flect the presence of cistrons for either
the 23S or the 165 rRNA, or both. We
also found in hybridization studies with
an Eco RI digest of total Chl-DNA that
at least two other fragments (A and D or
E) of Chl-DNA contain rRNA se-
quences. These fragments can now be
used to construct a physical map of the
chloroplast genome and to locate pre-
cisely the position and orientation of the
rRNA cistrons. Furthermore, other
genes, such as those for chloroplast
transfer RNA cistrons, can be identified
by similar hybridization experiments.
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Cloning of Yeast Transfer RNA Genes in Escherichia coli

Abstract. Four thousand Escherichia coli clones containing yeast DNA inserted
into the plasmid pBR313 have been isolated. Of these, 175 clones were identified as
carrying yeast transfer RNA genes. The initial analysis of the inserted transfer RNA
genes via the colony hybridization technique with individual radioactive transfer RNA
species is reported. The data indicate that yeast transfer RNA genes are not highly
clustered, although some clustering exists. In addition, it was observed that the reiter-

ation number of different transfer RNA genes may vary extensively.

In order to study the principles of gene
organization and expression in yeast we
have undertaken a project to isolate and
characterize yeast transfer RNA (tRNA)
genes. There are several reasons for
choosing yeast tRNA genes as a system
for studying gene organization and ex-
pression. The gene products have been
well characterized; most yeast tRNA’s
have been purified, and many sequenced
(1). As in Escherichia coli, nonsense sup-
pressors have been isolated (2), and it has
been demonstrated that these suppressor
genes are the structural genes of tRNA (3,

4). Thus, there is extensive information
available on the genes and gene products
for this class of molecules. Recombinant
DNA technology now supplies us with a
method for isolating the tRNA genes in
pure form. We report here our initial ef-
forts to collect and catalog the yeast
tRNA genes.

The first step was to obtain an adequate
number of E. coli clones carrying random
fragments of yeast DNA (the ‘‘shotgun
experiment’’). These clones were then
screened by hybridization to identify
those containing yeast tRNA genes. This
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Fig. 1. Screening for recombinant clones carrying yeast tRNA genes. One thousand one hundred
and forty clones carrying endo R Hind III restricted fragments of the yeast genome inserted into
pBR313 were transferred to 12 filters (95 clones per filter) and assayed for yeast tRNA genes by
hybridization with in vivo 3?P-labeled 45 RNA. Labeling and extraction of stable RNA’s were
performed according to Rubin (/12). The RNA was subsequently separated on a 10 percent
polyacrylamide gel in 4M urea. The positions of 45, 55, and 5.85§ RNA were revealed by auto-
radiography. Appropriate bands were cut out, and the RNA’s were eluted in 0.3M NaCl and
purified by DEAE-cellulose column chromatography. We have modified the colony hybridization
procedure developed by Grunstein and Hogness (/1). The candidate clones were replica-plated in
an 8 by 12 cm matrix onto 15-cm (diameter) petri plates (95 clones per dish). After an overnight
growth period, a sheet of Whatman 540 filter paper was pressed onto the plate and removed (most
of the bacteria adhere to the filter). The filter was then treated with 0.5M NaOH, neutralized,
dried, and used in the hybridization test. We have routinely used 10° to 10® count/min of purified
labeled RNA per filter. However, when total 45 RNA was used the hybridization solution con-
tained 10° to 107 count/min per filter. Hybridization was for 12 to 18 hours at 37°C in a solution of
50 percent formamide, 0.6M NaCl, 0.06M sodium citrate,pH 7.0, and 0.5 percent sodium dodecyl
sulfate. The filters were then washed, treated with ribonuclease (optional), and autoradio-

graphed.
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subcollection of clones was then further
screened with pure tRNA species toiden-
tify clones carrying particular tRNA
genes.

The vehicle used in these experiments
was the plasmid pBR313 (5). This plasmid
is aderivative of Col El carrying antibiot-
ic resistance genes for tetracycline (ret")

and ampicillin (amp®). Foreign DNA can
be inserted by ligation into this plasmid
(6) at a number of single restriction sites.
In our experiments we used endo R
Hind III (7) restriction endonuclease to
cleave the plasmid DNA. This enzyme
cleaves the circular plasmid DNA at a
single site in the ret" gene (5). Yeast DNA

was purified from Saccharomyces cere-
visiae strain X2180 1A (8) and cleaved
with endo R Hind III. The yeast DNA
fragments were annealed and ligated to
Hind III cleaved pBR313 DNA to pro-
duce a random collection of hybrid DNA
molecules (6). These recombinant plas-
mids were introduced (9) into E. coli

