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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- 
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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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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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Of the 13 plasmids assayed in this man- 
ner, nine of the inserts were oriented with 
the 3' end (mRNA sense) nearest the ex- 
ternal pMB9 Bam HI site. Fout were ori- 
ented in the opposite direction. This is an 
interesting contrast to the results of Ma- 
niatis et al. (4), who found that of 19 beta 
globin clones examined, all were oriented 
with the 3' end nearest the external 
Bam HI site. 

In the course of such studies it was ob- 
served ttiat plasmid pHb72 contained an 
Eco RI site but no Bam HI site within the 
plasmid insert. Such a result might be ex- 
pected for a plasmid containing a small 
portion of the beta globin gene sequence 
that terminated between the Eco RI and 
Barn HI sites. That this was not the case 
was suggested by RNA-DNA hybridiza- 
tion tests with radioactive globin mRNA 
and by measurements of the size of the 
plasmid, which implied the presence of a 
large insert. Alternatively, the result sug- 
gested that plasmid pHb72 might carry an 
alpha globin gene sequence. The pres- 
ence of an Eco RI site is consistent with 

an alpha globin gene insert, since conven- 
tional sequence analysis of the globin 
mRNA's had already demonstrated that a 
single Eco RI site occurs in both the al- 
pha and beta globin structural genes (9). 
In order to test this hypothesis, an Hae III 
restriction endonuclease digestion of 
plasmid pHb72 was carried out and the 
nucleotide sequence of one of the insert 
fragments was determined and compared 
with the known amino acid sequence of 
rabbit alpha globin (10). 

To determine the number and size of 
the Hae III fragments that contain se- 
quences from the gene insert, digests of 
pHb72 and the parent plasmid, pMB9, 
were electrophoresed in parallel on a 6 
percent polyacrylamide gel. As expected, 
the pHb72 restriction pattern lacked an 
850-base-pair pMB9 fragment containing 
the Eco RI site where the gene insertion 
was made. Three distinct new bands, 
whose sizes were estimated as 719, 438, 
and 113 base pairs, were observed, and 
their arrangement in the plasmid was ulti- 
mately determined to be as shown in Fig. 

1. A band of unusual intensity suggested 
the presence of an additional "hidden" 
band about 120 base pairs in size, which 
comigrated with a pMB9 band. The exis- 
tence of this band was subsequently con- 
firmed by recovering it by Hae III diges- 
tion of the appropriate Alu I fragment. 

The smallest of the insert bands was 
eluted from the acrylamide gel so that the 
"ladder" sequencing technique of Max- 
am and Gilbert (11) could be used to de- 
termine its nucleotide sequence. The 
fragment recovered from digestion of 100 
gg of pHb72 was treated with bacterial 
alkaline phosphatase. After this enzyme 
was inactivated by repeated phenol ex- 
tractions, bacteriophage T4 polynucleo- 
tide kinase was used to transfer labeled 
phosphorus from [y-32P]adenosine tri- 
phosphate to the 5' termini of the frag- 
ment. The complementary strands were 
then separated by denaturation in 0.3N 
NaOH (for 30 minutes at 37?C) and elec- 
trophoresis on a tris-phosphate (0.036M 
tris, 0.03M NaH2PO4, pH 7.7) 4 percent 
polyacrylamide gel (bis-acrylamide: ac- 
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rylamide, 1:29 (11, 12). As estimated 
from autoradiograph intensity, about 80 
percent of the material loaded on the gel 
was recovered as separated single 
strands. The rapidly and slowly migrating 
bands were eluted and divided into por- 
tions to be subjected to partial digestions 
specific for each of the four deoxynu- 
cleotides. In addition to the four standard 
reactions, we have found it useful to em- 
ploy the "alternate A" and" alternate G" 
reactions developed by Maxam and Gil- 
bert. The conditions of the reactions used 
have been described (7, 11). 

The partial cleavage products were 
electrophoresed side by side on a tris-bo- 
rate 20 percent polyacrylamide 7M urea 
gel. Figure 2a shows the results obtained 
for the rapidly migrating strand. The ra- 
dioactive products from a particular 
cleavage all have common 32P-labeled 5' 
ends and 3' ends that terminate at the nu- 
cleotide or nucleotides cleaved in the spe- 
cific reaction. Separation according to 
size on the polyacrylamide gel enables 
the nucleotide sequence to be read direct- 
ly from the autoradiograph, as indicated 
in Fig. 2a. This sequence is the com- 
plement of the mRNA sequence shown in 
Fig. 2b and corresponds exactly to the 
mRNA sequence coding for amino acid 
residues 87 to 103, as shown by the arrow 
pointing left under the sequence. 

