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We have used oligonucleotide-directed site-specific mutagenesis to convert serine codon 27 of the Escherichia
coli chloramphenicol acetyltransferase (cat) gene to UAG, UAA, and UGA nonsense codons. The mutant cat
genes, under transcriptional control of the Rous sarcoma virus long terminal repeat, were then introduced into
mammalian cells by DNA transfection along with UAG, UAA, and UGA suppressor tRNA genes derived from
a human serine tRNA. Assay for CAT enzymatic activity in extracts from such cells allowed us to detect and
quantitate nonsense suppression in monkey CV-1 cells and mouse N1113T3 cells. Using such an assay, we
provide the first direct evidence that an opal suppressor tRNA gene is functional in mammalian cells. The
pattern of suppression of the three cat nonsense mutations in bacteria suggests that the serine at position 27 of
CAT can be replaced by a wide variety of amino acids without loss of enzymatic activity. Thus, these mutant
cat genes should be generally useful for the quantitation of suppressor activity of suppressor tRNA genes
introduced into cells and possibly for the detection of naturally occurring nonsense suppressors.

Nonsense mutations, which cause premature termination
of protein synthesis, can be suppressed by tRNAs which
recognize termination codons. The availability of a wide
variety of nonsense suppressor tRNA genes has played a
crucial role in the isolation and study of nonsense mutations
in procaryotes and lower eucaryotes (7). In mammalian
cells, it has so far not been possible to isolate cell lines
carrying nonsense suppressors by using classic genetic se-
lections; consequently, nonsense mutations have been iden-
tified in only a few nonviral genes (8, 21).

Recently, we demonstrated that both a Xenopus laevis
tRNATYr gene and a human tRNAser gene could be altered by
oligonucleotide-directed site-specific mutagenesis to recog-
nize and suppress amber (UAG) and ochre (UAA) codons in
vivo (5, 19, 20). An opal (UGA) suppressor tRNA gene
derived from a human tRNAser gene was also constructed
(5). However, since the opal suppressor tRNA gene could
not be propagated in mammalian cells as part of a replicating
simian virus 40 (SV40) recombinant, it was not possible to
demonstrate its functional expression. In addition, the X.
laevis tRNATYr amber and ochre suppressors were also used
to establish permanent Su' mammalian cell lines (16, 19),
although the level of nonsense suppression in these cell lines
was low (36).

It is likely that many other suppressor tRNA genes which
are active in mammalian cells will be constructed and used to
isolate mammalian cell lines containing functional suppres-
sors. A knowledge of the levels of suppression in these
various cell lines will aid significantly in their eventual use
for the isolation and characterization of nonsense mutations
in cellular and viral genes. It is therefore important to have
a rapid, quantitative, and sensitive method to assay for the
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level of suppression of nonsense mutations in different cell
types. This paper reports on the development of such a
method.
We have used site-specific mutagenesis to introduce

UAG, UAA, and UGA nonsense mutations at a defined
position in the Escherichia coli chloramphenicol acetyltrans-
ferase (cat) gene. The mutant cat genes have been used in
conjunction with a rapid and sensitive high-pressure liquid
chromatography (HPLC) assay to detect and quantitate
levels of suppression in different mammalian cells
transfected with suppressor tRNA genes. The activity of a
human tRNASer gene mutated to recognize an opal nonsense
codon was assayed in this fashion and provided the first
direct evidence that an opal suppressor tRNA gene is
functional in mammalian cells. Finally, we show that a wide
variety of amino acids can be inserted at the site of mutation
in chloramphenicol acetyltransferase (CAT) without loss of
enzymatic activity. Thus, the mutant cat genes can be used
to assay many different suppressor tRNA genes which may
be introduced into cells and possibly for the detection of
naturally occurring nonsense suppressors.

MATERIALS AND METHODS

E. coli strains and plasmids. The E. coli strains used were
CDJ64 [F- Valr A(Iac-proB) nal rif thi sup-9, Xac [F- ara
A(lac-pro)XIII argE(Am) metB nalA thi Rif], and GW5180.
This last strain, derived from E. coli JM103, carries recA as
an additional marker, is EcoPI-, and was obtained from
Lorraine Marsh and Graham Walker of this department.
The SV40-based plasmids pSV-tS Su-, pSV-tS Su+(Am),

pSV-tS Su+(Och), and pSV-tS Su+(Opal), which contain a
wild-type human serine tRNA gene or the amber, ochre, and
opal suppressor derivatives of this gene, respectively, have
been described previously (5). pUCtS Su-, pUCtS
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MUTAGENIC PRIMERS:

5' TTTCAGTAAGTTGCT PRIMER A (OCHRE)

5' TTTCAGTAGGTTGCTC PRIMER B (AMBER)

5' CATTTCAGTGAGTTGCTCA PRIMER C (OPAL)
FIG. 1. Oligonucleotide-directed mutagenesis of the cat gene. (A) Structure and relevant restriction sites of pRSVcat (11, 12). LTR, Long

terminal repeat. (B) Nucleotide and amino acid sequence surrounding serine 27. The transcribed DNA strand was used as the template for
site-directed mutagenesis. Oligonucleotide primers synthesized to replace the serine codon (underlined) with nonsense codons are shown.
Primer A changes the serine TCA codon to TAA; primer B changes this codon to TAG; primer C changes this codon to TGA.

Su+(Am), pUCtS Su+(Och), and pUCtS Su+(Opal) were
constructed by cloning the 900-base-pair (bp) Sau3A frag-
ment containing the wild-type serine tRNA gene or the
suppressor derivatives into the BamHI site of pUC12 (32).
pRSVcat (Fig. 1) contains the gene for CAT from transposon
Tn9 under the control of the Rous sarcoma virus long
terminal repeat (11).

