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ABSTRACT: As a prerequisite for studying the effects of es- 
trogen on the transcription of unique sequence DNA during 
hormone-mediated growth and differentiation of the chick 
oviduct, it was necessary to first study the complexity of chick 
DNA and secondly fractionate the chick genome into re- 
peated and unique sequences. Approximately 30% of the 
chick genome consists of rapidly renaturing or repeated se- 
quences, with the remainder being the more slowly renaturing, 
unique sequences. No effect of hormone treatment on the 
kinetics of chick oviduct renaturation was experimentally de- 
tectable, suggesting that estrogen-induced differentiation was 
not accompanied by major gene amplification or deletion. 
Identical renaturation profiles of 3H-labeled chick embryo and 
chick liver DNA also indicate that tissue differentiation during 
embryogenesis did not give rise to major gene amplification or 
deletion. Tritium-labeled unique sequence DNA of high spe- 

A dministration of diethylstilbesterol or estradiol to a 
newborn chick results in the differentiation of the immature 
oviduct’s mucosal cells into three distinct epithelial cell types, 
two of which synthesize specific marker proteins (Kohler 
et al., 1968; O’Malley et al., 1969; Oka and Schimke, 1969). 
Previous studies from this laboratory have suggested that the 
estrogen-mediated growth and differentiation of the chick 
oviduct involve an alteration in gene expression, leading to the 
induction of new species of hybridizable nuclear RNA 
(O’Malley and McGuire, 1968.) However, hybridization of 
nucleic acids from higher organisms, performed under the 
standard conditions of low nucleic acid concentrations and 
short incubation times, has been shown to involve only the 
rapidly reassociating repetitive sequences to the exclusion of 
the more slowly reassociating sequences, operationally de- 
fined as unique sequences (Britten and Kohne, 1968). Fur- 
thermore, the presence of closely related sequences in eu- 
karyotic DNA may result in a lack of gene locus specificity, 
i.e., mismatching of base sequences (McCarthy and Church, 
1970). 

Recent advances in the technology of nucleic hybridization 
from higher organisms have permitted the study of tran- 
scription of unique sequence DNA in eukaryotes (Gelderman 
et al., 1971 ; Melli et al., 1971; Grouse et al., 1972). In order to 
investigate the effects of estrogen on the transcription of 
unique sequence DNA, it has been necessary to first study the 
kinetics of chick DNA renaturation, i .e. ,  chick DNA com- 
plexity, and secondly subdivide the chick oviduct genome on 
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cific activity was isolated from chick fibroblasts and analyzed 
by renaturation with an excess of unlabeled chick DNA. 
Complete sequence homology existed between the unique se- 
quences of chick fibroblast DNA and the unique sequences 
in chick liver DNA. Unique sequence DNA was also labeled 
chemically by an ultraviolet-catalyzed photoreduction with 
tritiated NaBH4. Only 40% of the tritium radioactivity in this 
DNA renatured to form a stable duplex with an excess of un- 
labeled chick DNA, suggesting an alteration in the physical 
properties of the chemically labeled DNA. However, melting 
profiles on hydroxylapatite indicated little mismatching and 
the formation of stable duplexes between chick DNA and both 
chemically labeled and chick fibroblast DNAs. These results 
allow for the investigation of unique sequence transcription 
during estrogen-mediated changes in the chick oviduct. 

the basis of nucleotide sequence homology into unique and 
repeated sequences. An attempt was also made to determine 
whether estrogen treatment results in major gene amplification 
or deletion during hormone-mediated growth and differentia- 
tion of the oviduct. Selective amplification of the repetitive 
DNA in several eukaryotes has recently been reported (Gall, 
1969; Willie, 1972). In addition, as a prerequisite for per- 
forming saturation hybridizations under conditions of vast 
RNA excess (Grouse et al., 1972), it was necessary to prepare 
and characterize labeled unique sequence DNA of high spe- 
cific activity. The results of DNA-DNA renaturation experi- 
ments using tritium-labeled DNA prepared by several different 
labeling methods are presented. Analysis of the kinetic com- 
plexity of various RNA fractions and saturation hybridiza- 
tions with RNA populations extracted from the oviduct at 
various stages of differentiation will be reported in the subse- 
quent papers in this series. 