I & ® B | &
Fig. 2. Screening for specific tRNA genes among 45 -containing clones. ° > P
The 175 clones that were shown to hybridize with 32P-labeled 45 RNA ® o
(see Fig. 1) were tested for their ability to anneal different purified § o
tRNA species. The in vivo labeled 4S RNA’s were separated by two- L . |
dimensional polyacrylamide gel electrophoresis (3). Individual spots L .

were selected by autoradiography, eluted, and used in our hybridiza- 2 2
tion screening. The hybridization to three individual tRNA samples
(T1, panel A; T2, panel B; T3, panel C) is shown here. T1, T2, and T3
were later identified by their ribonuclease T1 two-dimensional oligonu-
cleotide maps as tRNA;*" (14), tRNAyp,*" (15), and tRNA,S (16),
respectively. K

Table 1. Catalog of the 4S clones. All 175 clones containing 4S genes obtained by a series of 32 independent transformations are listed. The identity
of the various purified tRN A species found to hybridize with each clone is indicated. Screening for the various tRNA species is described in Fig. 2,
with the use of either individual 45 spots obtained by two-dimensional separation of in vivo labeled tRNA (3) or by incubating purified tRNA
species with bacteriophage T4 polynucleotide kinase and [y-*?PJATP (/3). These tRNA’s were the gifts from several laboratories (Table 2). In
several cases, the identity of the in vivo labeled tRNA samples eluted from two-dimensional gels could be ascertained by their ribonuclease T1
patterns or by the coincidence of their hybridization patterns to the 175 clones with a known purified tRNA species. The spots T1, T2, and T3
and R8, R10, and R11 were shown by oligonucleotide mapping, respectively, to be tRNA’s specific for Leu,, Leuyga, Ser,, Ala, Tyr, and Phe; T9
was not analyzed but did cohybridize with the same clones as tRNA*s. Abbreviations for the tRNA species are as follows: Asp, aspartic acid; Arg,
arginine; Gly, glycine; Leu, leucine; Phe, phenylalanine; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; subscripts indicate individual
tRNA species.

tRNA tRNA tRNA tRNA tRNA
Clone species Clone species Clone species Clone species Clone species
1-i Thr 74 T2(Leuyya) 1 n d
: m Gly n q Val, k
2'2 X:I2 8-a Thr 0 T3(Ser,) s o
e Thr[') c Thr p u Arg, Tyr, Asp 25
f Thr e T2(Leugy,), T9 q ;ﬁ RS(AL 19-b p Val,
j £ Asp s ¢, R8(Ala) f  Arg,Asp 26d  R8(Ala)
k Leu, J 12-a g D f Val,
m Leu, k d Leuy i T15 h T9
p Thr 1 e Asp k T15
r Val, n o m Leuy 27-a
p Asp p n T8 b T3(Ser,)
3-b q q Asp r d
i Val, u  Ley e T9 206  Trp J
p  R8(Ala) 9d 9 d f T 28-b
q TS c I e TIS g c D
g T3(Ser,) g m Trp e
ba Lew ko TS k  R8(Ala) n T3(Ser,) i Asp
e n 15-a ° 29-¢
g c 21-d Arg;, Asp 1 TI5
i 10-b d k I Val,TI6
j ? g T2(Leugg,) n Arg,, Asp n Arg,
k  R8(Ala) h 19 5. p
| g 16-h 2 (;‘ q T2(Leugya)
0 ho Tyr " r Arg,T9
1 17-a ﬁ 0
5-a Asp 1 c Leu, . 30-¢ 5
e Phe m Arg,, Asp d ! ﬁ g}
f Gly P Arg, f Asp 23-a T R 6Y
i R8 (Ala), T16 q T2(Leuyya) h T9 f Leu, ; P
J ti-d- Thr P b G 314l As
6-a Leu, f Leu, 18-c K T ); P
¢ g T3(Sery) f | y 32-e
g h g f T16
h Tyr j k 24-b Asp g T16
1 Gly k 1 c T1S h Ti6
206 SCIENCE, VOL. 196



strain' C600 SF8 (10) by transformation
6). After addition of the DNA the trans-
formation mixture was divided into a
number of separate growth tubes in order
to minimize the chances of obtaining sib-
ling clones. The transformation mixtures
were plated on ampicillin medium to se-
lect for clones carrying the plasmid. From
32 independent transformations, 12,000
ampicillin-resistant clones were isolated.
Four thousand of these clones were tet-
racycline sensitive, indicating that for-
eign DN A had been inserted into the tet”
gene.