Oligonucleotides. The oligonucleotides 5'-TTTCAGTA
AGTTGCT, 5'-CATTTCAGTGAGTTGCTCA, and 5'-
TTTCAGTAGGTTGCTC were synthesized on an Applied
Biosystems 380A DNA synthesizer, purified by polyacryl-
amide gel electrophoresis (22), and characterized by se-
quencing (29).
Oligonucleotide-directed site-specific mutagenesis.

pRSVcat DNA was digested with HindlIl and BamHI, and
the small fragment, which contains the cat gene, was purified
and cloned into similarly digested bacteriophage vector
M13mp8 replicative-form (RF) DNA. Single-stranded virion
DNA, designated M13cat and containing the transcribed
strand of the cat gene, was prepared and purified by alkaline
sucrose gradient centrifugation (18). This DNA was used as
a template for site-directed mutagenesis to introduce amber
and ochre nonsense mutations into the cat gene. Mutagene-
sis was carried out as described previously except that the
S1 nuclease step to remove incompletely elongated DNA
molecules was omitted (5). Covalently closed circular DNA
was recovered from low-melting-point agarose gels and used
to transform E. coli JM103.

We were unable to obtain a cat gene derivative containing
a UGA mutation by using the above method; thus, mutagen-
esis by a modified gapped duplex procedure was used (17).
Briefly, 1.5 ,ug of the large HindIII-NcoI fragment from
M13cat RF DNA was mixed with 0.5 ,ug of M13cat virion
DNA in a 45-,ul reaction mixture containing 200 mM KCI and
12.5 mM Tris hydrochloride, pH 7.5. The DNA was dena-
tured by heating at 100°C for 3 min and allowed to reanneal
at 65°C for 5 min, followed by incubation at room tempera-
ture for a further 10 min. Of this gapped duplex mixture, 15
,ul was mixed with 100 pmol of phosphorylated primer C
(Fig. 1) and incubated at 65°C for 5 min, followed by slow
cooling to room temperature over a period of 1 h. The
reaction mixture was then adjusted to 100 mM KCI, 30 mM
Tris hydrochloride, pH 7.5, 15 mM MgCl2, 2 mM dithiothrei-
tol, 0.5 mM ATP, 0.2 mM each of the four deoxynucleotide
triphosphates; 3 U of the large fragment of DNA polymer-
ase, and 5 U of T4 DNA ligase were added, and the mixture
was incubated at room temperature for 2 h, followed by
incubation at 14°C for 12 h. An appropriate dilution was then
used to transform E. coli GW5180 (recA).

In all cases, individual phage plaques were screened for
the desired mutation by hybridization with the appropriate
5'-end 32P-labeled mutagenic oligonucleotide under condi-
tions of increasing stringency (33, 37). Phage showing strong
hybridization at the discriminating temperatures were plaque
purified, and the presence of the desired mutation(s) was
confirmed by DNA sequencing (26).
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Insert DNA from each mutant type was excised from RF
DNA by digestion with HindlIl and NcoI. The gel-isolated
fragments were recloned into HindIII-NcoI-digested
pRSVcat to yield the expression plasmids pRSVcat(am27),
pRSVcat(oc27), and pRSVcat(op27).
DNA transfections of mammalian cells and assay for CAT.

Transfections were carried out with a total of 20 ,ug of DNA
per 100-mm plate either by the DEAE-dextran-dimethyl
sulfoxide shock procedure (23) or by the calcium phosphate
coprecipitation method (13, 34). Cell extracts were prepared
48 h posttransfection in 100 ,ul of 0.25 M Tris hydrochloride,
pH 7.8, and CAT activity was determined with
[14C]chloramphenicol (46 mCi/mmol, 5 nmol per assay) as
described previously (12). Briefly, 25 ,ul of the standard cell
extract was incubated at 37°C for 1 h in a final volume of 150
,ul containing 500 mM Tris hydrochloride, pH 7.8, 0.5 mM
acetyl coenzyme A (P-L Biochemicals), and 5 nmol of
[14C]chloramphenicol. The reaction was terminated by ex-
traction with 1 ml of ethyl acetate, and the reaction products
were analyzed by ascending chromatography of the ethyl
acetate extract on silica gel plates with chloroform-methanol
(95:5) as the solvent. Following autoradiography, radioac-
tive spots were excised from the plate, and radioactivity was
quantitated by scintillation counting.

Alternatively, CAT activity was determined by HPLC
with unlabeled chloramphenicol (14). Reactions were carried
out as above except that the amount of acetyl coenzyme A
was increased to 1 mM and the chloramphenicol (Sigma
Chemical Co.) used was unlabeled and at a final concentra-
tion of 50 to 100 puM. The residue remaining after drying the
ethyl acetate extract was reconstituted in a small volume (25
,ul) of ethyl acetate. Unreacted chloramphenicol and its
acetylated derivatives were separated on a Hewlett Packard
1090 HPLC, equipped with a 1-pJ flow cell, by using a
Zorbax (Du Pont Co.) silica gel column and isocratic elution
with chloroform-methanol (95:5). The eluent was monitored
at 280 nm, and peaks were integrated with a Hewlett Packard
3392A integrator. CAT activities are given as a percentage of
the 3-acetylchloramphenicol formed (27). Standard curves
were generated for both the radiochemical and HPLC assay
by using commercially available CAT (P-L Biochemicals) to
ensure that all determinations were within the linear range of
the assay (0 to 30% conversion of chloramphenicol to
3-acetylchloramphenicol; the extracts were diluted, when
necessary, to ensure that the amount of chloramphenicol
converted to acetylated derivative did not exceed this
range). Under saturating substrate concentrations, the
HPLC assay was found to be linear with respect to time of
incubation (up to 3 h at 37°C) and with respect to the amount
of extract used in the assay (2 to 50 pJ of the standard 100-p.l
extract from a 100-mm plate). Protein concentrations of cell
extracts were determined by using a commercially available
kit (BioRad Laboratories).

RESULTS
Introduction of amber, ochre, and opal nonsense mutations

at codon 27 of the cat gene by oligonucleotide-directed site-
specific mutagenesis. pRSVcat is a mammalian expression
vector which contains the E. coli Tn9 cat gene under control
of the Rous sarcoma virus long terminal repeat (11) (Fig.
1A). This gene is expressed in a wide variety of mammalian
cells, and the enzymatic assay to quantitate its activity is
simple and sensitive (12). Thus, the availability of cat genes
with defined nonsense mutations would provide a simple and
convenient assay of suppressor tRNA activity in any cell
type in which the cat gene can be expressed.

