sites.

In Fig. 4, the R.HpaII fragment patterns of pCRlov2.16 and
pCRlov2.1 are compared on 2% agarose gels. In the case of plasmid
pCRlov2.1, the HpaII fragments A and B (slot d, arrow) of wild-
type pCR1 are also missing and a much longer new fragment of
about 3400 base pairs is obtained (Fig. 4, slot c). Since the
original R.HpaII fragments A and B are each approximately 700
base pairs long, it can be concluded that in pCRlov2.1 the length
of the integrated sequence is in the region of 2000 base pairs.

The most likely interpretation of the HpaII mapping data
is summarized in Fig. 5. Ovalbumin-specific DNA sequences are
integrated in the longest HpaII fragment A. During the transfec-
tion the repaired EcoRI sites are generally not conserved and in
addition the HpaII site nearest to the site of ds-cDNA integra-
tion becomes non-functional. Additional support of those conclu-
sions is given by the observation that the longer HpaII frag-
ments of pCRlov2.1 is as efficient as total pCRlov2.1 DNA in pro-

a b c d e

FIGURE 4 Analysis of 2% agarose gels
of Hpall digests of pCR1, pCR1ov2.16
and pCR1ov2.1 DNA. Slots a and e,
EcoRI fragment markers of adenovirus
type 2 DNA (22), slots b, c and d,
HpaII fragments of pCRlov2.16, pCRlov-
2.1 and pCR1 wild type DNA, respecti-
vely. The arrow points to HpaII A and
B fragments of pCR1 wild-type DNA.
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*Nbp 1Wbp 700 bp
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Hp, N RI Hp 11 Hpa II
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--p I-------------------........ I I (2)

Hpa,I RI (Hp.II) Hpa II

Ai A2 B
.2S4......... Ubp-............ 04 64

-----------------....I (3)

HpaU (RI) (Hpa II) Hpa II

FIGURE 5 Possible topography of the inte.grated ovalbumin ds-
cDNA. 1) The topography of two R.HpaII largest fragments of
pCR1 wild-type DNA. The single EcoRI cleavage site of pCR1 DNA
is located approximately 100 base pairs from the right hand
cleavage site of R.HpaII fragment A. Cleavage of R.HpaII frag-
ment A results in the production of two fragments, Al and A2,
which are approximately 600 and 100 base pairs (Fig. 2). 2)
The topography of the R.HpaII fragments of pCRlov2.16 DNA con-
taining the integrated ovalbumin DNA sequence. Fragment Al (600
base pairs) lies on the left of the ovalbumin DNA while frag-
ment A2 lies to the right. One EcoRI cleavage site, located to
the left of the integrated ovalbumin ds-cDNA has been reconsti-
tuted. The R.HpaII site to the right hand side of the ovalbumin
DNA has been rendered non-functional, thus linking fragments A2
and B and the integrated ovalbumin ds-cDNA to produce a new
fragment of 1400 base pairs. 3) The topography of the R.HpaII
fragment of pCRlov2.1 DNA containing the integrated ovalbumin
DNA sequence. Fragments Al and A2 + B flank the integrated se-
quence, as in pCRlov2.16. Neither of theEcoRI sites on either side
of the integrated DNA have been reconstituted. The dotted lines
correspond to ovalbumin gene sequences plus oligodG-dC flanking
tails. Non functional R.HpaII and EcoRI sites are between brac-
kets.
(1) wild-type pCR1 DNA, (2) pCRlov2.16 DNA, (3) pCRlov2.l DNA.

tecting "full length" ovalbumin cDNA against digestion by nucle-
ase Si (unpublished).

Since the exact length of the oligodG-dC sequences on

either side of the integrated ds-cDNA are not known, the exact
length of the ovalbumin-specific sequences in pCRlov2.1 can

not be determined simply from the above gel electrophoreses (see
below).
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3. Fidelity and size of the inserted ovalbumin gene fragment.
High fidelity of the procedures used for synthesizing and

amplifying the ovalbumin gene is important for many possible ap-
plications, i.e.: construction of a physical map of the ovalbu-
min structural gene and its flanking sequences in cellular DNA
using restriction endonucleases, use of the amplified ovalbumin
gene sequences as specific hybridization probes, production of
ovalbumin protein in bacteria. Since neither the ovalbumin pro-
tein nor the ovalbumin mRNA or cDNA have been as yet sequenced,
we have tested the fidelity of the procedures used in the syn-
thesis and cloning of the ovalbumin gene by using nuclease Si
which under appropriate conditions cleaves DNA duplex at mis-
matches which might possibly i-nvolve a single base-pair (23).

