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Abstract Recent studies have suggested that the use of
aminoglycosides to suppress disease-causing nonsense
mutations may be a promising new therapy for a large
number of genetic diseases. However, gentamicin is cur-
rently the only clinically relevant aminoglycoside shown
to suppress premature stop mutations in a mammalian
system. We compared the ability of the clinically ap-
proved aminoglycosides gentamicin, tobramycin, and
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amikacin to suppress premature stop mutations. Using
readthrough reporter constructs as well as mammalian
cDNAs containing naturally occurring premature stop
mutations, we found that each of these aminoglycosides
can suppress many premature stop mutations in a con-
text-dependent manner in a mammalian tranglation
system. Our results indicate that the tetranucleotide ter-
mination signal (the stop codon and the nucleotide 3' of
the stop codon) is the primary determinant for aminogly-
coside-mediated suppression. The levels of termination
suppression achieved by tobramycin were substantially
lower than those observed with gentamicin. In contrast,
amikacin stimulated suppression in a manner that was
generally similar to gentamicin. Amikacin produced
higher levels of readthrough than gentamicin at some
contexts, demonstrating a unique pattern of context de-
pendence. Experiments with mammalian cDNAS con-
firmed these results and demonstrated that these amino-
glycosides can also suppress disease-associated prema-
ture stop mutations previously identified in the IDUA
gene (responsible for the lysosomal storage disease mu-
copolysaccharidosis |) and the P53 gene (associated with
many forms of cancer). Taken together, these results sug-
gest that amikacin represents an alternative to gentami-
cin for suppression therapy in certain contexts, thus pro-
viding a means of optimizing the efficacy of aminogly-
coside-mediated suppression of premature stop muta-
tions.

Keywords Aminoglycoside - Translation - Termination -
Suppression - Readthrough.

Abbreviations LTR: Long terminal repeat -
MPS. Mucopolysaccharidosis - REF: Rat embryo
fibroblast

Introduction

Trandational fidelity is mediated by recognition of the
codon-anticodon complex within the ribosomal aminoac-
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yI-tRNA acceptor site (A site). This recognition occurs
through contacts between a region of the 16S rRNA
called the decoding site and the mRNA [1]. Aminogly-
coside antibiotics bind strongly to the prokaryotic decod-
ing site. At high concentrations these compounds inhibit
protein synthesis, while at low concentrations they in-
duce translational misreading at both sense and nonsense
codons [2]. From kinetic studies comparing cognate and
near-cognate aminoacyl-tRNA interactions within the A
site, Pape et al. [3] hypothesized that an induced fit nor-
mally occurs within the decoding site during aminoacyl-
tRNA selection such that GTPase activation and A site
accommodation of cognate aminoacyl-tRNAs is more
rapid than that of noncognate aminoacyl-tRNAs. They
suggested that aminoglycoside binding at the decoding
site induces a conformational change that alters the ki-
netics of cognate and noncognate selection. This is
thought to lead to a reduction in proofreading, resulting
in an increase in the misincorporation of near-cognate
aminoacyl-tRNAs [4]. Nuclear magnetic resonance
structures of the aminoglycosides paromomycin and gen-
tamicin bound to a model decoding site RNA indicate
that these compounds bind in the major groove of a
stem-loop structure within the decoding site through spe-
cific hydrogen bonds to both the nucleotide bases and
the phosphate backbone [5, 6, 7, 8]. Formation of non-
Watson-Crick hydrogen bonds between certain nucleo-
tides within the decoding site creates a pocket for amino-
glycoside accommodation, which is further stabilized
upon aminoglycoside binding. The prokaryotic A1408
nucleotide is critical to the formation of the aminoglyco-
side-binding pocket.

The decoding site located in the eukaryotic 18S rRNA
is similar to the prokaryotic decoding site, with the main
exception being that the prokaryotic A1408 nuclectide is
replaced by a G residue. This difference is thought to re-
duce the affinity of aminoglycoside binding to the eu-
karyotic decoding site. This idea is supported by studies
in Escherichia coli where an A1408- G nucleotide
change significantly increased aminoglycoside resistance
[9]. Dimethylsulfate protection assays also indicated that
the aminoglycosides did not bind as effectively to the
prokaryotic decoding site containing the G1408 nucleo-
tide. A recent nuclear magnetic resonance structure of pa-
romomycin bound to a model 18S rRNA decoding site
suggested that the G1408 nucleotide, as well as differ-
ences in the RNA sequence in the lower portion of the
decoding site, allow only a shallow pocket for aminogly-
coside binding to the eukaryotic decoding site [10]. This
is thought to reduce the contacts between the aminogly-
coside and the RNA, resulting in a more limited confor-
mational change within the decoding site. The reduced
affinity of aminoglycosides for the eukaryotic decoding
site has allowed them to be used therapeutically as antibi-
otics. However, several studies have shown that amino-
glycosides can induce low levels of translational misread-
ing in eukaryotic systems [11, 12, 13, 14, 15, 16, 17].