We previously constructed amber, ochre, and opal sup-
pressor tRNA genes by site-directed mutagenesis of a human
serine tRNA gene (5). Therefore, in attempts to develop an
assay for measurement of suppressor tRNA activity, a serine
codon in the cat gene was selected for mutagenesis since the
homologous amino acid would be inserted at the site of
mutation by the serine suppressor tRNAs. Of the 10 serine
codons in the cat gene (1, 28) the TCA codon for serine at
position 27 was chosen for the following reasons. (i) This
codon is close to the amino terminus of the gene; thus,
translation termination at this site would result in the syn-
thesis of a short polypeptide having no enzymatic activity.
(ii) Mutagenesis involves a single base change to introduce
opal or ochre termination codon at this site. (iii) This TCA is
followed by a G. It is known, at least in bacteria, that
termination codons that are followed by a purine are in a
better "context" for readthrough by suppressor tRNAs (2,
24).
The synthetic oligonucleotides used to introduce the de-

sired base changes in the cat gene are shown in Fig. 1B.
Primer A contains a single-base mismatch which would
convert the TCA serine codon at position 27 to the ochre
termination codon TAA. Primer B contains a 2-base mis-
match which would change this codon to the amber codon
TAG, and primer C contains a single-base mismatch to
generate the opal termination codon TGA.

Site-directed mutagenesis to introduce amber and ochre
mutations into the cat gene was carried out with an M13mp8
recombinant clone which carried the small HindIII-BamHI
fragment from pRSVcat. The potential mutants were
screened by hybridization with the mutagenic primers under
conditions of increasing stringency, and positives were fully
characterized by sequence analysis of the M13 recombinant
virion DNAs. With primer A, the frequency of mutagenesis
was 8%, whereas with primer B, which contains two mis-
matches, 1 positive was obtained among 72 phage isolates
screened.
We were unable to isolate the corresponding UGA muta-

tion at this site on the cat gene under identical mutagenic
conditions by using the mutagenic primer C. To obtain the
UGA mutant, mutagenesis was carried out with the gapped
duplex approach to reduce nonspecific priming and enhance
the recovery of covalently closed circular duplex DNA (17).
In addition, E. coli GW5180 (recA) was used as the host
strain. With this approach, opal mutations at position 27 of
the cat gene were obtained at a frequency of 10%o. One of
these was plaque purified and shown to contain the expected
C--G change by sequencing.
Each of the mutant cat genes was excised from the

respective M13 RF DNA by digestion with HindIll and NcoI
and cloned back into the pRSV expression vector. These
plasmids are designated pRSVcat(am27), pRSVcat(oc27),
and pRSVcat(op27).
Use of the pRSVcat DNAs carrying UAG, UAA, and UGA

nonsense mutations to assay for nonsense suppression in
mammalian cells transfected with suppressor tRNA genes. (i)
CV-1 cells. To test for Su' tRNA-mediated suppression of
the various cat nonsense mutations in mammalian cells, cells
were cotransfected with the different pRSVcat DNAs and
the various serine suppressor tRNA genes which we have
previously constructed (5). In general, transfections were
carried out with 5 to 10 p.g of indicator plasmid DNA
(pRSVcat or the nonsense mutants) along with 10 p.g of
plasmid DNA carrying either the Su- or the different Su'
tRNAser genes.
When either pRSVcat(am27), pRSVcat(oc27), or
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FIG. 2. CAT activity in CV-1 cells cotransfected with the various pRSVcat DNAs and Su- or Su' tRNA genes. CV-1 cells were

cotransfected with wild-type pRSVcat or the different cat nonsense mutations along with Su- or the different Su' tRNA gene-containing
plasmids as indicated in the figure. Assays for CAT activity were performed on equivalent amounts of cell extract from each transfection with
['4C]chloramphenicol as described in Materials and Methods, and the products were analyzed by TLC. The positions of the monoacetylated
derivatives and unreacted chloramphenicol are indicated.

pRSVcat(op27) DNA was transfected into CV-1 cells along
with pSV-tS Su- (plasmid containing the wild-type serine
tRNA gene), no CAT activity above background levels (cells
transfected with an equivalent amount of pBR322) was
detected (Fig. 2, lanes 5, 9, and 13). When the various
pRSVcat plasmid DNAs were cotransfected into CV-1 cells
along with plasmid DNAs carrying the corresponding Su'
tRNA gene, CAT activity was restored for each mutant (Fig.
2, lanes 6, 11, and 16). Readthrough of the different termi-
nation codons was dependent on cotransfection with the
appropriate suppressor tRNA gene. Thus, in cells trans-
fected with pRSVcat(am27), enzymatic activity was de-
tected in the cell extract if the cells were cotransfected with
the amber suppressor tRNA gene, but not with the ochre or
opal suppressor tRNA genes (Fig. 2, compare lane 6 with
lanes 7 and 8). Similarly, in cells transfected with
pRSVcat(oc27) or pRSVcat(op27), enzymatic activity was
detected only if such cells were also cotransfected with DNA
carrying the ochre or opal suppressor tRNA gene, respec-
tively.
These results confirm previous observations that in mam-

malian cells, ochre and amber suppressor tRNAs are specific
for UAA and UAG codons, respectively (5, 19). This is in
contrast to bacteria, in which UAA suppressor tRNAs can
also read through UAG codons (3).
More significantly, these results provide the first direct

evidence that an opal Su' tRNA gene can be functionally
expressed in mammalian cells. We had previously not been
able to test for activity of the opal suppressor tRNA gene, as
we were unable to propagate SV40 recombinants carrying
the opal suppressor tRNA gene (5).
The data in Fig. 2 also show that in mammalian cells, as in

bacteria and yeasts, opal suppressor tRNAs are specific for
UGA termination codons.