Experimental Procedures 

DNA Preparation and Labeling. All DNAs were extracted 
from nuclei by a modification of the method of Marmur 
(1961) which consists of the addition of a polysaccharide hy- 
drolysis step using a-amylase (Worthington) at a concentra- 
tion of 50 pg/ml for 30 min (37”) and the omission of the 
isopropyl alcohol precipitation procedure. Routine analysis 
of DNA involved an optical density scan and thermal de- 
naturation profile determination (Mandel and Marmur, 1968) 
using a Gilford 2400 spectrophotometer and a diphenylamine 
assay (Burton, 1968). Escherichia coli B late-log and Bacillus 
subtilis SB 19 were purchased as frozen cell pastes from Miles 
Laboratories. Tritium-labeled B.  subtilis DNA was prepared 
from late-log cells grown in Spizizen’s Minimal Salts (Sober, 
1968) supplemented with 10% casein hydrolysate and 10% 
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FIGURE 1 : Renaturation kinetics of 20-day estrogen-treated chick oviduct DNA and 5. subfilis DNA. Renaturation experiments were run in 
0.14 M phosphate at 62" for oviduct DNA (0) and 3H-labeled B. subtilis DNA (A). Conditions were as described under Experimental Pro- 
cedures. Coti/2 values were: B. subtilis DNA, 1.5; chick oviduct DNA, 300. 

glucose, and labeled with 5 pCi/ml of 5-[methyL3H]thyrni- 
dine (20 Ci/mmol, New England Nuclear} during log phase. 
E .  coli DNA was extracted directly from the saline-rinsed 
cells. 3H-Labeled chick fibroblast DNA was isolated from 
a primary monolayer culture of chick fibroblasts pur- 
chased from Microbiological Associates, and labeled from 
30% monolayer to confluency with 20 pCi:'ml of 6-E3H]- 
thymidine (9.1 Ci/mmol, SwartzjMann). For the pre- 
paration of 3H-labeled chick embryo DNA 125 pCi of 6- 
[ 3HH]thymidine (9.1 Ci/mmol, SchwarziMann) was injected 
into the air sac of Marek negative specific pathogen-free 
fertile eggs (Spafas, Inc.) on days 7 and 8 after incubation at  
37" was begun and the DNA was extracted on day 9. Chem- 
ical labeling of DNA with tritiated NaBH4 was performed ac- 
cording to the procedure of Kirkegaard (1969), as modified by 
Vincent et ul. (1969). Unique DNA (sheared and denatured), 
isolated as described in a following section, was dissolved in 
0.01 M Tris-IICI, pH 8.5, at a concentration of 1.5 mg/ml. 
Lyophilized tritiated NaBH4 (15 Ci/mmol, New England 
Nuclear) was then added to yield a final concentration of 100 
mCi/ml and the solution irradiated at a 1-cm path length with 
mineralight UVS-I1 (Ultraviolet Products) in a 3-ml quartz 
cuvet with constant stirring for 6 min. The reaction was 
stopped by the addition of 6 drops of butanone and the solu- 
tion stirred for an additional 3 min. All these procedures were 
carried out in a fume hood. Following three extractions with 
an equal volume of ether, the DNA was precipitated from 
ethanol several times until constant specific activity was at- 
tained. The DNA was further characterized by its binding to 
hydroxylapatite (Clarkson) and elution with 0.14 M sodium 
phosphate buffer, pH 6.8 (prepared by mixing equimolar 
amounts of Na2HP04 and NaH?P04).  Treatment with RNase- 
free DNase I(50 pg/ml at  37" for 1 hour) rendered 9 4 x  of the 
radioactivity ClaCCOOH soluble, indicating that the tritium 
was incorporated primarily into DNA and not into a small 
amount of contaminating protein or polysaccharide. 

Renaturation Kinetics of DNA. DNA renaturation was mea- 
sured on hydroxylapatite columns by the method of Laird 
(1971), as adapted from the original procedure of Britten and 
Kohne (1968). DNA was sheared in 0.015 M NaC1-0.0015 M 

