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Directed Deletion of a Yeast
Transfer RNA Intervening Sequence

R. Bruce Wallace, Peter F. Johnson, Shoji Tanaka
Monica Schold, Keiichi Itakura, John Abelson

Perhaps the most surprising discovery
in the initial studies of eukaryotic gene
structure has been that many genes con-
tain interruptions in the coding se-
quences. The origin and the function of
these intervening sequences (IVS or in-
trons) are not yet well understood but
are the subject of intense investigation.
In this article we test whether or not one

of 14 base pairs (bp) located 1 bp to the 3’
side of the anticodon (3). In the ex-
pression of the tRNA gene the entire
gene is transcribed to form a tRNA pre-
cursor (Fig. 1). Then in the enzymatic
process of splicing the intervening se-
quence is removed and the half mole-
cules are rejoined to form the mature
tRNA molecule #).

Summary. Many eukaryotic genes contain intervening sequences, segments of
DNA that interrupt the continuity of the gene. They are removed from RNA transcripts
of the gene by a process known as splicing. The intervening sequence in a yeast
tyrosine transfer RNA (tRNATY") suppressor gene was deleted in order to test its role in
the expression of the gene. The altered gene and its parent were introduced into yeast
by transformation. Both genes exhibited suppressor function, showing that the inter-
vening sequence is not absolutely essential for the expression of this gene.

of these introns, located in a yeast tRNA
suppressor gene, is essential for the ex-
pression of the gene.

In Saccharomyces cerevisiae there are
eight tyrosine transfer RNA (tRNA™")
genes (/) and each can be converted to
either ochre or amber suppressor, a
dominant phenotype (2). Each of these
genes contains an intervening sequence
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It is not yet known whether splicing is
an essential step in the synthesis of yeast
tRNAT*", Not all tRNA genes contain in-
trons (in yeast we estimate that perhaps
one-tenth of the tRNA genes contain in-
tervening sequences), so splicing is not
an obligatory step in the synthesis of all
tRNA. The presence of an intervening
sequence in a precursor gives that RNA
molecule a distinctive structure so that
one could invoke an essential role for the
intervening sequence in processing, base
modification, or transport from nucleus
to cytoplasm. Alternatively, the intron
could be part of the transcriptional rec-
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ognition site. This latter possibility is
raised from the results of Brown and his
colleagues who have shown that tran-
scriptional initiation of the Xenopus 58
gene by RNA polymerase III requires se-
quences in the middle of the gene. Eu-
karyotic tRNA genes are also tran-
scribed by RNA polymerase III.

To test whether the intervening se-
quence is essential, we have engineered
the precise deletion of the intron from
the tRNA™" SUP6 ochre suppressor
gene. The ochre suppressor gene can be
introduced into yeast via transformation
(6) so the phenotype of the altered gene
could be compared with that of the par-
ent.

Technique for engineering specific de-
letions. The most precise and versatile
way to introduce specific mutations in
DNA is through the use of short synthet-
ic oligonucleotides as site-specific muta-
gens. In this technique an oligonucleo-
tide is synthesized which contains the de-
sired mutation (point mutation, deletion
or insertion). The oligonucleotide is used
as a primer to direct the synthesis of
DNA on a single-stranded circular DNA
template. The oligonucleotide is thereby
incorporated into the resulting circular
DNA molecule forming a heteroduplex.
Transformation into Escherichia coli fol-
lowed by DNA replication resolves this
heteroduplex into mutant and parental
genes.

Until now this technique has only been
used with $X174 DNA. Specific transi-
tion (7), transversion (8), and single-base
deletion (9) mutations have been con-
structed.

We describe below a mutagenic strate-
gy that is more general than previous
strategies and differs from them in three
ways:

1) The DNA to be mutagenized is
double-stranded, allowing the use of re-
combinant plasmid DNA (in this case the
yeast SUP6 gene cloned in the plasmid
pBR322).

2) We demonstrate that large, specific
deletions can be engineered. In this case
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we have directed the precise deletion of
the 14-bp intervening sequence in the
tRNAT™* SUP6 gene.

3) The synthetic oligonucleotide used
to create the mutation is also used in a
hybridization assay to screen for clones
containing the desired mutation. Thus,
even though the mutation may be rare it
can be easily and definitively recognized.