Since the sequence analyses presented 
here and the ladder sequence analyses we 
published earlier for the beta globin gene 
(7) correspond to known amino acid se- 
quences, they provide an ideal opportu- 
nity to test the accuracy of the new se- 
quencing approach developed by Maxam 
and Gilbert. Further tests of the accuracy 
are provided by comparison with the data 
we have obtained by more conventional 
sequencing techniques. In general, the 
accuracy of the method seems to be very 
good. In some cases a particular nucle- 
otide may be difficult to read. The most 
troublesome example in Fig. 2a is the 
third nucleotide from the bottom of the 
left-hand set of gel tracks, that is, the 
third G in the sequence GGGAC (8). This 
corresponds to GUCCC in the com- 
plementary (message) strand. The only 
possible interpretations of the data at this 
point were G (bands in the G and G > A 
tracks) and C (bands of equal intensity in 
the C and C + T tracks). Since G resi- 
dues frequently give bands of varying in- 
tensity in the C and C + T tracks, but C 
residues never give bands in the G track, 
it was felt that G was the only possible 
assignment. That this is the correct inter- 
pretation is shown by the fact that none of 
the other possibilities is consistent with 
the amino acid residue found at this posi- 
tion in the protein. 
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In addition to the data shown in Fig. 2a, 
we have obtained analogous sequencing 
data (not shown) from the com- 
plementary strand. From these it was 
possible to determine the sequence in- 
dicated by the arrow pointing right in Fig. 
2b. In the large region where the arrows 
overlap, the nucleotide sequence has 
been determined entirely independently 
from the two sets of data, which are in 
complete agreement. Other checks on the 
accuracy of the sequence are provided by 
the ribonuclease T1 fragment sequences 
T1-54, T1-48, and T1-31 indicated in Fig. 
2b. Again the correspondence is exact, 
indicating the accuracy of the sequencing 
technique as well as the fidelity of the 
maintenance of the cloned sequence in 
the Rec A+ host Escherichia coli C600. 
This particular sequence is remarkable in 
some respects, especially in having a con- 
tent of 73 percent G plus C. The presence 
of an Hpa II site at amino acid residues 
95-96 as well as another in a sequence re- 
ported earlier by Proudfoot and Brownlee 
(13) from the 3' untranslated region is also 
noteworthy. Since there are no such sites 
within the rabbit beta globin gene, diges- 
tion with Hpa II provides a convenient 
criterion for detecting plasmids carrying 
alpha globin sequences. Detailed dis- 
cussion of the alpha globin sequences will 
be reserved for a subsequent report. 

The National Institutes of Health 
guidelines for recombinant DNA re- 
search (14) specify that "when a cloned 
DNA recombinant has been rigorously 
characterized and there is sufficient evi- 
dence that it is free of harmful genes, then 
experiments involving this recombinant 
DNA can be carried out under PI + EKI 
conditions if the inserted DNA is from a 
species that exchanges genes with E. coli 
and under P2 + EK1 conditions if not." 
A footnote to the guidelines indicates that 
it is necessary to obtain approval from the 
NIH for the use of these reduced con- 
tainment levels, such approval being 
"contingent upon data concerning: (a) 
the absence of potentially harmful genes 
(e.g., sequences contained in indigenous 
tumor viruses or which code for toxic 
substances), (b) the relation between the 
recovered and desired segments (e.g., hy- 
bridization and restriction endonuclease 
fragmentation analysis where applica- 
ble), and (c) maintenance of the biologi- 
cal properties of the vector." 