As described in legend to Fig. 6, [3H]-labelled "full
length" ovalbumin cDNA was hybridized with ovalbumin mRNA or with
the HhaI pCRlov2.1 fragment A which contains the integrated oval-
bumin sequence (unpublished result). After digestion with nucle-
ase S1, 90% of the cDNA hybridized to ovalbumin mRNA and 75% of
the cDNA hybridized to HhaI fragment A was acid-insoluble. The
size of the nuclease S1 resistant cDNA was analyzed by polyacry-
lamide gel electrophoresis under denaturating conditions. The
efficiency of the nuclease Si treatment was demonstrated by the
complete transformation, with the same amount of nuclease Si, of
2 jg of superhelical SV40 DNA into open circular and linear forms
(24, 25). Fig. 6 A and B indicate that there was no detectable
variation of the length of the cDNA when the cDNA-ovalbumin mRNA
hybrid was treated with nuclease Si. This result suggests that
the ovalbumin cDNA is a rather faithful transcript of the oval-
bumin RNA, although it should be pointed out that it is present-
ly unknown whether nuclease Si cleaves as efficiently a mis-
matched DNA:RNA hybrid as a mismatched DNA duplex. In any case,
our result is in good agreement with previous evidences that
cDNAs are accurate transcripts of mRNAs (26, 27, 28). From the
data shown in Fig. 6 A and B a length of about 1930 nucleotides
was determined for "full length" ovalbumin cDNA. Examination of
Fig. 6 C indicates a small but definite length reduction of the
cDNA after its hybridization with the HhaI pCRlov2.1 fragment A
and nuclease Si digestion. A length of about 1730 was calculated
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'152' s ' 4 'o5' FIGURE 6 Fidelity and size
XX 1 11| t of ovalbumin DNA sequences

20M ^
A inserted in pCRlov2.1 clone.

The HhaI restriction enzyme
DNA fragment A (about 2400

low_ base pairs) which contains the
ovalbumin gene sequences in-

0
k serted in pCRlov2.1 was ob-

z 0 - tained as described elsewhere
2is 3 4 f 6 (manuscript in preparation)

2000 and "full length" single-
z2OW A stranded HhaI fragment A mole-

cules were further purified
[1000 by sedimentation through a

5-20% sucrose alkaline gra-
dient containing 0.2 M NaOH,

00 _-_-.' : 0.9 M NaCl and 25 mM EDTA2 1 ? ?t 4 4 (SW60 Ti Spinco rotor, 34,000
c rpm, 200C, 14 h). 4 ng of

"full length" ovalbumin [3H]
cDNA (40 ng/ml, 15,000 cpm/ng)

1o00 (Materials and Methods) was
hybridized (24 h at 370C under
paraffin oil, in siliconized
tubes) with denatured (20 min
at room temperature in 0.1 M

0 5 10 15 20 25 30 35 40 45 NaOH) HhaI DNA fragment A (3
pg/ml) (panel A and C) or with

FRACTIONS immunoprecipitated ovalbumin
mRNA (200 pg/ml) (panel B)