To quantitate the suppression efficiency of the different
Su' tRNA genes, CAT enzymatic activity present in the cell
extracts was determined by HPLC. The HPLC assay is
sensitive and quantitative and has the added advantage that
it is faster and less expensive than the radioisotope assay.
Less than 10 pmol of chloramphenicol or its acetylated
derivatives can be detected. The HPLC system resolved the
two monoacetylated forms of chloramphenicol into distinct
peaks (Fig. 3b). To identify the material in these peaks, a
reaction in which ["4C]chloramphenicol was incubated with
commercially available CAT was fractionated by HPLC, and
the different peaks were collected and analyzed by thin-layer
chromatography (TLC). As shown in Fig. 3e, peak 1, which
had a retention time of 3.74 min, corresponds to 3-
acetylchloramphenicol. The peak which had a retention time
of 4.03 min is 1-acetylchloramphenicol, while the peak with
a retention time of 5.77 min corresponds to unreacted
chloramphenicol. 1,3-Diacetylchloramphenicol can also be
resolved, and when present elutes before 3-acetyl-
chloramphenicol.
The suppression efficiency of the different Su' tRNA

genes was evaluated by comparing the amount of 3-
acetylchloramphenicol produced by extracts from cells co-
transfected with the various mutant pRSVcat DNAs and
DNAs containing the different Su' tRNA genes with that
from cells cotransfected with wild-type pRSVcat plasmid
DNA and the same Su' tRNA gene. Values for CAT activity
were quantitatively similar whether the activity was deter-
mined by HPLC or by the radiochemical assay (data not
shown). Fig. 3 shows a representative HPLC assay for CAT
activity from CV-1 cells cotransfected with pRSVcat(am27)
DNA and either the Su- tRNA gene (panel c) or the Su'
tRNA gene (panel d). The results averaged from three
separate transfection experiments are shown in Fig. 4. CV-1
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cells cotransfected with pRSVcat(am27) and pSV-tS
SuS(Am) produced 40% of the enzymatic activity observed

in cells cotransfected with wild-type pRSVcat and the amber
suppressor tRNA gene. Similarly, pSV-tSSu+(Och) was
capable of restoring the activity of pRSVcat(oc27) to 18% of
wild-type levels, while pSV-tSSu+(Opal) restored the activ-
ity of pRSVcat(op27) up to 50% of wild-type levels. The
activities of the ochre and amber suppressor tRNA genes as
measured by the CAT assay are similar to those observed
when adenovirus or influenza virus was used to estimate the
readthrough efficiency of these tRNA genes (5).
The above studies were carried out with suppressor tRNA

genes carried on SV40 recombinant plasmids which were
able to replicate in CV-1 cells, and therefore the copy
number of the tRNA genes was high. When similar experi-
ments were carried out with the suppressor tRNA genes
cloned into bacterial plasmids devoid of SV40 sequences
(pUC12 series of plasmids), the pattern of suppression
observed was the same for each suppressor tRNA gene;
however, as expected, the overall levels of suppression were
reduced in each case. In the example shown in Fig. 4,
ptS-Su+(Am) restored the activity of pRSVcat(am27) to
approximately 10% of wild-type levels in CV-1 cells, com-
pared with 40% suppression when the amber tRNA gene
cloned into a replicating SV40 vector was used.

(ii) N113T3 cells. Similar transfection experiments were
carried out in mouse NIH3T3 cells. As in CV-1 cells, CAT
enzymatic activity in NIH3T3 cells transfected with the
various pRSVcat plasmids was detected only when the cells
were cotransfected with plasmid DNAs which contained the
appropriate suppressor tRNA gene. The levels of suppres-
sion by the amber, ochre, and opal Su' tRNA genes was 30,
10, and 33%, respectively (Fig. 4). With NIH3T3 cells, little
difference in suppressor activity was observed whether the
tRNA genes were inSV40-based vectors or in pUC12. This
is as expected, since theSV40 vectors do not replicate in
NIH3T3 cells and therefore the effective tRNA gene dose
should be the same whether the tRNA genes are carried on
anSV40 vector or on a bacterial plasmid. Comparing
transfections with nonreplicating plasmid DNAs, the levels
of suppression were higher in NIH3T3 cells than in CV-1
cells [Fig. 4, compare CV-1 cells and NIH3T3 cells cotrans-
fected with pRSVcat(am27) and pUCtSSu+(Am)]. This is
probably related to differences in transfection efficiencies of
the two cell types, the efficiency being higher in NIH3T3
cells.

Serine at position 27 of CAT can be replaced with a variety
of amino acids without loss of enzymatic activity. There are
now available several suppressor tRNA genes which are
known to function in mammalian cells. These include the
human serine suppressor tRNA genes (described in this
report; see also reference 5) and the amber and ochre
suppressors derived from X. laevis tRNATYr (19, 20). In
addition, suppressors derived from tRNALYS and tRNAGin
have been described, although their in vivo function has yet
to be established (31).
For the pRSVcat nonsense mutations to be of general use

in assaying for different nonsense suppressors, it is neces-
sary to demonstrate that insertion of amino acids other than
serine at position 27 of CAT is compatible with enzymatic
activity. Since the pRSVcat construct retains sequences
adequate for expression of CAT in E. coli (11), we estab-
lished a suppression spectrum for the three different cat
nonsense mutants by using E. coli strains bearing various
nonsense suppressor tRNA genes.

E. coli strains were transformed with the different
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FIG. 3. Determination of CAT activity by HPLC. (a and b) CAT
assays were performed with nonradioactive chloramphenicol (15
nmol per reaction) in the absence (a) or presence (b) of 0.5 U of
CAT. The reaction mixtures were incubated at37°C for 10 min and
extracted with ethyl acetate. Portions (1p.l of 100pul) were analyzed
by HPLC. For the case shown in panel b, the reaction was
supplemented with 0.1,uCi of [14C]chloramphenicol (2 nmol). The
peaks labeled a, 2, and 3 in panel b were collected and analyzed by
TLC, as shown in panel e. Peak 1 corresponds to 3-
acetylchloramphenicol, peak 2 to 1-acetylchloramphenicol, and
peak 3 to unreacted chloramphenicol. Panel e, lane 4, represents the
products of reaction prior to HPLC fractionation. The peak eluting
at 3.12 min in the HPLC scans represents the solvent peak. (c and d)
CAT activity in CV-1 cells cotransfected with pRSVcat(am27) and
pSV-tSSu- (c) or pRSVcat(am27) and pSV-tS Su+(Am) (d). Reac-
tions were carried out for 1 h with 50 p.M chloramphenicol and 25 IL1
of cell extract in each case. Five percent of the reaction products
were analyzed by HPLC. X, Origin.