The context surrounding a stop codon can have a
strong influence on the efficiency of tranglation termina-

tion. In particular, a significant bias toward a purine nu-
cleotide at the position immediately 3' of natural stop co-
dons has been shown to occur [18, 19]. Consistent with
this observation, several studies have shown that stop co-
dons followed by a purine nucleotide usually promote
tranglation termination more efficiently than stop codons
followed by a pyrimidine [20, 21, 22]. These observa-
tions have led to the hypothesis that the release factor
eRF1 recognizes at least a tetranucleotide termination
signal. More recently, studies have shown that the se-
guence context also influences the ability of aminoglyco-
sides to suppress termination in a mammalian translation
system [13, 17]. In those studies several aminoglyco-
sides, including gentamicin, were shown to have distinct
differences in their ability to suppress termination as a
function of the termination codon and surrounding con-
text.

The suppression of eukaryotic translation termination
by aminoglycosides occurs through the insertion of a
near-cognate amino acid at the stop codon [23]. Transla-
tion can continue in the correct open reading frame once
an amino acid is inserted at the stop codon, resulting in
the synthesis of a full-length protein. This ability to sup-
press stop mutations has led to several studies investigat-
ing whether aminoglycosides can suppress disease-caus-
ing premature stop mutations in human mRNAs. It has
been shown that aminoglycosides can suppress prema-
ture stop mutations in cell-based models of cystic fibro-
sis and Hurler syndrome, resulting in the partial restora-
tion of functional protein [24, 25, 26]. In addition, a re-
cent study using a mouse model of Duchenne muscular
dystrophy found that aminoglycoside treatment restored
a sufficient amount of functional protein to reduce the
severity of the disease phenotype [27]. Human trials test-
ing this therapeutic strategy have thus far produced
mixed results. Two clinical trials have shown that the ad-
ministration of gentamicin to cystic fibrosis patients car-
rying nonsense mutations in the CFTR gene can produce
a partial restoration of cystic fibrosis transmembrane
conductance regulator protein and activity in nasa epi-
thelia [28, 29]. However, another trial carried out with
Duchenne and Becker muscular dystrophy patients was
unable to document a significant increase in full-length
dystrophin in muscle biopsy specimens taken from pa-
tients following gentamicin treatment [30].

Currently gentamicin is the only clinically relevant
aminoglycoside shown to have the ability to suppress
nonsense mutations in patients. The aim of this study
was to determine whether other aminoglycosides ap-
proved for clinical use can also suppress premature stop
mutations in a mammalian translation system. Since it
has been demonstrated that the ability of aminoglyco-
sides to suppress termination is influenced by the tetra-
nucleotide termination signal, we examined the ability of
these aminoglycosides to suppress termination in all
12 possible tetranucleotide termination contexts. In addi-
tion, premature stop mutations in the mammalian IDUA
gene (responsible for the lysosomal storage disease mu-
copolysaccharidosis | (MPS-1) and the P53 gene (associ-



ated with many forms of cancer) were also tested to de-
termine the effectiveness of these aminoglycosides in
suppressing premature stop mutations in natural con-
texts. Our results indicate that gentamicin, tobramycin,
and amikacin are each capable of suppressing stop co-
dons in a mammalian tranglation system in a context-de-
pendent manner. However, tobramycin was much less ef-
fective in its ability to suppress stop mutations than the
other two compounds tested.

Materials and methods

Construction of readthrough plasmids

The QX(N) and SXA readthrough reporter plasmids were previ-
ously constructed by Manuvakhova et a. [13]. The murine P53
cDNA was provided by Dr. Arnold Levine, Rockefeller Universi-
ty. The P53 cDNA was subcloned into the BamHI site of the
pSP64 expression plasmid (Promega). The following mutations
were selected from the human P53 mutation database [31] and in-
troduced into the corresponding position in the murine P53 cDNA
through site-directed mutagenesis: R210X (UGA); W143X (UGA,;
UAG; UAA); and Q133X (UAG). The human IDUA cDNA was
provided by Dr. John Hopwood, Women's and Children’s Hospi-
tal, North Adelaide, Australia The IDUA cDNA was subcloned
into the HinDIIl and EcoRI sites of pSP64 (Promega). The Hurler
syndrome-associated W402X UAG premature stop mutation was
introduced into the IDUA cDNA using site-directed mutagenesis.