We have submitted data as specified 
above for the rabbit alpha globin plasmid 
pHb72, and on this basis the National Re- 
combinant DNA Committee has ap- 
proved its growth under P2 plus EK 1 con- 
ditions. The rationale suggested in our pe- 
tition is briefly summarized as follows. 
The method of joining the gene copy and 

plasmid, homopolymer tailing, ensures 
that only one gene sequence can be in- 
serted per plasmid. This was confirmed 
by measurements of the size of plasmid 
pHb72. When the gene copy is made from 
a monocistronic mRNA by using the 
cDNA cloning technique, it can be in- 
ferred with confidence that a globin gene 
copy cannot also contain other poten- 
tially harmful genes. Consequently, dem- 
onstration that the plasmid contains a de- 
sired globin gene sequence inserted by 
the cDNA cloning technique can help rule 
out the possibility that potentially harm- 
ful genes are present. The sequencing and 
restriction analyses presented here pro- 
vide strong proof of the presence of the 
alpha globin sequence, which was cor- 
roborated by RNA-DNA hybridization 
data. Finally, the required proof of the 
"maintenance of the biological properties 
of the vector" includes demonstration of 
the maintenance of the tetracycline resist- 
ance gene, the ability of the plasmid to 
amplify in chloramphenicol, and com- 
parison of pHb72 with the pMB9 parent 
plasmid by restriction fragmentation 
analysis with Hae III and other restric- 
tion endonucleases. 
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Analysis of Chicken Ribosomal RNA Genes and Construction 

of Lambda Hybrids Containing Gene Fragments 

Abstract. The ribosomal RNA genes (ribosomal DNA) of chicken are present in 
approximately 200 copies and are cleaved into two fragments of molecular weight 5 x 
10 and 12 to 14 x 106 by restriction endonuclease Eco RI. Recombinant phages have 
been constructed in vitro by joining the smaller fragment of ribosomal DNA and the 
outer arms of DNA from the vector XgtWES-XC. In one of the recombinants, the 
coding strand of the clonedfragment is in the proper orientation for transcription with 
X "early" genes; in the other two the orientation is reversed, with the coding strand in 
the proper position for transcription with X "late" genes. 
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Cloning of ribosomal RNA (rRNA) 
genes, which are present in multiple cop- 
ies and specify a readil, available RNA 
probe, can provide a conivenient system 
for detailed analysis of eukaryotic DNA 
(1). In addition to yielding hybrid DNA 
which includes genes that are interesting 
in themselves, these experiments provide 
an opportunity to develop methods po- 
tentially useful for the cloning of unique 
sequence genes (2). We have employed 
the certified EK2 vector XgtWES AC 

Cloning of ribosomal RNA (rRNA) 
genes, which are present in multiple cop- 
ies and specify a readil, available RNA 
probe, can provide a conivenient system 
for detailed analysis of eukaryotic DNA 
(1). In addition to yielding hybrid DNA 
which includes genes that are interesting 
in themselves, these experiments provide 
an opportunity to develop methods po- 
tentially useful for the cloning of unique 
sequence genes (2). We have employed 
the certified EK2 vector XgtWES AC 

(3) to clone and characterize a portion of 
the ribosomal gene from chickens (Gallus 
domesticus). 

Ribosomal RNA genes represent 0.02 
to 0.12 percent of chicken DNA (4, 5) and 
are clustered. If these genes are in tan- 
dem, as are ribosomal DNA (rDNA) se- 
quences in other eukaryotic chromo- 
somes (6-8), then cleavage with restric- 
tion endonuclease should yield a number 
of identical fragments. Figure 1 shows re- 
sults from experiments in which chicken 
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DNA was digested with Eco RI and the 
resulting fragments analyzed for the pres- 
ence of DNA homologous to chicken 
rRNA. A mixture of 18S and 28S 3H-la- 
beled chicken rRNA hybridized to frag- 
ments in two regions of the gel (Fig. 1, b 
and c). By comparison with parallel gels 
containing Eco RI digests of 3H-labeled X 
DNA (9), we estimate the molecular 
weights of the two rDNA fragments to be 
5 x 106 and 12 to 14 x 106. The sharp 
band in the 5 x 106 dalton region and the 
absence of hybridization to DNA be- 
tween the two bands indicated that 
Eco RI digestion was complete and that 
there were at least two sites for Eco RI in 
the rDNA. Other experiments (not in- 
cluded) showed that the smaller fragment 
contained sequences homologous with 
both 18S and 28S rRNA, whereas the 
larger fragment contained only 18S se- 
quences. These results are similar to 
those found for rDNA in the amphibian 
Xenopus laevis (10) and in several mam- 
mals (8) and support the suggestion by 
Southern (8) that these two sites of 
Eco RI cleavage in the rDNA have been 
conserved since the divergence of am- 
phibians and mammals. The sizes of the 
avian rDNA Eco RI fragments are closer 
to those of mammals (mouse, 5.2 x 106 
and 14 x 106 daltons; rabbit, 6.0 x 106 
and 12 x 106 daltons) than those of am- 
phibians (X. laevis, 3.0 x 106 and4to6 x 
106 daltons) (8, 10). Our data suggest that 
the structure of the chicken rDNA is simi- 
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a b c d e f Fig. 1. Agarose gel analysis of chicken DNA and recombinant phage DNA. High- 
Molecular wei ht molecular-weight DNA was prepared from erythrocytes of Spafas (Norwich, o.l.ecu....... w 