This collection of 4000 clones con-
taining yeast DNA was screened by the
colony hybridization technique [(//) and
legend to Fig. 1] to detect those contain-
ing sequences complementary to 4S5, 55,
or 5.85 RNA. In these experiments the
RNA probes were labeled in vivo by
growing yeast in medium containing
[**P]orthophosphate (/2). The labeled
RNA was purified by polyacrylamide gel
electrophoresis (3). One hundred and
seventy-five clones hybridized specifical-
ly with 45 RNA, 122 hybridized with 5§
RNA, and 121 with 5.85 RNA. The 5§
and 5.85 clones also hybridized with 4§

"RNA, but this hybridization was due to
the presence of contaminating ribosomal
RNA sequences in our 45§ RNA and was
not due to tRNA. Figure 1 illustrates the
detection of clones hybridizing with 4§
RNA.

The collection of 175 clones hybridiz-
ing to 45 RNA was then screened with
purified tRNA’s. This process is not yet
complete, but the results obtained with 18
different species of tRNA give us a pre-
view of the form the final catalog will
take. Prior to the final screening process
each clone was purified and retested.
Two grids were formed containing the en-
tire 45 collection (Fig. 2).

Pure yeast tRNA’s were obtained in
two ways. The tRNA was labeled with 3P
in vivo (12), and the individual species
were purified by two-dimensional poly-
acrylamide gel electrophoresis (3). The
purity and, in some cases, the identity of
these tRNA’s was ascertained by map-
ping the T1 ribonuclease products of each
species. In this way 12 pure species of
yeast tRNA have been isolated.

In addition, we have been fortunate in
obtaining a number of pure yeast tRNA’s
from our colleagues (Table 2). These un-
labeled tRNA’s can be made radioactive
by incubation with [y-*?P]JATP and bac-
teriophage T4 polynucleotide kinase (/3).
In this way we have obtained ten pure
tRNA species. In several cases these
proved to be identical to members of the
first set so thatin all we have screened our
set of 45 clones with 18 different species
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of pure yeast tRNA. The acceptor activi-
ty of six of these is unknown. Figure 2
gives an example of the detection of 4§
clones hybridizing to a pure species of
tRNA. In this case the tRNA’s were puri-
fied by two-dimensional polyacrylamide
gel electrophoresis (3). The results with
three pure species of tRNA are shown.
These were called T1, T2, and T3, but
further analysis showed that they were,
respectively, tRNA " (14), tRNA .
(15), and tRNA,5¢ (16). Figure 2 shows
that there are ten clones hybridizing with
tRNA " (panel A), S clones hybridizing
with tRN Ay, (panel B), and 11 clones
hybridizing with tRNA,%" (panel C). In
panel C there are five dark spots and six
light ones. We assume that the light spots
are due to a contaminating RNA species
in the tRN A, preparation, but there are
several other possible explanations that
must be ruled out.

The results of hybridization tests with
all 18 pure tRNA probes are given in Ta-
bles 1 and 2. Of the 175 clones in the 45
collection, 97 hybridize to at least one of
the tRNA’s. Ten of the clones hybridize
to two tRNA’s and one clone to three dif-
ferent tRNA species (18u, Table 1). Note
that'a possible cluster of Args;, and Asp
tRNA genes occurs four times (Table 2).

These results suggest some tentative
conclusions regarding the organization of
tRNA genes in the yeast genome. The av-
erage molecular size of an endo R
Hind III fragment is about 2.5 x 106 dal-
tons. Thus each fragment represents 4400
of the yeast haploid genome (about 10'°
daltons) (/7). We have isolated 4000
clones at random. Hybridization studies
have shown that there are 360 tRNA
genes per yeast haploid genome (18). If
these genes are widely spaced we would
have expected to isolate by chance about
360 clones containing one tRNA species
each (although in our collection the
chance of obtaining a particular tRNA
gene is 1-e 7! or 0.63). On the other hand,
if tRNA genes are tightly clustered we
would have detected far fewer 45 clones.
Our results suggest that the tRNA genes
in yeast are not tightly clustered. If our
collection of 175 clones contains 360
tRNA genes, onthe average, there will be
two genes per clone. The possibility that
yeast tRNA genes are widely spaced had
already been suggested from the genetic
mapping of tyrosine inserting suppres-
sors. These suppressors are unlinked and
often map on separate chromosomes (19).
Clarkson and collaborators (20) have
studied the organization of tRN A genes in

Table 2. Frequency of occurrence of the different tRNA genes. The data reported under Table 1
are summarized: column 1 lists the total number of clones hybridizing to each tRNA. Column 2
represents the minimum number of independently obtained clones for each tRNA, computed by
subtracting any possible siblings. Also listed are the clones that react with more than one of the
tRNA’s tested, and their frequency of occurrence. We gratefully acknowledge the various donors
of the different purified tRNA species as indicated for each tRNA. Abbreviations for the tRNA
species are as follows: Ala, alanine; Asp, aspartic acid; Arg, arginine; Gly, glycine, Leu, leucine;
Phe, phenylalanine; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine.