pRSVcat DNAs, and their ability to grow on LB plates in the
presence of 20,ug of chloramphenicol per ml was assessed.
The results of these experiments are summarized in Table 1.
Wild-type pRSVcat conferred resistance to chloramphenicol
in all strains tested. Strains carrying the supD (serine insert-
ing), supE (glutamine inserting), supF (tyrosine inserting), or
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FIG. 4. Quantitation of levels of nonsense suppression in CV-1 and NIH3T3 cells transfected with suppressor tRNA genes. CV-1 cells or

NIH3T3 cells were cotransfected with the various pRSVcat DNA vectors and suppressor tRNA genes as indicated. CAT assays were

performed and enzymatic activity was determined by HPLC. Levels of suppression were determined as the amount of 3-
acetylchloramphenicol formed relative to that in cells cotransfected with the wild-type pRSVcat DNA and the same Su' tRNA gene. The
levels presented are averages from three separate transfection experiments. Open bars, tRNA genes were carried on SV40-based vectors;
hatched bars, tRNA genes were cloned into pUC plasmids; solid bars, Su- tRNA genes.

supP (leucine inserting) amber suppressors became chloram-
phenicol resistant only after transformation with
pRSVcat(am27) but not following transformation with
pRSVcat(oc27) or pRSVcat(op27). Similarly, pRSVcat(oc27)
conferred chloramphenicol resistance to the ochre suppressor-
bearing strains supB (glutamine insertine), supC (tyrosine in-
serting), and supG (lysine inserting). Strains bearing the ochre
suppressors were also chloramphenicol resistant after transfor-
mation with pRSVcat(am27). This is consistent with the obser-
vation that in bacteria ochre suppressors are capable of reading
UAG as well as UAA termination codons, while amber sup-
pressors are UAG specific. All strains transformed with
pRSVcat(op27) were able to grow to some extent in the
presence of chloramphenicol. This most likely reflects the
known leakiness of UGA nonsense mutatons in E. coli (24).
However, only in strain CDJ64, which carries an efficient UGA
suppressor, was pRSVcat(op27) able to confer growth proper-
ties similar to those with wild-type pRSVcat.
The efficiency of suppression of the different cat nonsense

mutations in the presence of the various E. coli tRNA
suppressors was examined by the filter clearing method,
using filters impregnated with 5 mg of chloramphenicol. The
results obtained reflect what is generally known about the
different E. coli nonsense suppressors (30). supD, supE,
supF, and supP, which are known to be strong amber
suppressors, were capable of restoring CAT activity in cells
transformed with pRSVcat(am27) to levels approaching that
present in cells transformed with the wild-type plasmid. This
was also true with the strain carrying sup-9, an efficient opal
suppressor, transformed with pRSVcat(op27). The E. coli
ochre suppressors supB, supC, and supG, which are known
to be weaker than the amber suppressors, suppressed

pRSVcat(oc27) less efficiently than the amber suppressors

suppressed pRSVcat(am27).
These results indicate that amino acids other than serine

(i.e., Gln, Trp, Tyr, Lys, and Leu) can be introduced into
position 27 of CAT without loss of enzymatic activity. Thus,
the pRSVcat mutants which we have generated should be of
general use for the detection and quantitation of nonsense
mutation suppression mediated by a variety of suppressor
tRNA genes.

DISCUSSION

In the last few years, several tRNA genes have been
altered by site-directed mutagenesis to function as nonsense
suppressors in mammalian cells (5, 19, 20, 31). As more
suppressor tRNA genes become available, it is important to
have a general and reliable assay system to measure the in
vivo suppressor activity of the different Su' tRNA genes.
Such an assay should be sensitive and allow rapid and
quantitative estimates of levels of nonsense suppression
regardless of the specificity of suppressor tRNA gene or cell
type. The mutant pRSVcat DNAs described in this report
have allowed us to develop such an assay system. Site-
specific mutagenesis was used to introduce amber, ochre,
and opal mutations in place of a serine codon at position 27
of the E. coli cat gene. Cotransfection of CV-1 and NIH3T3
cells with the mutant pRSVcat DNAs and DNAs carrying
different Su' tRNA genes allowed quantitation of nonsense
suppression in these cell lines by assaying for CAT activity
in cell extracts. Using such an assay, we show that an opal
suppressor tRNA gene can be functionally expressed in
mammalian cells. We also show that an ochre suppressor is
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TABLE 1. Suppression spectrum of cat nonsense mutations in E. coli

Chloramphenicol sensitivity and growth'
Strain Nonsense codon Amino acid pRSVcat (wild type) pRSVcat(am27) pRSVcat(o27) pRSVcat(op27)suppressed inserted ar ( l y___________

a b a b a b a b

Xac (supO) 1.9 + + 3.4-3.6 - 3.4-3.6 - 3.0 +
Xac (supB) UAA, UAG Gln 1.9 + + 3.1 + 2.4 + + 3.0 +
Xac (supC) UAA, UAG Tyr 1.9 + + 3.2 + 2.4 + + 3.0 +
Xac (supD) UAG Ser 1.9 + + 2.0 + + 3.4-3.6 - 3.0 +
Xac (supE) UAG Gin 1.9 + + 2.0 + + 3.4-3.6 - 3.0 +
Xac (supF) UAG Tyr 1.9 + + 2.1 + + 3.4-3.6 - 3.0 +
Xac (supG) UAA, UAG Lys 1.9 + + 2.6 + + 2.4 + + 3.0 +
Xac (supP) UAG Leu 1.9 + + 2.0 + + 3.4-3.6 + + 3.0 +
CDJ64 (sup-9) UGA Trp 1.9 + + 3.4-3.6 - 3.4-3.6 - 2.4 + +

"Zone of growth inhibition around 0.5-in. (ca. 1.5-cm) disks containing 5 mg of chloramphenicol. The data are given as diameter of clearing (in centimeters).
b, Growth on LB plates containing 20 ,ug of chloramphenicol per ml. Symbols: + +, indistinguishable from cells transformed with wild-type plasmid; +, weaker
but definite growth (isolated colonies are 20 to 50% of wild-type size); -, no growth.