Conn.) gs chickens by a method similar to that of Chambon and co-workers (18). 
I - (d x 10 -6) The DNA was incubated in 0.1M tris (pH 7.4), 0.05M NaCl, 0.005M MgCl2, and 

0.001M p-chloromercuribenzoate for 10 minutes at 37?C. Eco RI was added (2 
:. : ..: .. .: .1 units per microgram of DNA) and the mixture was incubated for 10 minutes. A 

second portion of Eco RI was then added and incubation was continued for 10 
minutes. The reaction was stopped by adding one-tenth volume 10 percent so- 

1 --- j13.8 dium dodecyl sulfate and heating to 65?C for 2 to 5 minutes. Digested DNA was 
X<, :?: ??l - ^J ^^H 

--- 9.0 concentrated by ethanol precipitation before electrophoresis; such treatment 
causes some loss of large fragments. A 10- to 20-/g portion of the concentrated 

;f: ^H ^B _ H ______n 
DNA was subjected to electrophoresis on 0.7 percent agarose disc gels (0.5 by 12 

ij| | **5.0 --- * cm) in buffer containing 0.04M tris, 0.005M sodium acetate, and 0.001M EDTA 
||V:~::::::~i~: ::H (the pH was adjusted to 7.9 with acetic acid). Gels were stained for 1 hour or more 
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in ethidium bromide (0.5 ,ug/ml). The DNA was transferred to cellulose nitrate 
111:?t: -H x- ^H membranes by the method of Southern (8). The 18S and 28S rRNA probes (specif- 

ic activity 4 x 106 cpm/tg) were prepared from chicken fibroblasts labeled 
with [3H]uridine. Each probe was shown to be homogeneous by polyacrylamide 
gel electrophoresis. The concentration of probe RNA in the hybridization mixture 

:??~:: I X A' ^H IHB '"'&'t" 

was approximately 0.5 g/g/ml. Hybridization was detected by fluorography (8, 
19). The stoichiometry of the recombinant DNA Eco RI fragments was deter- 
mined from densitometer tracings of a photographic negative of ethidium bro- 

.. : X :: :~: IBBI ---mide-stained gels. The area under each peak was determined by cutting out and 
weighing that peak. Molecular weights were taken to be 13.8 x 106 and 9.0 x 106 for the vector arms and 5.0 x 106 for the inserted fragment. 
Normalizing to the smaller vector fragment, the ratios of fragments (from largest to smallest) are: XGd 1, 0.98 : 1.00 : 0.76; XGd2, 1.00 : 1.00 : 0.91; 
and XGd3, 1.08: 1.00 : 0.86. Lambda Gdl DNA, uniformly labeled with 32p, was digested with Eco RI and subjected to electrophoresis on 0.7 
percent agarose gels. The radioactivity in each fragment was determined by cutting out the ethidium bromide-stained bands and counting them in 5 
ml of Aquasol. The counts were (from largest to smallest) 297, 154, and 80 cpm. Normalizing to the smaller vector arm, the ratio of fragments is 
1.25: 1.00 : 0.94. (a) Ethidium bromide-stained gel containing Eco RI fragments of unfractionated chicken DNA. (b) Fluorogram of Southern 
transfer containing Eco RI fragments of unfractionated chicken DNA hybridized with 18S plus 28S 3H-labeled rRNA. In this transfer, hybridization 
to the 5 x 106 dalton fragment is apparent but hybridization to the 12 to 14 x 106 dalton fragment is not. (c) Fluorogram as in (b) except that before 
digestion with Eco RI, DNA was enriched three- to fivefold for ribosomal sequences by selecting material from the heavy side of DNA banded in a 
CsCl equilibrium gradient. In this case hybridization to both fragments is evident. (d to f) Ethidium bromide-stained gels of Eco RI-digested DNA 
from (d) XGdl, (e) XGd2, and (f) XGd3. 
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