sodium citrate, pH 7.0 (0.1 x SSC), at  16,000 psi in a French 
pressure cell press (Aminco} to yield fragments approximately 
300-400 nucleotides in length (single stranded). The 0.1 X 
SSC solution was then made 0.15 M in Na+ by the addition of 
NaCl and the DNA alcohol precipitated. The resulting DNA 
pellet was dissolved in 0.14 M phosphate buffer to a concen- 
tration of between 3 and 8 mg/ml and dialyzed extensively 
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against 0.14 M phosphate buffer. In some experiments 3H- 
labeled B. subtilis DNA (56,800 cpm/pg) was added at a con- 
centration of 10-20 pg/ml (less than 1 % of unlabeled DNA) 
as an internal control (Laird, 1971), and the final DNA solu- 
tion contained 0.001 M N-tris(hydroxymethy1)methyl-2- 
aminoethanesulfonic acid buffer, pH 7.0. In some cases a 
dilute renaturation curve was also run at  approxima:ely 120 
pg/ml to determine the early section of the renaturation curve 
(Cot values <1.0). The reaction was initiated by denaturing 
the DNA mixture for 13 min, at  100" in boiling water, fol- 
lowed by incubation of 20-50-pl aliquots in sealed capillaries 
at 62". At various times samples were taken, diluted 1 :lo0 
into 0.14 M phosphate, and frozen until fractionation on 
hydroxylapatite columns. Cot values were calculated on the 
basis of the [(original ,4260 of the DNA mixture divided by 
2) X the time of reassociation in hours] (Kohne and Britten, 
1972). DNA was fractionated into single- or double-stranded 
fragments on 2-4-ml hydroxylapatite columns at 60" (max- 
imum DNA applied = 250 pg/ml of hydroxylapatite) by 
elution with 0.14 and 0.50 M phosphate, respectively (usually 
3 X 2 ml washes at  each molarity). The A260 of each fraction 
was determined and 0.8 ml of the 0.14 M fraction and 0.2 ml 
of the 0.50 M fraction (-+ 0.6 ml of H20)  were each counted in 
10.0 in1 of 10% Biosolv BBS-3 (Beckman) and toluene-Spec- 
trofluor (Amersham/Searle). Counting was done in an LS-250 
Beckman liquid scintillation counter at 42 efficiency for 3H. 

Isolation of Unique Sequence DNA. Unlabeled sheared chick 
DNA was fractionated to remove repeated sequences by re- 
naturation to a Cot value of 420 (0.14 M phosphate at 62"). 
The DNA was separated into single- and double-stranded 
fragments on hydroxylapatite columns as described with 45- 
50 of the total AZe0 material routinely present in the single- 
stranded fraction. Following dialysis against 0.015 M NaC1- 
0.001 M NazEDTA the DNA was recovered by alcohol pre- 
cipitation. In one experiment the very rapidly reassociating 
sequences were separated first by incubation to a Cor value of 
0.2 (0.14 M phosphate at 62") and passage through hydroxyl- 
apatite. The single-stranded material was reconcentrated and 
allowed to incubate to a Cot of 400. The unique sequences 
were then isolated as described. Due to the limited quantity of 
3H-labeled chick fibroblast DNA, its unique sequences were 
separated from repeated sequences by renaturation to a Cot of 
200, yielding 6 5 %  of the total Azso material in the single- 
stranded fraction. 

T, Determination on Hydroxylapatite. Samples were placed 
on a 3-ml hydroxylapatite column maintained at  60" in a 
water bath. The single-stranded material was eluted with 4 X 
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FIGURE 2: Effect of estrogen on chick oviduct DNA renaturation kinetics. DN,A was extracted from unstimulated (m), 3-day diethylstil- 
besterol-treated (El, 20-day diethylstilbesterol-treated (O), and hen oviducts (0); Diethylstilbesterol was administered to chicks as previously 
described (O'Malley and McGuire, 1968). Separate rehaturation experiments were run with each DNA and with 3H-labeled B. subtilis DNA 
(A) used as an internal standard in each experiment. Conditions were as described under Experimental Procedures. Cotli2 values were: un- 
stimulated, 340; 3-day diethylstilbesterol, 310; 20-day diethylstilbesterol, 300; hen, 3W; B. subtilis, 1.7. 

5.0 ml washes of 0.14 M phosphate and then the temperature 
raised by 5' increments. When the temperature of the 0.14 M 
phosphate buffer in the column had equilibrated with the bath 
temperature, the dissociated DNA strands were eluted with a 
total of 3 x 2.0 ml of 0.14 M phosphate washes at each tem- 
perature. Three final washes of 2.0 ml each of 0.50 M phos- 
phate were performed at  90-92' to remove any remaining un- 
melted DNA duplex. The A 2 6 ~  of each fraction was determined 
and when radioactivity was present samples were counted as 
described. Data are plotted as the cumulative per cent of the 
duplex DNA eluted at each temperature. 