Construction of a plasmid containing
the yeast tRNA™" SUP6 gene. Many of
the yeast tRNA™" genes have been
cloned as well as some of the suppressor
alleles of these genes (2). A plasmid con-
taining the ochre SUP6 gene, originally
cloned as an Eco RI fragment, was made
available to us (/0). To aid in a general
study of the expression of this gene we
have recloned a subfragment containing
the gene into the plasmid pBR322. This
was done by cleaving the DNA with
Alu I restriction endonuclease, ligating
the fragment with Bam HI linkers, and
digesting with Bam HI endonuclease to
create cohesive ends (Fig. 1B). The
smaller fragment was inserted into the
Bam HI site of the plasmid pBR322. This
clone is referred to as pYSUP6 Alu.

Directed deletion of the intervening
sequence in the SUP6 gene. The strategy
for constructing the IVS deletion is dia-
grammed in Fig. 2. The triester approach
was used to synthesize the henicosamer
21-unit oligonucleotidle TCTCAAGATT
TAAAGTCTTGC (I/1). This oligonucleo-
tide is complementary to residues 28 to
48 of the mature yeast ochre suppressor
tRNA™", To prepare a single-stranded
template, the supercoiled pYSUP6 Alu
DNA was digested with Eco RI in the
presence of ethidium bromide (150 ug/ml).
This procedure produces a single nick in
the DNA (/2). This nicked DNA is a sub-
strate for exonuclease III and digestion
produces single-stranded circles.

The henicosamer was used as a primer
to direct the synthesis of duplex DNA by
the Klenow fragment of E. coli DNA
polymerase I. The resulting double-
stranded circular DNA, sealed by T4
DNA ligase, is a heteroduplex with 14
bases of the parental strand looped out.
This DNA was used to transform E. coli
x1776, selecting for ampicillin resist-
ance. One hundred ampicillin-resistant
colonies were isolated. To test which of
these colonies contained an altered sup-
pressor gene, we used a hybridization as-
say. The henicosamer, which acted as
the primer in the mutagenesis, was la-
beled with 3°P and used as a hybridiza-
tion probe. Under the appropriate hy-
bridization conditions (see below), this
oligonucleotide will hybridize to the de-
leted gene, but not to the parent contain-
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ing the IVS. Four colonies (isolates 22,
32, 35, and 36) showed positive hybrid-
ization in this assay. The failure to
achieve complete mutagenic conversion
may have been due to infectivity of re-
sidual single-stranded DNA molecules or
to a low background of molecules in-
completely digested by exonuclease III.
DNA polymerase would repair these to
reform parental molecules.

A demonstration of the selective hy-
bridization is given in Fig. 3. In this ex-
periment plasmid DNA’s containing the
deletion or the intact gene were digested
with Bam HI, and the digestion products
were separated by agarose gel electro-
phoresis. The DNA was denatured in
situ and transferred to nitrocellulose pa-
per by the method of Southern (13). The
autoradiogram in Fig. 3 shows that the
henicosamer only hybridizes to frag-
ments containing the deletion.

Analysis of the deletion mutants. Plas-
mid DNA was prepared from the four
x1776 colonies isolated as described in
Fig. 2. This DNA was used to transform
the E. coli strain LS1. All of the transfor-
mants derived from plasmid preparations
22 and 32 hybridized with the 3?P-labeled
henicosamer. By contrast, 50 percent of
the transformants obtained from plasmid
preparations 35 and 36 hybridized. This

A
Pre - tRNAY"

Fig. 1. (A) Nucleotide se-

quence and possible sec-

ondary structure of a

tRNA™" precursor RNA

containing the intervening

sequence. The arrows de-

note the intervening se- 15
quence boundaries (3, 4).
The sequence shown is
that of a wild-type RNA;
the ochre suppressor RNA
contains a G to U base
change in the anticodon
(position 36). (B) Map of
the SUP6 gene region. The
region shown is an Alu I re-
striction fragment with
added synthetic Bam HI
ends. The heavy lines rep-
resent theé mature tRNA
sequences. The arrow
shows the direction of tran-
scription of the tRNA
gene.

" D G C
Loop"

Bam HI

suggested that the primary mutant plas-
mids in x1776 could result either from re-
pair of the unpaired loop (isolates 22 and
32) or from replication of the hetero-
duplex to yield both mutant and parental
plasmids within one cell (isolates 35 and
36).