In vitro coupled transcription/translation

To determine the optimal concentrations of the aminoglycosides to
use in the mammalian tranglation system, increasing amounts of
each aminoglycoside were added to a rabbit reticulocyte transla-
tion system while expressing the QX(N) (UGAC) construct as de-
scribed previously [13]. The effect of aminoglycoside addition on
total protein synthesis was monitored by comparing the total
amount of proteins synthesized in the presence and absence of
aminoglycosides. A range of aminoglycoside concentrations was
then determined that allowed a maximal amount of termination
suppression without inhibiting total protein synthesis more than
two- to threefold. The optimal concentration determined for each
aminoglycoside was: 5 pg/ml for gentamicin, 20 pg/ml for tobra-
mycin, and 40 pg/ml for amikacin. In vitro translation reactions
were carried out using the TNT coupled transcription/transl ation
system (Promega). Each reaction was carried out in atotal volume
of 12.625 pl and contained: 6.25 pl reticulocyte lysate, 0.625
20X TNT reaction buffer, 2.5 yl 20 mM rNTPs, 0.25 pl 1 mM
amino acids (minus methionine), 1.0 W [35S]methionine (11 pCi/l;
NEN-Dupont), 0.25-pl 40 U/l RNASsin inhibitor (Promega), 0.25-
W 80 U/ul SP6 RNA polymerase (Promega), 1.0 il 1 mg/ml DNA
template, 0.5 pl H,O, tobramycin, amikacin (Calbiochem), or gen-
tamicin (Gibco). The mixture was incubated for 2 h at 30°C,
12.6 pl of sodium dodecyl sulfate sample buffer was added to each
reaction, and the samples were boiled. Then 1-2 pl of each sample
was loaded onto a 12.5% sodium dodecy! sulfate polyacrylamide
gel. The gel was dried and subjected to Phosphorlmager analysis
in order to quantitate the amount of truncated and full-length pro-
tein species. The percentage of readthrough was then calculated as
the amount of full-length protein/(truncated+full-length species)
x100.

Foci assay

Rat embryo fibroblast (REF) cells were obtained from American
Type Culture Collection (#CRL-1764) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum
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at 37°C with 5% CO,. An H-ras construct containing the domi-
nant-negative mutation G12V was provided by Dr. Michael Cole,
Princeton University. A 6.6-kb BamHI fragment containing the
H-ras cDNA was subcloned into pcDNA3.1 Zeo (Invitrogen) un-
der cytomegalovirus promoter control. The murine genomic P53
construct, long terminal repeat (LTR)-P53val, contained an
A135V mutation and was expressed under LTR promoter control.
This construct was generously provided by Dr. Michael Ruppert,
University of Alabama at Birmingham. The R210X mutation was
introduced into LTR-P53val by site-directed mutagenesis. The
REF cells were transfected at 60—70% confluency in a six well
(35 mm2 per well) culture dish with the indicated plasmids using
2 pg total DNA and 8 pl lipofectamine (Gibco-BRL) for 4 h in the
presence of sera. Aminoglycosides were added 24 h after the
transfection. Foci began to form approximately 2—3 days after the
REF cells reached confluency and the number of foci in each
35 mm?2 well was determined in a blinded manner. A lacZ gene
was subcloned into the pcDNA3.1 Zeo plasmid and used as a
transfection control with [3-galactosidase staining.

Results

Readthrough reporter systems

In arecent study we used readthrough reporter plasmids
to demonstrate that the nucleotide immediately 3' of the
stop codon has a significant effect on the ability of sever-
al aminoglycosides to suppress termination in a mamma-
lian trandation system [13]. To examine whether the
clinically relevant aminoglycosides tobramycin and ami-
kacin can also suppress translation termination, we again
utilized a series of readthrough reporter constructs called
the QX (N) and SXA plasmids (Fig. 1).

Both the QX(N) and SXA sets of reporter plasmids
contain a 25-kDa open reading frame followed by an ex-
changeable readthrough cassette. This cassette is fol-
lowed by another open reading frame encoding an addi-
tional 10 kDa of protein. This difference in size between
the terminated and readthrough products allowed us to
guantitate the level of suppression of each termination
signal. In the QX(N) series of plasmids each cassette
contains one of the 12 possible tetranucleotide termina-
tion signals. The SXA constructs were similar, except
that one codon on either side of the stop codon in the
readthrough cassette was deleted. The use of these dif-
ferent series of readthrough reporter constructs allowed
us to examine the effects of different upstream and
downstream sequence contexts on aminoglycoside-medi-
ated suppression of translation termination. In both sets
of constructs efficient termination at the tetranucleotide
termination signal resulted in the synthesis of a 25-kDa
protein, while suppression of the stop codon in the read-
through cassette resulted in a 35-kDa polypeptide.