Results 

Renaturation Kinetics of Chick Oviduct DNA. The com- 
plexity of chick oviduct DNA isolated from 20-day estrogen- 
stimulated oviducts was analyzed with respect to a bacterial 
DNA composed primarily of unique sequences and producing 
a characteristic second-order renaturation profile. As illus- 
trated in Figure 1, under fairly stringent conditions of salt and 
temperature (i.e. 0.14 M phosphate and 62O), approximately 
30% of chick oviduct DNA renatures prior to a Cot value of 
200 and can be designated as repeated sequences. The re- 
maining 70% of the oviduct DNA is designated as nonrepeti- 
tive or unique sequence DNA, although it may well contain 
two or more copies of a given gene sequence (Southern, 1971 ; 
Sutton and McCallum, 1971). The oviduct genome evidently 
does not contain measurable amounts of the very rapidly re- 
associating sequences which comprise approximately 10 % of 
the total mouse genome (Flamm et al., 1967) and may repre- 
sent as many as 108 copies of a single nucleotide sequence 
(Waring and Britten, 1966). 

3H-Labeled B. subtilis DNA is used as an internal standard 
in these experiments (Laird, 1971) and exhibits a Cotll, (i.e. 
the Cot value at which 50 % reassociation is reached) routinely 
between 1.5 and 1.7. The Cotl/,  for total chick DNA (0.14 M 
phosphate at 62 ") in numerous experiments also showed 
lirfiited variability and ranges from 300 to 350. The use of an 
internal standard and careful control of those conditions 
which influence renaturation rate, i.e. fragment size, salt con- 
centration, and temperature, allow for the comparison of the 
renaturation profiles of DNA extracted from oviducts at  
various stages of hormone-mediated differentiation (Figure 
2). In these experiments the renaturation profiles of DNAs ex- 

tracted from unstimulated 3- and 20-day diethylstilbesterol 
treated hen oviducts are essentially superimposable. No major 
deviations from the characteristic oviduct DNA renaturation 
profile are observed, suggesting that hormone-induced growth 
and differentiation does not result in major gene amplification 
or deletion. This does not exclude the possibility that limited 
amplification or deletions might occur, which my not be 
detectable by studying the renaturation of total oviduct DNA, 
i.e. changes of < =k5 %. Furthermore, no major differences in 
renaturation profiles are observed between DNAs extracted 
from various chick tissues (data not shown). Accordingly, 
chick liver DNA is occasionally used instead of chick oviduct 
DNA for renaturation and hybridization experiments. 
In the course of studies dekigned to prepare [3H]DNA of 

high specific activity for use in hybridization experiments, 3H- 
labeled chick embryo DNA of specific activity 16,900 cpm/pg 
was prepared as described under Experimental Procedures. In 
Comparison, in vivo labeling with similar amounts of radio- 
active precursors yielded chick DNA (extracted from the 
intestine) of tenfold lower specific activity. By increasing the 
amount of radioactivity injected into the fertilized eggs it was 
possible to double the specific activity of the extracted DNA. 
Although this DNA is not of high enough specific activity to 
provide the desired sensitivity in hybridization experiments, it 
did allow a comparison of nucleotide sequence homology be- 
tween embryo and liver DNAs (Figure 3). When greater than 

100 

FIGURE 3: Renaturation of SH-labeled chick embryo DNA with 
unlabeled chick liver DNA. aH-Labeled cliick embryo DNA (O), 
16,900 cpm/hg, was renatured at a concentration of 6.25 pg/ml with 
unlabeled chick liver DNA (x), 6.82 mg/ml. The arrow designates 
the Coti/, value. Conditions were as described under Experimental 
Procedures. 
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FIGURE 4 :  Recycling of unique sequences with total chick DNA. Two individual experiments are illustrated. In the fist, unlabeled unique 
sequences isolated from diethylstilbesterol-stimulated chick liver DNA (0) were allowed to renature at a concentration of 1 rng/rnl and 3H- 
labeled B .  subtilis DNA (A), 10 pg/ml, was used as an internal standard. In the second, 3H-labeled unique chick fibroblast DNA (X), 293,000 
cpm/pg: at a concentration of 6 pg/ml was renatured with unlabeled chick liver DNA (0): 4.75 mg/ml. Renaturation conditions and analysis 
of aliquots on hydroxylapatite columns were performed as described under Experimental Procedures. Cow/? values were: B. subtilis, 1.6; 
unlabeled chick liver, 350. 
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F I G U R E  5 :  Renaturation of tritiated NaBH4 labeled unique sequence DNA with E. coli, rat liver, and chick oviduct DNAs. Tritiated NaBH4 
labeled unique chick liver DNA (130,600 cpm/pg) at a concentration of 7.5 p g / d  was allowed to renature in separate experiments with: (1) 
E.  coli DNA (226 pg/ml) (c) &", (.-.) cprn; (2) rat liver DNA (3.12 rng/d) (A) AMO, (A) cpm; or (3) chick oviduct DNA (3.76 mg/ml) ( X )  
Anco,  (%) cpm. See Experimental Procedures for additional details. C0tlil values are designated by arrows. 