The plasmid DNA from the four x1776
isolates was further analyzed in a primer
extension experiment. The primer used
in this experiment was the decamer
TCTCAAGATT (the 5’ end of the heni-
cosamer). Each of the plasmid prepara-
tions described above was cleaved with
Hha I. There is a Hha I site at position
27 in the tyrosine tRNA gene. Exten-
sions of the **P-labeled primer on the
Hha I cut template will be either 20 or 34
nucleotides long, depending on whether
the gene contains the 14-base deletion or
not (Fig. 4B). Lanes a and b show that
the plasmids isolated from x1776 can ei-
ther be pure deletion (isolate 32, lane a)
or a mixture of deletion and parent (iso-
late 35, lane b). Pure deletion plasmids
can be isolated by recloning (lanes d and
e). For all subsequent work pure deletion
plasmids were isolated by retransforma-
tion and rescreening. :

The exact nucleotide sequence of the
deleted gene has been confirmed from
DNA sequencing by the method of Max-
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am and Gilbert (data not shown) (/4).

Transformation of the IVS deletion
mutant into yeast. In order to determine
whether the SUP6 gene lacking the inter-
vening sequence is still functional we
have introduced the altered gene into
yeast via transformation. DNA frag-
ments containing the parental SUP6 al-
lele or containing the IVS deletion were
ligated into the yeast transformation vec-

tor CV7 (15). This pBR322 derivative
carries the wild-type yeast leu2 gene and
the 1.4-megadalton Eco RI fragment of
the endogenous 2-um yeast plasmid pScl
and exists in yeast as an episomal ele-
ment present at around ten copies per
cell (16). The recipient yeast strain car-
ries a double mutation at the Leu 2 locus
and contains three ochre nonsense muta-
tions (lysl-1, trp5-48, ade2-1). This strain