Number Minimum
Item of clones independent
found number
A. tRNA species
Ala(R8) 27) (G. Keith) 6 6
Asp (22) (G. Keith; P. Bolton and D. Kearns) 15 12
Arg;(23) (J. Weissenbach and G. Keith) 8 7
Gly (P. Bolton and D. Kearns) 6 6
Leuyua(T2) (15) 5 5
" Leu, (J4) (S. H. Chang; G. Pixaand G. Keith) 10 9
Phe(R11) (24) (B. Reid) 2 2
Ser,(T3) (16) 5 4
Thr (J. Weissenbach and G. Keith) 7 4
Trp 25) (G. Keith; B. Reid) 2 1
Tyr(R10) (26) (B. Reid; P. Bolton and D. Kearns) 4 4
Val, 27) (S. Montasser and G. Keith) 7 6
R6 2 2
. T8 3 3
T9 14 12
“T15 8 7
:T16 5 3
B. Possible clusters of two or more tRNA genes
Gly, T9 1 1
Ala(R8), T16 1 1
Leuyya(T2), T9 1 1
Ala(R8), Phe 1 1
Arg,, Asp 4 3
Argg, Asp, Tyr(R10) 1 1
Arg;, T9 1 1
Val,, T16 1 1
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Xenopus. Their data suggest a model in
which identical tRNA genes are arranged
in tandem, interspersed by spacer DNA.
Our results show a different principal of
organization in yeast.

Our data also suggest that the fre-
quency of occurrence of the different
tRNA genes on the yeast genome may
vary extensively from one tRNA to an-
other. Table 2 shows that, whereas nine
clones hybridize with tRNA ¢!, only two
hybridize with tRNAPhe,

Itis obviously of importance to analyze
and compare the DNA from various of
our clones. In doing so, we may be able to
answer the following questions:

1) For a set of clones carrying genes
for a particular tRNA, what is the con-
served sequence—is it confined to the
structural gene or does it contain aux-
iliary information?

2) Do iso- or heteroclusters of tRNA
genes exist, and if so what is their organi-
zation and mode of transcription?

JACQUES S. BECKMANN
PETER F. JOHNSON
JOHN ABELSON
Department of Chemistry, University of
California, San Diego, LaJolla, 92093
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Excision and Recombination of Adenovirus DNA Fragments

in Escherichia coli

A hybrid between the bacteriophage A
genome and the adenovirus type 2 (Ad2)
Eco RI-B DNA fragment has been con-
structed in vitro (/). The Ad2-Eco RI-B
fragment was inserted as monomers in
two directions in the clones analyzed; but
in some cases we observed multimers of
the inserted fragment in the A phage vec-
tor (/). We now report that during growth
in Escherichia coli recombination may
occur within multiple adenovirus DNA
fragments of the A vector.

The vector used, obtained from A2Pam
(I, 2) contains all the essential genes of
the phage and has a 26 percent deletion in
the middle of the genome. The adeno-
virus Eco RI-B DNA fragment was puri-
fied by electrophoresis in polyacrylamide
slab gels. Since the Eco RI endonuclease
cleavage sites are symmetrical, a DNA
fragment can be inserted in two direc-
tions. The resulting two hybrids con-
taining the Ad2-Eco RI-B DNA fragment
can be distinguished since there is a

Table 1. Plaque morphology of A-Ad2-Eco RI-B hybrids plated on different strains.

S C600ry my C600r; mj
Clone C600ry my RecB-C- Rec A-
A-Ad2-Eco RI-B4
Monomer Normal Minute Normal
Trimer Normal Normal Normal
A-Ad2-Eco RI-B7
Monomer Normal Minute Normal
Trimer Normal Normal Normal
A-Ad2-Eco RI-B1
Monomer Normal Minute Normal
Trimer Normal Normal Normal
= = % = 5 5
i = z— 2§ 3
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o &8 = ~ S o= S5= 458
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Fig. 1. Analysis of Eco RI and Bam HI fragments from the A-Ad2-Eco RI-B4 and A-Ad2-Eco RI-
B7 hybrids. DNA from clones A-Ad2-Eco RI-B4 and A-Ad2-Eco RI-B7 was extracted and di-
gested with endonucleases Eco RI and Bam HI (/). The DNA fragments were analyzed by
electrophoresis in a slab gel containing a linear gradient of polyacrylamide from 2.5 to 7.5 percent
(1). The Eco RI fragments of Ad2 DNA were used as size markers.
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