a 103-fold excess of chick liver DNA is allowed to renature 
with a small amount of 3H-labeled embryo DNA, the re- 
naturation rates as determined by either radioactivity or A26" 
are identical. Thus, both estrogen-induced differentiation in 
the oviduct and tissue differentiation during embryogenesis do  
not appear to result from marked gene deletion or amplifica- 
tion, but instead must be the result of differential gene tran- 
scription. 

Isolation and Labeling of Unique Sequences. In  order to 
achieve a physical separation of repeated and unique se- 
quences it is critical to shear DNA to fragments of a max- 
imum 400 nucleotides in length (Britten, 1969; Grouse et ai., 
1972). This is necessitated by the interspersion of unique and 
repeated sequences throughout the eukaryotic genome 
(Britten and Kohne, 1968). Chick DNA in 0.1 X SSC, when 
sheared at  16,000 psi in a French pressure cell, is fragmented 
into pieces of between 300 and 400 nucleotides in length (un- 
published observations; Laird, 1971). This permits adequate 
separation of unique and repeated sequences (Figure 4). No  
renaturation of recycled unique sequences (isolated following 
prior removal of the very rapidly reassociating sequences as 
described) occurs prior to a Cot of 50, as would be expected if 
contaminating repeated sequences had been removed. The 
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renaturation profiles of 3H-labeled unique chick fibroblast 
DNA renatured with an 800-fold excess of chick liver DNA 
are also shown in Figure 4. In  this case there is a small amount 
(5-10 %) of repeating sequences contaminating the unique 
fraction. This may be related to the earlier Cot value at  which 
these unique sequemes were fractionated, i.e. 200 us. 400-420, 
or the fact that they were only passed through hydroxyl- 
apatite columns once (Grouse et al., 1972). However, at  the 
DNA Cot values reached in saturation hybridization experi- 
ments with labeled unique sequence DNA, i.e. <15, little 
DNA-DNA reassociation would be expected. The renatura- 
tion kinetics of the 3H-labeled unique chick fibroblast DNA 
also indicate the existence of complete sequence homology 
with the unique sequences in chick liver DNA. At a Cat value 
of 6.4 for the 3H-labeled fibroblast unique D N A  almost 90% 
of the radioactivity is eluted as duplex DNA with the excess 
chick liver DNA (Cot value = 5000). Similar results have been 
obtained with labeled unique mouse L cell DNA (Hahn and 
Laird, 1971 ; Grouse et ai., 1972). 

A method for chemically labeling isolated fractions of D N A  
to high specific activity, that yields DNA of unaltered phy- 
sical properties, would be especially useful for the preparation 
of labeled unique sequence DNA for saturation hybridization 
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FIGURE 6: T,, determinations on hydroxylapatite. See Experimental 
Procedures for methods used: (A) native, sheared chick DNA; (B) 
3H-labeled chick embryo-unlabeled chick liver DNA duplex, 
Cot = 7000; (C) 3H-labeled unique chick fibroblast-unlabeled 
chick liver DNA duplex, Cat = 6150; (D) tritiated NaBHa labeled 
unique chick liver-unlabeled chick liver DNA duplex, Cot = 3750. 
All renaturations were in 0.14 M phosphate at 62". T,  values are 
designated by the arrows. 