was transformed with CV7 or CV7 con-
taining either the parental SUP6 gene or
the gene with the IVS deletion. Leu*
transformants were selected and then
tested for the simultaneous suppression
of the three ochre loci (Table 1). As ex-
pected, Leu® transformants from the
vector alone do not exhibit ochre sup-
pression, whereas every transformant
from CV7 containing the SUP6 allele
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Fig. 2. Deletion of 14-bp intervening sequence from yeast SUP6 gene cloned in pBR322. Covalently closed circular plasmid DNA (pYSUPS6 Alu,
10 ug) was nicked in one strand by digestion with the restriction endonuclease Eco RI (Boehringer Mannheim, 1000 units) in 1 ml of 100 mM tris-
HCI, pH 7.2, 50 mM NaCl, 5 mM magnesium acetate, 0.01 percent NP-40 and ethidium bromide (150 ug/ml) (12) at 37°C for 1 hour. The reaction
was then brought to 10 mM EDTA, extracted three times with ten volumes of water-saturated isobutanol to remove the ethidium bromide (100 ug/
ml), once with a mixture of phenol and CHCI;, twice with ether, and once with isobutanol to reduce the volume to 0.1 ml. The sample was
desalted by centrifugation through a small (0.5 ml) Sephadex G-25 column and the DNA was recovered by precipitation with ethanol. Approxi-
mately 5 ug of the nicked DNA was incubated with 40 units of exonuclease III (Bethesda Research Laboratory) in 20 ul of 10 mM tris-HCI, pH
7.5,2 mM MgCl,, and 1 mM B-mercaptoethanol for 90 minutes at 37°C. The reaction was adjusted to 15 mM tris-HCl, pH 7.5, 7 mM NaCl, 7 mM
MgCly, 7 mM DTT (dithiothreitol). Twenty units of bacterial alkaline phosphatase (Bethesda Research Laboratory) and 5 units of Hinf I (Bethes-
da Research Laboratory) were added, and digestion was continued for 30 minutes at 37°C. The sample was brought to 10 mM EDTA, extracted
twice with a mixture of phenol and CHCl;, once with ether, and desalted by centrifugation through a 0.5-ml Sephadex G-25 column equilibrated
with water. Two-thirds of the single-stranded circular DNA preparation was combined with 60 pmole of 5'-phosphorylated oligonucleotide
TCTCAAGATTTAAAGTCTTGC (henicosamer) in 38 wul of 200 mM NaCl, 13 mM tris-HCl, pH 7.5, 9 mM magnesium acetate, 20 mM -
mercaptoethanol, boiled for 3 minutes and immediately cooled to 0°C. To this was added 5 ul of a solution which contained the four deoxynu-
cleoside triphosphates, at 4 mM, 0.5 ul of 100 mM adenosine triphosphate (ATP), 3 ul (3 units) of the Klenow fragment of DNA polymerase I
(Boehringer Mannheim), and 4 ul (10 units) of T4 DNA ligase (gift of A. D. Riggs). After an overnight incubation at 12°C, portions of this reaction
were used to transform x1776 (provided by R. Curtiss), and the transformants were selected on agar medium containing (per milliliter) 100 ug of
dl-a-e-diaminopimelic acid (DAP), 50 pg of thymidine, and 20 ug of ampicillin. The resulting transformed colonies were replica-plated onto
duplicate nitrocellulose filters (Millipore HATF090), grown overnight on the same agar medium, and then amplified for 5 hours on agar medium
containing DAP (100 ug/ml), thymidine (50 ug/ml), and chloramphenicol (12.5 ug/ml). The filter was then prepared for hybridization 27) by
incubating the filter in sixfold strength NET (NET consists of 150 mM NaCl, 15 mM tris-HCl, pH 7.5, 1 mM EDTA), fivefold strength Denhardt’s
solution (22), 0.5 percent SDS, 100 ug/ml denatured E. coli DNA (5 ml per filter) for 2 hours at 65°C. Hybridization was carried out with [5'-32P]-
labeled henicosamer (21), in a solution (2.5 ml per filter) containing sixfold strength NET, fivefold strength Denhardt’s solution (25), 0.5 percent
SDS, 10 percent Dextran sulfate (Pharmacia) and labeled henicosamer (2 ng/ml). Hybridization was carried out at 50°C overnight, the filters were
washed at 0°C in sixfold strength SSC and exposed overnight to Kodak XR x-ray film with one Cronex Lightning Plus intensifier screen (DuPont).
Colonies that appeared to hybridize to the labeled probe were picked, streaked onto a nitrocellulose filter, grown, amplified, and hybridized with
probe. This procedure yielded four deletion mutants designated pYSUP6 A22, pYSUP6 A32, pYSUP6 A35, and pYSUP6 A36. The black area
indicates the Alu fragment (Fig. 1) inserted at the Bam HI site of pBR322. This loop, which is not base-paired, and oligonucleotide are exaggerat-
ed for clarity.
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Fig. 3. Specificity of hybridization of the 32P-
labeled henicosamer to deletion plasmid
DNA. Plasmid DNA was isolated from the de-
letion mutants described in Fig. 2. Approxi-
mately 0.5 ug of deletion plasmid DNA and
1 ug of pYSUP6 Alu DNA were digested with
Bam HI (Boehringer Mannheim, 5 units) in 10
pl of 7 mM tris-HCL, pH 7.5, 7 mM NacCl,
7 mM MgCl,, 7 mM dithiothreitol (DTT) at
37°C for 30 minutes. This DNA was then sub-
jected to electrophoresis on a 1 percent aga-
rose gel (20). The gel was stained with eth-

750 bp
Yeast fragment

idium bromide (0.25 ug/ml) for 15 minutes and photographed under ultraviolet light. (Lane a)
pYSUP6 A35; (lane b) pYSUP6 A32; (lane ¢) pYSUP6 A22; (lane d) pYSUP6 Alu. The DNA
was then transferred to nitrocellulose (Schleicher and Schuell) as described by Southern (/3)
and hybridized with the 3?P-labeled henicosamer (2 ng/ml) in sixfold NET, fivefold Denhardt’s,
0.5 percent sodium dodecyl sulfate, at 50°C, overnight. The filter was then washed at 0°C in six-

fold SSC and autoradiographed (lanes a’ to d’).

shows the suppressor character. More-
over, it can be seen that cells harboring
the SUP6 IVS deletion plasmids also
suppress ochre mutations. This observa-
tion suggests that the intervening se-
quence is not essential for the expression
of the SUP6 gene.