a weaker suppressor than either the amber or opal suppres-
sor derived from the same tRNA gene. The suppression
pattern of the pRSVcat mutants in E. coli suggests that
replacement of the serine at position 27 by a number of
amino acids has little effect on CAT enzymatic activity.
One of the key features of the mutant pRSVcat DNAs is

that all three types of nonsense mutations are in the same
position and thus in an identical context. Therefore, direct
comparisons of the levels of suppression attained from
suppressors of different codon specificities can be made (2,
24). Previously it was not possible to make such a direct
comparison of the relative efficiencies of the serine amber
and ochre suppressor tRNAs because the UAA codon in
adenovirus used to measure ochre suppression was in a
different context from that of the UAG codon of influenza
virus used to measure amber suppression (5).
When pRSVcat(am27), pRSVcat(oc27), or pRSVcat(op27)

DNA was transfected into mammalian cells along with
plasmid DNAs carrying the wild-type (Su-) serine tRNA
gene, no CAT activity above background levels was de-
tected, indicating that the nonsense mutations introduced
into the CAT genes are tight (Fig. 2, lanes 5, 9, and 13). CAT
activity was restored only when the pRSVcat mutant DNAs
were cotransfected along with the appropriate Su' tRNA
gene. In CV-1 cells transfected with pRSVcat(am27) and
pSV-tS Su+(Am), enzymatic activity was restored to 40% of
wild-type levels (Fig. 4). When pRSVcat(oc27) DNA was
cotransfected with pSV-tS Su+(Och), CAT activity in the
cell extract was restored to only 18% of wild-type levels.
Thus, it appears that in mammalian cells, as in bacteria, the
ochre suppressor is a weaker suppressor than the corre-
sponding amber or opal (described below) suppressors de-
rived from the same tRNA gene. Previously, the ochre
suppressor derived from X. laevis tRNATyr was shown to be
as efficient as the corresponding amber suppressor in mam-
malian cells (19). However, the ochre and the amber codons
in the influenza virus mRNA used for measuring suppression
were in different contexts, and the possibility that the ochre
codon was in a more favorable reading context than the
amber codon could not be ruled out.
The lower activity of the ochre suppressor cannot be

attributed to differences in the amount of suppressor tRNA
made in vivo, since the ochre and amber suppressor tRNA
genes are transcribed and processed to similar levels in CV-1
cells and the mature tRNAs carry the same base modifica-
tions (5). Another possibility is that the ochre suppressor
tRNASer is aminoacylated to a lower extent than the corre-

sponding amber suppressor tRNA. This is unlikely, since the
ochre suppressor differs from wild-type tRNASer in one
position, while the amber suppressor differs in two positions.
Therefore it is improbable that the seryl-tRNA synthetase
aminoacylates the amber suppressor tRNA better than the
ochre suppressor. It could be argued that the lower activity
of the ochre suppressor is due to readthrough of the natural
UAA termination codon in the cat gene by the ochre
suppressor tRNA, leading to the synthesis of an inactive c at
gene product. This is probably not the case, since levels of
enzymatic activity in cells transfected with wild-type
pRSVcat DNA and the ochre suppressor tRNA gene were
the same as in cells transfected with the wild-type pRSVcat
DNA and the wild-type serine tRNA gene (Fig. 2, lanes 1
and 3). Thus, the most likely explanation for the relatively
lower efficiency of ochre suppression is that the ochre
suppressor tRNA competes less efficiently with polypeptide
chain termination factors than the corresponding amber and
opal suppressor tRNAs (6).
The serine opal suppressor tRNA gene restored CAT

activity in CV-1 cells transfected with pRSVcat(op27) DNA
to 50% of the level in cells transfected with wild-type
pRSVcat DNA (Fig. 4). This is the first demonstration that
an opal suppressor tRNA gene can be functionally expressed
in mammalian cells. Previously it was not possible to assay
for activity of the opal suppressor tRNA because we were
unable to propagate recombinant SV40 virus stocks which
retained the opal Su' tRNA gene. When CV-1 cells were
cotransfected with an SV40 vector containing the opal
suppressor gene along with defective helper virus DNA,
only wild-type SV40, resulting from recombination between
the two DNA species, was obtained following cell lysis (5).
We attributed this result to the possibility that overproduc-
tion of the opal suppressor was lethal to the cells or
interfered with SV40 propagation. Interestingly, propagation
of SV40 recombinants containing either the amber or ochre
tRNAser suppressors was not restricted in this fashion. The
results obtained with pRSVcat(op27) demonstrate that in
short-term transfection experiments, the Su' opal tRNASer
gene can be expressed in mammalian cells and that the tRNA
is in fact a very strong and specific suppressor of UGA
nonsense codons (Fig. 2, compare lane 16 with lanes 8 and
12).
Mutant pRSVcat DNAs can also be used to measure

suppressor activity in NIH3T3 cells. The levels of suppres-
sion observed were 30, 10, and 33% for the amber, ochre,
and opal suppressor tRNA genes, respectively (Fig. 4).
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These levels were similar whether the Su' tRNA genes were
carried on an SV40 vector or cloned into bacterial plasmids
not containing SV40 DNA. In the case of CV-1 cells, the
activity of the Su' tRNA genes was higher when they were
cloned into SV40-based vectors, because these vectors
contain the T antigen gene and viral origin of replication and
are thus capable of replicating in monkey cells. Recently,
Burke and Mogg (4) described the isolation of a cat gene
which contains an amber termination codon in place of a
glutamine codon at position 39. They used this cat gene to
measure the suppressor activity of a transfected X. laevis
tRNATYr amber suppressor tRNA gene (20) in monkey as
well as human cells. Thus, cat genes carrying nonsense
mutations can be used to analyze nonsense suppression in
monkey, mouse, and human cell lines.
The suppression spectrum in E. coli of the three cat