experiments. Chemical labeling by methylation with [ 3H]- 
dimethyl sulfate, while useful for the introduction of radio- 
activity into RNA (Smith et al., 1967), is not satisfactory for 
the preparation of labeled DNA. The extremely labile gly- 
cosyl linkage in 7-methyldeoxyguanosine results in liberation 
of 7-methylguanine upon heat denaturation of methylated 
DNA (Pochon and Michelson, 1967). Introduction of tritium 
into nucleic acids with tritiated NaBH, appears to be a likely 
alternative (Cerutti et af., 1965). Hybridization experiments 
with tritiated NaBH4 labeled RNA have recently been re- 
ported (Vincent et al., 1969; De  JimCnez et al., 1971). Unique 
chick DNA was isolated and labeled with tritiated NaBH, as 
described to yield [3H]DNA of 130,600 cpm/pg specific ac- 
tivity. The renaturation profile of the tritiated NaBH4 labeled 
unique chick DNA with a 500-fold excess of either unlabeled 
chick oviduct DNA or unlabeled rat liver DNA or a 30-fold 
excess of unlabeled E.  coli DNA is shown in Figure 5 .  No se- 
quence homology is evidenced between the tritiated NaBH, 
labeled unique chick D N A  and either E .  coli or rat liver unique 
sequences as would be expected (Britten and Kohne, 1966). 
However, quite unexpectedly only 4 0 x  of the radioactivity in 
the tritiated NaBH4 labeled unique chick DNA renatures to 
form a duplex with chick oviduct u7ique sequence DNA. 
When tritiated NaBH, labeled unique chick DNA is allowed 
to renature with itself at  4 mg/ml in 0.14 M phosphate at  62" 
complete renaturation as measured by optical density is 
attained, but again only 40% of the radioactivity is present in 
the double-stranded fraction. The apparent Cat1/, of this op- 
tical density profile is 900 (data not shown). Furthermore, no 
free radioactivity is present as a contamination of the DNA 
preparation, as demonstrated by hydroxylapatite chromatog- 
raphy and sucrose density gradient centrifugation of the 
labeled DNA purified to constant specific activity (data not 
shown). 

Melting Profiles on Hydroxylapatite. At present one of the 

best ways to determine the fidelity of base pairing of il DNA- 
DNA duplex or a DNA-RNA hybrid is by its melting profile 
and T,. Using the convention of Melli and Bishop (1969), a 
T ,  1" below that of native DNA represents approximately 
1 .5% mismatching of base sequences. The T ,  of native, 
sheared chick DNA in 0.14 M phosphate as determined on 
hydroxylapatite columns is 92" (Figure 6A). It was not signifi- 
cantly altered by prior incubation at  62" in 0.14 M phosphate 
for 6 days (Liarakos et al., 1973). The duplexes formed be- 
tween 3H-labeled embryo DNA and 3H-labeled unique fibro- 
blast DNA with total chick DNA have T,  values only 2.5 and 
3", respectively. below that of native chick DNA (Figures 6B 
and C). This indicated that there was little mismatching, only 
4-5 %, under these stringent incubation conditions. Since 
G + C content is known to influence the T, (Mandel and 
Marmur, 1968) this calculation is based on the assumption 
that the G + C contents of unique sequence and embryo DNA 
are similar to that of total chick DNA. It should also be noted 
that the T,  of the duplex formed between tritiated NaBH, 
labeled unique chick DNA and total chick DNA (Figure 6D) 
is only 6.5' below that of native chick DNA, indicating a 90 % 
fidelity of base pairing. Therefore, although only 40 of this 
labeled DNA renatured in 0.14 M phosphate at  62", the du- 
plexes formed under these incubation conditions contained 
little mismatching. It is possible that under less stringent con- 
ditions a greater percentage of the labeled DNA would have 
renatured. 

Discussion 

The data presented here establish that approximately 70 
of the chick genome is comprised of slowly renaturing or 
unique sequence DNA. It should be mentioned that the per- 
centage of a given genome that is designated as unique se- 
quence DNA is operationally defined by the conditions of 
ionic strength and temperature (McCarthy and Duerksen, 
1970) and DNA fragment size (Grouse et al., 1972). Further- 
more, unique sequence DNA may contain more than a single 
copy of a given gene sequence (Southern, 1971; Sutton and 
McCallum, 1971). We have utilized fairly stringent incubation 
conditions,, i.e. 0.14 M phosphate (0.21 M Na+) at  62", in order 
to minimize extensive mismatching in our renaturation studies 
(Figure 6). Under these conditions, it is clear that approxi- 
mately 3 0 x  of the chick DNA renatures more rapidly than 
would be expected of entirely single copy DNA of a diploid 
genome size of 1.3 X 10l2 (Mirsky and Ris, 1951). However, 
the Cot,,, value of isolated chick unique sequence DNA was 
460 (Figure 4). Since the average Cotl;, of tritiated B. subtilis 
DNA is 1.5, a unit genome of chick DNA reassociates 307 
times slower. This results in an experimentally determined 
mol wt of 1.22 X 10'2 of a diploid chick genome in close 
agreement with the reported value. In these experiments 
(Figure 1) a B. subtilis renaturation profile was included as a 
comparison to illustrate the renaturation of a bacterial DNA, 
composed of primarily unique sequences. The renaturation 
kinetics and Cot1l2 of this DNA are in agreement with the re- 
ported value (Laird, 1971 ; Britten and Kohne, 1968). 