To demonstrate that the suppressor
gene introduced on CV7 was in fact
linked to leu2, a Leu* transformant (de-
rived from CV7 SUP6A32 transforma-
tion) was grown for 12 to 15 generations
without selection and then screened for
reversion to Leu~. Approximately 50
percent of the colonies had reverted. We
examined 48 revertants for the coinci-
dent loss of suppressor phenotype, and
found that 46 had lost the ability to sup-

A abc d e B

Mutant

3 Parent

press ochre mutations. Thus, the high
frequency of reversion and simultaneous
loss of both alleles suggest that the SUP6
deleted gene is located on an autono-
mously replicating plasmid.

Biological implications. The results of
this experiment indicate that the inter-
vening sequence in the tRNA™" SUP6
gene is not essential for suppressor func-
tion. It remains to be seen whether or not
the gene is functioning optimally al-
though it should be straightforward to
test the level of gene expression. Since
all yeast genes do not contain inter-
vening sequences, it is not surprising
that processing pathways exist allowing
the correct maturation of the suppressor.
We do not yet know whether the sup-

pressor tRNA produced by the deleted
gene contains the normal nucleoside
modifications.

Experiments similar to this have al-
ready been performed with genes from
SV40 and with the mouse B-globin gene
(I17). Here the results are different from
what we have observed. For synthesis of
stable mRNA (messenger RNA) or
transport from nucleus to cytoplasm (or
both) an intervening sequence must be
present in the transcriptional unit. It
would appear from our results that splic-
ing is not required for the transport of
suppressor tRNA from nucleus to cyto-
plasm. This is only a tentative con-
clusion, however, because solid evi-
dence concerning the intracellular loca-
tion of the 2-um yeast plasmid is not
available. This plasmid is thought to be
located in the nucleus, and nuclear func-
tions are required for its replication (/6).
However, until the cellular location of
the plasmid is firmly established, it is dif-
ficult to make any interpretation of the
role of the intervening sequence in trans-
port of the tRNA from nucleus to cyto-
plasm. Again we note that most tRNA
genes do not contain intervening se-
quences so there must be a pathway for
exit of tRNA from nucleus to cytoplasm
which does not require excision of an in-
tervening sequence.

With regard to transcription, it is pos-
sible that transcription is initiated else-

< 20 bp
primer

< 34 bp

primer

SAANAAAANANANAAAAAANNNANAAANANNN 5!

5 3
Hha | ac

—————————
IVS

Fig. 4. Analysis of deletion mutants by primer extension. Plasmid DNA was prepared from the four deletion
mutants described in Fig. 2 (22). This DNA was used to transform LSI (Lac™ derivative of RR1, gift of A. D.
Riggs) and the resulting transformants were screened with **P-labeled henicosamer. Plasmid DNA’s pYSUP6
A22 and pYSUP6 A32 (from x1776) yielded transformants of which 100 percent hybridized with the probe,

21—

while pYSUPS6 A35 and pYSUP6 A36 DNA’s (from x1776) yielded transformants of which only 50 percent
hybridized with the labeled henicosamer. This suggested that the primary mutant plasmids (in x1776) could

result from repair of the unbase-paired loop giving a cell with only deleted plasmid DN A or from replication of
the plasmid DNA containing the loop (not base-paired) giving a cell with two plasmid DNA's, one deleted,
one not. This was further analyzed as follows: deletion plasmid DNA’s (approximately 1 pug) from pYSUP6
A32/x1776 and pYSUP6 A35/x1776 and from pYSUP6 A22/L.SI and pYSUP6 A36/LSI, as well as 1 ug of

14 —»
13—

pYSUP6 Alu DNA were digested with endonuclease Hha I (5 units, Bethesda Research Laboratory) in 10 ul
of 7 mM tris-HCI, pH 7.5, 7 mM NaCl, 7 mM MgCl,, and 7 mM DTT for 1 hour at 37°C. A portion (5 ul) of
each reaction was mixed with 1 ul (3 pmole) of **P-labeled oligonucleotide TCTCAAGATT (decamer), la-

10 beled as described (20), and 1 ul of a solution consisting of 600 mM tris-HCI, pH 7.5, 500 mM NaCl, 70 mM