nonsense mutations (Table 1) suggests that insertion of
amino acids other than serine at position 27 does not
interfere with CAT enzymatic activity. In fact, a wide
variety of amino acids can be inserted at this position with
little effect on CAT enzymatic activity. This important
finding means that the mutant pRSVcat plasmid DNAs can
be used to assay the activity of almost any suppressor tRNA.
The results with the suppression spectrum also reemphasize
the specificity of mammalian nonsense suppressors (5, 20) in
that whereas E. coli ochre suppressors (supB, supC, and
supG) are also able to suppress the cat amber nonsense
mutation, the mammalian ochre suppressor is specific for
UAA (Table 1; Fig. 2, compare lane 11 with lanes 7 and 15).
In this respect, mammalian cells are similar to Saccharomy-
ces cerevisiae in that each tRNA suppressor is specific to a
particular nonsense codon (7). Opal suppressor tRNAs are
specific for UGA codons in both mammalian cells and
bacterial cells.
The sensitivity of the CAT assay also suggests the use of

the mutant pRSVcat DNAs in measuring the naturally
occurring nonsense suppression which may occur in certain
biological systems. For instance, a UGA suppressor activity
has been detected in rabbit reticulocytes (10), and some
serine tRNAs from bovine liver and chicken liver can read
UGA codons in vitro (9, 15). It is not known, however,
whether these tRNA species function as UGA suppressors
in vivo. Particularly interesting is the observation that in
murine leukemia virus (MLV)-infected cells, low-level sup-
pression of a UAG is required for the synthesis of a viral
protease and reverse transcriptase (25). The amino acid
inserted in response to this UAG stop codon is glutamine
(35), but it is not known whether suppression of the UAG is
mediated by misreading by a normal glutamine tRNA or by
a minor amber suppressor tRNA species. In the experiments
shown in Fig. 4, extracts from NIH3T3 cells transfected with
pRSVcat(am27) and the Su- tRNA gene showed no CAT
activity over background. This would suggest that NIH3T3
cells, used for MLV infection, do not have measurable levels
of amber suppressor activity. We cannot rule out the possi-
bility that the UAG codon which separates the gag-pol
coding sequence in MLV RNA is in an exceptionally favor-
able context for suppression, so that this UAG is suppressed
under conditions in which the UAG at position 27 of the
mutant cat gene is not. Another possibility is that infection
of NIH3T3 cells by MLV leads to the induction of synthesis
of a glutamine amber suppressor tRNA or creates conditions
allowing low-level readthrough of UAG codons by an endog-
enous suppressor tRNA. Clearly, the mutant pRSVcat(am27)
that we have reported here will be useful in examining these
possibilities.

Finally, the availability of a general method for quantita-
tive measurement of suppressor tRNA activity provides a
good biological assay in mammalian cells for a gene that is
transcribed by RNA polymerase III. It is hoped that this
assay will also prove useful in studies of cis- or trans-acting
elements that regulate activity of genes transcribed by RNA
polymerase III in vivo in mammalian cells.

ACKNOWLEDGMENTS

We thank G. Walker and J. Miller for bacterial strains and H. G.
Khorana for making the DNA synthesizer and the Hewlett Packard
HPLC system available for our use. Special thanks are extended to
Michael Nassal for help in oligonucleotide synthesis, Bernard Lerch
for instructions on the use of the HPLC instrument, and Kan
Agarwal for suggesting the use of HPLC in assays for CAT activity.
We also thank Annmarie Mclnnis for careful preparation of the
manuscript.
This work was supported by Public Health Service grant

GM17151 from the National Institutes of Health and American
Cancer Society grant NP114 to U.L.R. and by Public Health Service
grant GM32467 from the National Institutes of Health and National
Science Foundation grant DCB8502718 and partially by National
Institutes of Health core grant CA14051 to the Center for Cancer
Research at the Massachusetts Institute of Technology to P.A.S.
J.S. is the recipient of a postdoctoral fellowship, and J.P.C. is the
recipient of a Centennial Fellowship from the Medical Research
Council of Canada.

LITERATURE CITED
1. Alton, K. N., and D. Vapnek. 1979. Nucleotide sequence anal-

ysis of the chloramphenicol resistance transposon Tn9. Nature
(London) 282:854-869.

2. Bossi, L. 1983. Context effects: translation of UAG codon by
suppressor tRNA is affected by the sequence following UAG in
the message. J. Mol. Biol. 164:73-87.

3. Brenner, S., and J. Beckwith. 1965. Ochre mutant. A new class
of suppressible nonsense mutants. J. Mol. Biol. 13:629-637.

4. Burke, J. F., and A. E. Mogg. 1985. Construction of a vector,
pRSVcatamb3s, for the rapid and sensitive assay of amber
suppression in human and other mammalian cells. Nucleic
Acids Res. 13:1317-1326.

5. Capone, J. P., P. A. Sharp, and U. L. RajBhandary. 1985.
Amber, ochre, and opal suppressor tRNA genes derived from a
human serine tRNA gene. EMBO J 4:213-221.

6. Caskey, C. T., and J. Campbell. 1979. Peptide chain termina-
tion, p. 81-96. In J. E. Celis and J. D. Smith (ed.), Nonsense
mutations and tRNA suppressors. Academic Press, Inc., Lon-
don.

7. Celis, J. E., and J. D. Smith. 1979. Nonsense mutations and
tRNA suppressors. Academic Press, Inc., London.

8. Chang, J. C., and Y. W. Kan. 1979. P-Thalassemia, a nonsense
mutation in man. Proc. Natl. Acad. Sci. USA 76:2886-2889.

9. Diamond, A., B. Dudock, and D. Hatfield. 1981. Structure and
properties of a bovine liver UGA suppressor serine tRNA with
a tryptophan anticodon. Cell 25:497-506.

10. Geller, A. I., and A. Rich. 1980. A UGA termination suppres-
sion tRNAtrP active in rabbit reticulocytes. Nature (London)
283:41-46.

11. Gorman, C. M., G. T. Merlino, N. C. Willingham, I. Pastan,
and B. H. Howard. 1982. The Rous sarcoma virus long terminal
repeat is a strong promoter when introduced into a variety of
eukaryotic cells by DNA mediated transfection. Proc. Natl.
Acad. Sci. USA 79:6777-6781.

12. Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982. Recom-
binant genomes which express chloramphenicol acetly-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044 1051.

13. Graham, F. L., and A. J. van der Eb 1973. New technique for
assay of infectivity of adenovirus 5 DNA. J Virol. 52:456-467.