The identical renaturation profiles of DNA, extracted from 
oviducts at  various wages of growth and differentiation 
(Figure 2), suggest that estrogen-induced changes are not a re- 
sult of major gene amplification or deletion. Once again it 
should be emphasized that minor changes (< = t 5  %) in gene 

1307 X 2 X lo* (mol wt of Bacillus subrilis genome, Laird, 1971) 
X 2 (diploid) = 1.22 X 10'2. 
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amplification, which could conceivably have functional sig- 
nificance, might not be detectable under conditions of renatura- 
tion of total DNA. The use of an internal control in these ex- 
periments does, however, ensure that any variations in the re- 
naturation kinetics of the different DNAs would result from 
sequence differences and not experimental variables, such as 
ionic strength and temperature. 

We have demonstrated the ability to fractionate the chick 
genome into unique and repeated sequences and have char- 
acterized the renaturation of these highly labeled purified 
unique sequences (Figure 4). "-Labeled unique chick fibro- 
blast DNA of high specific activity is homologous to and 
forms stable duplexes with total chick liver DNA. It is, there- 
fore, suitable for use in saturation hybridization experiments 
with excess RNA extracted from the chick oviduct at  various 
stages of differentiation (Liarakos et al., 1973). 

One disadvantage of extracting labeled nucleic acids from 
cells in culture is the high cost and correspondingly low yields 
of material obtained. Chemical labeling of purified fractions 
of nucleic acids, e.g., a specific mRNA or unique sequence 
DNA, is desirable, if the labeled product has unaltered bio- 
logical and physical properties. We were able to adapt the 
method of Kirkegaard (1969) to label unique sequence DNA 
with tritiated NaBH, to high specific activity. This [3H]DNA 
exhibited renaturation kinetics characteristic of unique se- 
quence chick DNA. It showed no homology with either rat 
liver or E.  coli DNA. as would be expected by the evolu- 
tionary divergence of the sequences in these DNAs (Britten 
and Kohne, 1967). Finally, it formed stable duplexes, with 
little mismatching, with total chick DNA (Figure 6) and stable 
unique DNA-RNA hybrids (Liarakos et ai., 1973). However, 
quite unexpectedly only 40% of the radioactivity in this DNA 
renatured to form duplex DNA. A calculation of the number 
of bases substituted, assuming a 60% A + T content for 
unique chick DNA and one 3H substitution per ring, gives a 
maximum of 1.01 of the thymine moieties that may be 
altered. This does not appear to be sufficient to prevent duplex 
formation unless specific T-rich segments are pr:sent in the 
DNA. Such segments have been identified in mouse satellite 
DNA (Southern, 1970). The formation of ultraviolet-cat- 
alyzed thymine dimers or ring cleavage could also lead to the 
inability to form hydrogen-bonded duplexes. However, this 
seems improbable since the renaturation profile, as moni- 
tored by the optical density of the hydroxylapatite fractions, 
showed 90% duplex formation at  the expected Cat value. It 
may be possible that some tritium radioactivity was tightly 
bound to the unique DNA, but not incorporated into the 
thymine ring. However, this radioactivity must then have re- 
mained bound during heat denaturation, hydroxylapatite 
chromatography, and sucrose gradient centrifugation, which 
appears unlikely. It is also not clear whether the 6 0 z  of the 
labeled DNA, which did not form duplexes, represents a 
random population of gene sequences, or whether specific 
gene sequences have been rendered unrenaturable. This 
question must be answered before this chemically labeled 
DNA can be used for comparative DNA-RNA hybridization 
experiments. 