MgCl,, and 70 mM DTT; the reaction mixture was boiled for 3 minutes, and immediately cooled to 0°C. To

each portion was added 2 ul of a solution which was 150 uM in each of four deoxynucleoside triphosphates and 1 ul (0.2 unit) of the Klénow
fragment of DNA polymerase I (Boehringer Mannheim). Each reaction was incubated for 15 minutes at room temperature and stopped by the
addition of 10 ul of 96 percent formamide, 10 mM EDTA, 0.3 percent xylene cyanol FF, and 0.3 percent bromophenol blue. (A) Portions were
subjected to electrophoresis on a 12 percent acrylamide, 0.6 percent bis-acrylamide, 7M urea gel in a tris-borate-EDTA buffer system 23). **P-
labeled synthetic oligonucleotides of defined length were used as markers in parallel lanes and their position and size is indicated to the left of the
figure. (Lane a) pYSUP6 A32/x1776; (lane b) pY SUP6 A35/x1776; (lane ¢) pYSUP6 Alu; (lane d) pYSUP6 A22/L.S1; and (lane e), pYSUP6 A36/LS1.
(B) For clarity a schematic representation of the results of the primer extension for mutant and parental DNA is shown (ac, anticodon).
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where in the CV7 vector and that
changes which would otherwise affect
normal RNA polymerase III transcrip-
tion of this gene are masked by ‘‘read-
through’’ transcription. In previously
published experiments we have altered
the yeast tRNA;'*" gene by introduction
of the 21-bp lac operator into the middle
of the intervening sequence (/8). The al-
tered gene is transcribed in Xenopus
laevis germinal vesicle extracts to give a
precursor that is 21 bases longer than the
normal precursor. Thus, a drastic altera-
tion of the intervening sequence in the
tRNA Y gene does not significantly af-
fect its transcription in vitro. It does not
appear, therefore, that specificity in tran-
scription of these tRNA genes is deter-
mined by intron sequences.

In yeast it is possible to introduce an
altered gene into a recipient cell in such a
way that the altered gene cleanly re-
places the parental gene with no other
addition, deletion or rearrangement of
genetic information (19). In light of the
arguments presented above, a more rig-
orous test of the expression of the mu-
tant gene would be to replace the sup6*
gene in yeast with the deletion mutant.

Technical perspectives. The strategy
used here in directing the deletion of the
14-bp intervening sequence is an impor-
tant extension of the previous tech-
nology. The use of exonuclease III to
produce single-strand circles allows the
directed mutagenesis of genes carried on
plasmids. Previously this technique had
only been applied to $X174 DNA. Most
applications in the future will use plas-
mid DNA.

We have produced a 14-bp deletion,
but the technique seems general—the
same approach might be used to produce
a precise 1000-bp deletion (although it is
possible that a slightly larger oligonu-
cleotide might be required). In addition,
the same techniques could be used to
produce insertions or substitutions al-
though here the size of the alteration is
dependent on what it is feasible to syn-
thesize.

A powerful part of the strategy here
has been that the oligonucleotide used to
promote these mutations has also been
used to screen for clones carrying the

1400

Table 1. Fraction of Leu2* transformants
which show ochre suppression. The yeast
transformation vector CV7 (kindly provided
by J. Hicks) is a pBR322 plasmid carrying
both the 1.4 megadalton Eco RI restriction
fragment of the yeast plasmid pScl and a
Sal I-Xho I restriction fragment containing
the yeast Leu2* allele (16). Fragments con-
taining the parental or deleted SUP6 genes
were inserted into the Bam HI site of CV7.
The recipient yeast strain DH484 (ade2-1, leu-
2-3, leu2-112, can”, trp5-48, ura4-11, lysl-1
a ¢, J. Hicks) was transformed with plasmid
DNA according to the method of Hsiao and
Carbon (24). The transformation efficiency
was approximately 100 transformants per mi-
crogram of plasmid DNA for all four plas-
mids. Leu* transformants were selected, and
the colonies were tested for suppression of
the ade2-1, trp5-48 and lysI-1 ochre muta-
tions. We have not yet determined why one of
the CV7SUPA32 transformants does not show
the suppressor phenotype.