in a hybridization mixture containing 32% deionized formamide,
40 mM NaCl, 2 mM EDTA and 50 mM PIPES buffer pH 7.6 in a final
volume of 100 Pl. At the end of the hybridization period the
samples were diluted 10 times with a buffer containing 30 mM so-
dium acetate pH 4.9, 3 mM ZnSO4, 100 mM NaCl, 1 pg/ml denatured
sonicated calf thymus DNA, and incubated for 1 h at 370C in the
absence (panel A) or in the presence (panels B and C) of 32 units
of purified nuclease S1 (Materials and Methods). After ethanol
precipitation and centrifugation the pellets were dissolved in
40 pl of 10 mM Tris-HCl pH 7.5, 1 mM EDTA. Aliquots of 10 p1 were
brought to 70% deionized formamide and 7 mM sodium phosphate pH 6.
Afer addition of 0.2 pg of a Hind II + III partial digest of
[" C]SV40 DNA (27,000 cpm/ pg) the mixture was heated at 700C for
10 min, and electrophoresed in 3% polyacrylamide gels containing
99% formamide (30) for 14 h at 40 V (panel C) or 17 h at 60 V
(panels A and B). The gels were then cut into 2 mm slices, dis-
solved in 0.75 ml H202 and counted for [3H] and [14C] as describ-
ed in ref. 30. The arrows indicate the position of some of the
SV40 DNA fragments whose lengths have been determined by compa-
ring their migration with that of mouse satellite EcoRII frag-
ments (21); 1, 2, 3, 4, 5 and 6 correspond to the position of
fragments of 1770, 1225, 830, 510, 360 and 260 nucleotides, re-
spectively.
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from the relative migration of the SV40 restriction enzyme mar-
kers. The slight shoulder on the right side of the cDNA peak is
most likely due to the presence of some nicked molecules in the
HhaI restriction DNA fragment, since it was much more pronounced
when the HhaI fragment was not purified on an alkaline sucrose
gradient before hybridization with cDNA (see legend to Fig. 6).
Since we did not find any discrete smaller fragment of cDNA on
polyacrylamide gels of higher percentage (not shown), we conclude
that pCR1ov2.1 contains a sequence of about 1730 nucleotides
which shows no gross differences with the corresponding sequence
of the natural ovalbumin gene. It should indeed be pointed out
that single base deletions similar to that recently observed by
Browne et al. (31) might not have been cleaved during nuclease S1
treatment, since it has not been demonstrated that all single
base pair mismatches are actually cleaved by nuclease S1 treat-
ment (23).

DISCUSSION

In the work described in this paper, ovalbumin messenger
RNA has been converted into a double-stranded DNA copy which was

then integrated into a bacterial plasmid by an oligodG-dC tailing
method. In order to accurately re-excise the ds-cDNA, an attempt
was made to reconstitute the EcoRI restriction targets on either
side of the integrated cDNA sequence (16). This strategy however
met with little success, which could be due either to the close
proximity to the EcoRI restriction sites of stable blocks of
oligodG-dC thus rendereing them non-functional, or to the fact
that sequence re-arrangements take place in or around the recon-
stituted EcoRI targets during in vivo repair. Maniatis et al.
(12) have observed cross-overs between tracts of oligodA and oli-
godT during the analysis of hybrid plasmids, which renders the
second of the above possibilities more probable. However, a li-
mited number of hybrid plasmids do retain EcoRI cleavage sites,
and it is possible that the efficiency of cleavage site reconsti-
tution would be increased if an in vitro repair step, using a
combination of reverse transcriptase and DNA ligase, was included
in the experimental design.

In spite of the fact that two sucrose gradient size-selec-
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tion steps were included in the preparation of ds-cDNA, it is in-

teresting to note that some of the hybrid plasmids, for example
pCRlov 3.4, 3.21 and 3.25 have incorporated only short lengths
of ovalbumin specific DNA. The most reasonable explanation for
this observation is the presence of endonucleolytic activity in
terminal transferase preparations. Under the conditions used for

homopolymer extension of ds-cDNA and linear plasmid, all of our

enzyme preparations, purified to near homogeneity according to
the procedure of Bollum (5), contain low levels of endonucleoly-
tic activity. Sucrose gradient sedimentation and DNA-cellulose
chromatography failed to completely remove this contaminating ac-.

tivity. Internal nicking could result in internal homopolymer ad-
dition to the ds-cDNA, and it is possible that some recombinant

clones were formed by non-terminal hybridization events, the ex-

cess ds-cDNA being subsequently deleted during transfection of E.coli.
Many of the hybrid clones however (i.e. pCR1ov2.1, 2.5,

2.10 and 3.7) contain extensive sequences of ovalbumin-specific

DNA. Since the ovalbumin protein requires only about 1100 coding

nucleotides, it is very likely that clone pCRlov2.1, in which
about 1730 base pairs of ovalbumin DNA have been integrated,
contains in fact the entire coding sequence of the ovalbumin

structural gene (for references, see 29). This clone should be

very useful to elucidate the ovalbumin gene organization and to

study its expression in vivo and in vitro.
The present cloning experiments were carried out in a ne-

gatively pressurized laboratory especially equipped for this type

of work and conforming to the NIH P3 containment level. Bioha-

zards associated with the experiments described in this publiction
have been examined previously by the French National Control Committee.
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