While our experiments were in progress, Lee and Gordon 
(1971) reported that tritiated NaBH4 labeled B. subtilis DNA 
had a similar renaturation profile to that of in cico ["I- 
thymidine-labeled B. subtilis DNA. However, their bacterial 
DNA had a 103-fold lower specific activity than the tritiated 
NaBH, labeled unique chick DNA used in our experiments. 
In one experiment they prepared 3H-labeled salmon sperm 
DNA of 8700 cpm.'pg, which had an  unaltered T,,, and hyper- 
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chromicity. However, no renaturation profiles were deter- 
mined for this material. McConaughy and McCarthy (1972) 
have also utilized the technique of Lee and Gordon (1971) to 
chemically label DNA isolated from chick erythrocyte chro- 
matin fractions. Their DNA (3000 cpm,:pg) hybridized to the 
same extent as in rico labeled DNA with chick erythrocyte 
RNA. These differences may merely reflect a higher specific 
activity and an increased thermolability of the labeled chick 
DNA, compared with the DNA preparations used by these 
workers. In this regard, Lee and Gordon (1971) did report 
lowered thermal stabilities of their chemically labeled DNA at 
temperatures greater than 60", but stated that photoreduced 
DNA was useful for hybridization studies run at 60". How- 
ever, their studies involved rather short incubation times and 
rapidly reassociating bacterial DNA. It is quite probable that 
the longer reaction times necessary for the reassociation of the 
more complex chick DNA may have led to an  increased 
thermal lability even at 60". Accordingly, the radioactivity 
present in the NaBH4-labeled unique chick DNA reassociated 
to a greater extent when a lower temperature incubation was 
carried out at  37" in the presence of formamide (data not 
shown). The previous studies stress the necessity of thoroughly 
characterizing chemically labeled nucleic acids to determine if 
they have unchanged physical properties prior to their use in 
hybridization or renaturation experiments. 

In conclusion, we have analyzed the genetic complexity of 
chick DNA and studied the effect of estrogen on the renatura- 
tion kinetics of oviduct DNA. Furthermore, highly labeled 
unique chick DNA has been isolated and characterized for use 
in saturation hybridization experiments. This investigation is 
a necessary prerequisite for the study of unique sequence 
DNA transcription during hormone-mediated growth and 
differentiation and the analysis of various RNA populations 
by their kinetics of hybridization with chick DNA. 
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Effect of Estrogen on Gene Expression in the Chick Oviduct. 
11. Transcription of Chick Tritiated Unique Deoxyribonucleic 
Acid as Measured by Hybridization in Ribonucleic Acid Excess? 

Charles D.  Liarakos, Jeffrey M. Rosen, and Bert W. O’Malley* 

ABSTRACT: The extent of unique sequence DNA gene tran- 
scription was measured in undifferentiated and estrogen- 
differentiated chick oviducts. The technique of saturation 
hybridization of chick tritiated unique DNA with a large 
excess of nuclear RNA, cytoplasmic RNA, or total cell RNA 
was used to estimate the amount of unique sequence DNA 
transcribed. Appropriate controls were run to prove the 
formation of true, extensively base-paired, species-specific 

P revious studies from this laboratory have suggested that 
estrogen significantly affects gene transcription during the 
hormone stimulation of the undifferentiated chick oviduct 
(O’Malley et al., 1969). Nearest neighbor frequency analysis 
and competition hybridization experiments using only the 
repeating sequences in total cell DNA have indicated a 
qualitative change in the nuclear RNA species synthesized 
during estrogen-mediated oviduct differentitation (O’Malley 
and McGuire, 1968; Hahn et al., 1968). Quantitative changes 
in RNA polymerase and in the capacity of oviduct chromatin 
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DNA-RNA hybrids. Nuclear RNA stability and hybridiza- 
tion reaction kinetics were also investigated in two different 
reaction media. Data from these experiments indicate a 
greater amount of unique sequence DNA transcription in the 
estrogen-differentiated chick oviduct than in the immature 
oviduct. A possible explanation of the observed increase in 
unique DNA transcription accompanying oviduct differentia- 
tion is discussed. 

to function as a template for bacterial RNA polymerase have 
also been observed (O’Malley and McGuire, 1968; Spelsberg 
et al., 1971). Finally, an estrogen-dependent increase in the 
amount of specific, translatable, ovalbumin mRNA has been 
demonstrated (Rosenfeld et ai., 1972; Means et al., 1972; 
Rhodes et al., 1971). Despite these advances, the mechanism 
of steroid action in the regulation of gene transcription is not 
well understood. 

Several basic questions relevant to the hormonal effect on 
oviduct transcription remain to be answered. (1) Are unique 
DNA sequences transcribed in the chick oviduct, and, if so, to 
what extent ? (2) How much of the transcribed nuclear RNA 
is processed into the cytoplasm and presumably translated 
as mRNA? (3) What effect does estrogen have on the extent 
of unique sequence DNA transcription and processing of 
oviduct RNA? To answer these questions, we have employed 
the technique of saturation hybridization in solution under 
conditions of vast RNA excess (Grouse et al., 1972). Using 
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