Fraction
of Leu2*
. transformants

Plasmid showing

ochre
suppression

CVv7 0/25
CV7SUP6 Alu 25/25
CV7SUP6 A22 15/15
CV7SUP6 A32 24/25

mutation. In a previous study of the hy-
bridization behavior of oligonucleotides
to $X174 DNA (20) we showed that
duplexes with single-base mismatches
were sufficiently less stable than per-
fectly matched duplexes so that hybrid-
ization conditions could be found to dis-
criminate between them. Therefore, it
should be possible to screen for point
mutations, as well as deletions and in-
sertions, using as a hybridization probe
the oligonucleotide used to direct the
mutation. .

It is not difficult to imagine how this
technology will be applied. Genes can be
hooked up to new promoters by the in-
troduction of precise deletions. Defined
segments can be deleted, substituted, or
inserted into genes for the purpose of
changing protein structure. Hybrid genes
can be created. . . . The list goes on. The
common feature is, of course, that the
changes are precisely those that the in-
vestigator wishes to produce.

19.
20.
21.
22.

23.
24.
25.
26.

References and Notes

. M. V. Olson, D. L. Montgomery, A. K. Hop-

per, G. S. Page, F. Horodyski, B. D. Hall, Na-
ture (London) 267, 639 (1977).

. R. A. Gilmore, J. W. Stewart, F. Sherman, J.

Mol. Biol. 61, 157 (1971).

. H. M. Goodman, M. V. Olson, B. D. Hall, Proc.

Natl. Acad. Sci. U.S.A. 74, 5453 (1977).

. R. C. Ogden, G. Knapp, C. L. Peebles, H. S.

Kang, J. S. Beckmann; P. F. Johnson, S. A.
Fuhrman, J. N. Abelson, in Transfer RNA: Bio-
logical Aspects, D. So6ll, J. N. Abelson, P. R.
Schimmel, Eds. (Cold Spring Harbor Laborato-
ry, Cold Spring Harbor, N.Y., 1980), pp. 173-

190.
.D. F. Bogenhagen, S. Sakonju, D. D. Brown,

Cell 19, 27 (1980); S. Sakonju, D. F. Bogenha-

gen, D. D. Brown, zbzd p.

13.
. A. Hinnen, J. Hicks, G. R. Fink, Proc. Natl.

Acad. Sci. U.S.A. 75, 1929 (1978).

. A. Razin, T. Hirose, K. Itakura, A. D. Rj

ibid., p. 4268; C. A. Hutchison III, S. Phllhps,
M. H Edgell, S. Gillam, P. Jahnke, M Smith, J.
Biol. Chem. 253, 6551 (1978); S. Gillam and M.
Smith, Gene 8, 81 and 99 (1979)

. S. Gillam, P. Jahnke, C. Astell, S. Phillips, C.

A. Hutchison III, M. Smith, Nucleic Acids Res.
6, 2973 (1979).

. M. Smith, personal communication.
. The ochre SUP6 gene was given to us by P. Phil-

ippsen and R. Davis.

. T. Hirose, R. Crea, K. Itakura, Tetrahedron

Lett. (1978), p. 2449. .

D. Shortle and D. Nathans, Proc. Natl. Acad.
Sci. U.S.A. 75, 2170 (1978); R. C. Parker, R. M.
Watson, J. Vinograd, ibid. 74, 851 (1977).

. E. M. Southern, J. Mol. Biol. 94, 51 (1975); ibid.

43, 1305 (1978).

. A. M. Maxam and W. Gilbert, Proc. Natl.

Acad. Sci. U.S.A. 74, 560 (1977).

. K. Struhl, D. T. Stinchcomb, S. Scherer, R. W.

Davis, ibid. 76, 1035 (1979).

. T. D. Petes, Annu. Rev. Biochem. 49, 845

(1980).

. P. Gruss, C.-J. Lai, R. Dhar, G. Khoury, Proc.

Natl. Acad. Sci. U.S.A. 76, 4317 (1979); D. H.
Hamer, K. O. Smith, S. H. Boyer, P. Leder,
Cell 17, 725 (1979); S. P. Goff and P. Berg, J.
Mol. Biol. 133, 359 (1979); R. C. Mulligan, B. H.
Howard, P. Berg, Nature (London) 277, 108
(1979); D. H. Hamer and P. Leder, Cell 18, 1299
(1979); C.-J. Lai and G. Khoury, Proc. Natl.
Acad. Sci. U.S.A. 76, 71 (1979).