14. Hartzell, S. W., B. J. Byrne, and K. N. Subramanian. 1984. The
SV40 minimal origin and the 72 base pair repeat are required
simultaneously for efficient induction of late gene expression

MOL. CELL. BIOL.



USE OF NONSENSE MUTATIONS IN E. COLI CAT GENE 3067

with large tumor antigen. Proc. Natl. Acad. Sci. USA 81:
6335-6339.

15. Hatfield, D. L., B. S. Dudock, and F. C. Eded. 1983. Character-
ization and nucleotide sequence of a chicken gene encoding an
opal suppressor tRNA and its flanking DNA segments. Proc.
Natl. Acad. Sci. USA 80:4940-4944.

16. Hudziak, R. M, F. A. Laski, U. L. RajBhandary, P. A. Sharp,
and M. R. Capecchi. 1982. Establishment of mammalian cell
lines containing multiple nonsense mutations and functional
suppressor transfer RNA genes. Cell 31:137-146.

17. Kramer, W., V. Drusta, H.-W. Jansen, B. Kramer, M.
Pfugfelder, and H.-J. Fritz. 1984. The gapped duplex DNA
approach to oligonucleotide-directed mutation construction.
Nucleic Acids Res. 12:9441-9456.

18. Kudo, I., M. Leineweber, and U. L. RajBhandary. 1981. Site
specific mutagenesis on cloned DNAs. Generation of a mutant
of E. coli tyrosine suppressor tRNA in which the sequence
GTTC corresponding to the universal GTqJC sequence oftRNAs
is changed to GATC. Proc. Natl. Acad. Sci. USA 78:4753-4757.

19. Laski, F. A., R. Belagaje, R. M. Hudziak, M. R. Capecchi, P.
Palese, U. L. RajBhandary, and P. A. Sharp. 1984. Synthesis of
an ochre suppressor transfer RNA gene and expression in
mammalian cells. EMBO J 3:2445-2452.

20. Laski, F. A., R. Belagaje, U. L. RajBhandary, and P. A. Sharp.
1982. An amber suppressor tRNA gene derived by site specific
mutagenesis: cloning and expression in mammalian cells. Proc.
Natl. Acad. Sci. USA 79:5813-5817.

21. Lerhman, M. A., J. L. Goldstein, M. S. Brown, D. W. Russell,
and W. J. Schneider. 1985. Internalization defective LDL recep-
tors produced by genes with nonsense and frameshift mutations
that truncate the cytoplasmic domain. Cell 41:735-743.

22. Lo, K. M., S. S. Jones, N. R. Hackett, and H. G. Khorana.
1984. Specific amino acid substitutions in bacteriorhodopsin:
replacement of a restriction fragment in the structural gene by
synthetic DNA fragments containing altered codons. Proc.
Natl. Acad. Sci. USA 81:2285-2289.

23. Lopata, M. A., D. W. Cleveland, and B. Sollner-Webb. 1984.
High level transient expression of a chloramphenicol acetyl-
transferase gene by DEAE-dextran mediated DNA transfection
coupled with dimethyl sulphoxide or glycerol shock treatment.
Nucleic Acids Res. 12:5707-5717.

24. Miller, J. H., and A. M. Albertini. 1983. Effects of surrounding
sequences on suppression of nonsense codons. J. Mol. Biol.
164:59-71.

25. Philipson, L., P. Anderson, U. Olshevsky, R. Weinberg, D.
Baltimore, and R. Gesteland. 1978. Translation of MuLV and
MLV RNAs in nuclease treated reticulocyte extracts. Enhance-
ment of gag-pol polypeptide with yeast suppressor transfer
RNA. Cell 13:189-199.

26. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

27. Shaw, W. V. 1983. Chloramphenicol acetyltransferase: enzy-
mology and molecular biology. Crit. Rev. Biochem. 14:1-46.

28. Shaw, W. V., L. C. Packman, B. D. Burleigh, A. Dell, H. R.
Morris, and B. S. Hartley. 1979. Primary structure of a chlor-
amphenicol acetyltransferase specified by R plasmids. Nature
(London) 282:870-879.

29. Silberklang, M., A. M. Gillum, and U. L. RajBhandary. 1979.
Use of in vitro 32P labeling in the sequence analysis of nonra-
dioactive tRNAs. Methods Enzymol. 59:58-109.

30. Smith, J. D. 1979. Suppressor tRNAs in prokaryotes, p.
109-175. In J. E. Celis and J. D. Smith (ed.), Nonsense muta-
tions and tRNA suppressors. Academic Press, Inc., London.

31. Temple, G. F., A. M. Dozy, K. L. Roy, and Y. W. Kan. 1982.
Construction of a functional human suppressor tRNA gene: an
approach to gene therapy of p thalassemia. Nature (London)
296:537-540.

32. Vieira, J., and J. Messing. 1982. The pUC plasmids, an
M13mp7-derived system for insertion mutagenesis and sequenc-
ing with synthetic universal primers. Gene 19:259-268.

33. Wallace, R. B., J. S. Shaffer, R. F. Murphy, J. Bonner, J.
Hirose, and K. Itakura. 1978. Hybridization of synthetic
oligodeoxyribonucleotides to 4X174 DNA: effect of single base
pair mismatch. Nucleic Acids Res 6:3543-3557.

34. Wigler, M., A. Pellicer, S. Silverstein, and R. Axel. 1978.
Biochemical transfer of single copy eukaryotic genes using total
cellular DNA as donor. Cell 14:725-731.

35. Yoshinaka, Y., I. Katoh, T. D. Copeland, and S. Oroszlan. 1985.
Murine leukemia virus protease in encoded by the gag-pol gene
and is synthesized through suppression of an amber termination
codon. Proc. Natl. Acad. Sci. USA 82:1618-1622.

36. Young, J. F., M. R. Capecchi, F. A. Laski, U. L. RajBhandary,
P. A. Sharp, and P. Palese. 1983. Measurement of suppressor
transfer RNA activity. Science 221:873-875.

37. Zoller, M. J., and M. Smith. 1983. Oligonucleotide directed
mutagenesis of DNA fragments cloned into M13 vectors. Meth-
ods Enzymol. 100:468-500.

VOL. 6, 1986