. J. D. Johnson, R. Ogden, P. Johnson, J. Abel-

son, P. Dembeck, K. Itakura, Proc. Natl. Acad.
Sci. U.S.A. 77, 2564 (1980).

S. Scherer and R. Davis, ibid. 76, 4951 (1979).

R. B. Wallace, J. Shaffer, R. F. Murphy, J. Bon-
ner, T. Hirose, K. Itakura, Nucleic Acids Res.
6, 3543 (1979).

D. Hanahan and M. Meselson, Gene 10, 63
(1980).

R. W. Davis, M. Thomas, J. Cameron, T. P. St.
John, S. Scherer, R. A. Padgett, Methods Enzy-
mol. 65, 404 (1980).

A. C. Peacock and C. W. Dingman, Biochemis-
try 6, 1818 (1967).

C.-L. Hsiao and J. Carbon, Proc. Natl. Acad.
Sci. U.S.A. 76, 3829 (1979).

D. T. Denhardt, Biochem. Biophys. Res. Com-
mun. 23, 641 (1966).

We thank Dr. J. Hicks for providing plasmid
CV7, yeast strain DH484 and for helpful dis-
cussions; Drs. P. Philippsen and R. Davis for
supplying the cloned SUP6 gene and for provid-
ing sequence data prior to publication; M. J.
Johnson for technical assistance; and Dr. C.
Guthrie for a critical reading of the manuscript.
This work was supported by PHS grants CA
10984 (J.A.), GM 26391 (K. I) GM 35658 and
PHS grant CA 16434, to the Cancer Research
Center at the City of Hope Research Institute,
Duarte, Calif.

4 August 1980; revised 15 August 1980

SCIENCE, VOL. 209



	Cover Page
	Article Contents
	p. 1396
	p. 1397
	p. 1398
	p. 1399
	p. 1400

	Issue Table of Contents
	Science, Vol. 209, No. 4463, Recombinant DNA (Sep. 19, 1980), pp. 1285-1456
	Front Matter [pp. 1285-1318]
	Recombinant DNA Revisited [p. 1317]
	A Revolution in Biology [pp. 1319-1321]
	DNA Sequence Data Analysis
	Steps toward Computer Analysis of Nucleotide Sequences [pp. 1322-1328]

	Structure of the Genes That do not Rearrange
	Structure and in vitro Transcription of Human Globin Genes [pp. 1329-1336]
	Mouse Globin System: A Functional and Evolutionary Analysis [pp. 1336-1342]
	At Least three Human Type α Interferons: Structure of α 2 [pp. 1343-1347]

	Structure of the Genes That Rearrange in Development
	Mapping of Heavy Chain Genes for Mouse Immunoglobulins M and D [pp. 1348-1353]
	Mouse Immunoglobulin D: Messenger RNA and Genomic DNA Sequences [pp. 1353-1360]
	DNA Sequences Mediating Class Switching in α-Immunoglobulins [pp. 1360-1365]
	Immunoglobulin Gene Rearrangement in Immature B Cells [pp. 1366-1369]

	Genes Whose Mission is to Jump
	Phase Variation: Evolution of a Controlling Element [pp. 1370-1374]
	The Origins of Gene Instability in Yeast [pp. 1375-1380]
	Recombination of Dispersed Repeated DNA Sequences in Yeast [pp. 1380-1384]
	Tumor DNA Structure in Plant Cells Transformed by A. tumefaciens [pp. 1385-1391]

	Engineered Mutagenesis
	Isolation of Mutants of an Animal Virus in Bacteria [pp. 1392-1396]
	Directed Deletion of a Yeast Transfer RNA Intervening Sequence [pp. 1396-1400]
	Chemical DNA Synthesis and Recombinant DNA Studies [pp. 1401-1405]

	Expression of Cloned Genes in New Environment
	Promoter Sequences of Eukaryotic Protein-Coding Genes [pp. 1406-1414]
	Altering Genotype and Phenotype by DNA-Mediated Gene Transfer [pp. 1414-1422]
	Expression of a Bacterial Gene in Mammalian Cells [pp. 1422-1427]
	A Technique for Expressing Eukaryotic Genes in Bacteria [pp. 1428-1430]
	Effect of Interferon-α1 from E. coli on Some Cell Functions [pp. 1431-1435]

	Glossary [pp. 1435-1436+1438]
	Back Matter [pp. 1437-1456]