Suppression of stop codons in the QX (N) plasmids

It was previously shown that the UGAC tetranucleotide
termination signal was suppressed efficiently by a vari-
ety of aminoglycosides [13]. To initially test the ability
of clinically relevant aminoglycosides to suppress termi-
nation signals, we utilized the QX(N) construct contain-
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UGAU 2.0% 12.9% (6.5x) 5.7% (2.9) 15.2% (7.6x)
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Fig. 2 Aminoglycoside-mediated suppression using the QX(N)
plasmid with the UGAC (A) or the UGAG termination signal (B)
in areticulocyte tranglation system. Gent Gentamicin; tobra tobra-
mycin; amk amikacin

ing the UGAC tetranucleotide. We found that gentamicin
induced suppression to a level of 26.5%, while amikacin
stimulated readthrough at a level of 20.9% (Fig. 2A).
Surprisingly, tobramycin was unable to suppress the
UGAC termination signal. When the QX (N) constructs
containing other tetranucleotide termination signals were
expressed in the presence of tobramycin, we found that
each was suppressed to some degree with the exception
of the UGAA and UGAC tetranucleotides (Table 1).

The inability of tobramycin to suppress the UGAA
and UGAC contexts above background levels is unlike
any other aminoglycoside previously tested in this mam-
malian translation system. In fact, the UGAA and UGAC
tetranucleotides are generally among the termination sig-
nals most susceptible to aminoglycoside suppression.
Tobramycin was found to suppress the UGAG and
UGAU contextsto levels of 10.6% and 5.7%, respective-
ly. The highest suppression induced by tobramycin
among all the contexts examined occurred at the UGAG
tetranucleotide (Fig. 2B). Suppression of the QX(N)
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UAG tetranucleotides by tobramycin ranged from 2% to
5.1%. The order of susceptibility as a function of the 3'
nucleotide was UAGG >UAGC~UAGA >UAGU. Read-
through of the QX(N) UAA tetranucleotides mediated by
tobramycin ranged from 1.1% to 2.5%, where the pattern
of suppression based upon the 3' nucleotide was UAAU
>UAAC >UAAA >UAAG. Overall, these results indi-
cate that tobramycin is capable of suppressing stop co-
dons in amammalian translation system, but it is less ef-
ficient than many other aminoglycosides previously ex-
amined [13].

Amikacin was found to suppress al 12 tetranucle-
otide contexts in the QX(N) constructs to varying ex-
tents. The highest level of suppression was detected at
the UGA tetranucleotide termination signals, which
ranged from 14.0% to 20.9% (Fig. 2, Table 1). The pat-
tern of suppression based upon the 3' nucleotide context
was UGAC >UGAU~UGAA~UGAG. Amikacin was
also able to suppress the UAG tetranucleotides at levels
that were comparable to those produced by gentamicin.
The greatest level of suppression within the UAG con-
structs was observed with the UAGG construct, where
15% readthrough occurred (a 30-fold increase above
background). The other UAG tetranucleotides had levels
of suppression ranging from 3.9% to 7.5%, in the order
UAGA~UAGU >UAGC. This is a distinctly different
pattern of context dependent suppression than was ob-
served with gentamicin, where the greatest amount of
suppression was observed at the UAGU termination sig-
nal. The suppression levels induced by amikacin at the
QX(N) UAA tetranucleotides ranged from 2.3% to 3.4%.
These levels were higher than those observed with most
other aminoglycosides a the UAA termination signals
[13]. The tetranucleotide pattern of suppression observed
with amikacin was UAAU~UAAC~UAAG~UAAA.

Suppression of stop codons in the SXA plasmids

In addition to the nucleotide following the stop codon,
the context both 5" and 3' of the tetranucleotide signal
has also been shown to influence the efficiency of trans-
lation termination. In order to test the effectiveness of
these clinically relevant aminoglycosides in suppressing
termination in the presence of different contexts 5" and 3'
of the tetranucleotide termination signal, another set of
readthrough reporter plasmids called the SXA constructs
were used (Fig. 1). The SXA constructs are similar to the
QX(N) readthrough constructs, except a single codon on
either side of the stop codon was removed from the
QX(N) construct such that new 5" and 3' contexts sur-
round each of the stop codons. As aresult, a G residue is
located in the fourth position of each tetranucleotide sig-
nal in the SXA constructs.

The ability of tobramycin to suppress termination of
the UGAG tetranucleotide within the SXA construct was
reduced by approximately twofold compared to the same
UGAG tetranucleotide within the QX(N) construct (Te-
ble 2), while suppression of the UAGG and UAAG tetra-
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Table 2 Comparison of amino-

glycoside-mediated suppres- Construct Context No drug Gentamicin Tobramycin Amikacin
sion in various contexts: per- (5 pg/ml) (20 pg/ml) (40 pg/ml)
centage readthrough (fold-stim-
rpncationl baCEgrgund). SXA UAAG  0.42% 27%(6.4%)  2.3% (55) 4.29% (10x)
The values shown are from rep- UAGG  120% 74%(62%)  5.3% (4.4%) 13.4%(11.2%)
surements were carried out at IDUA-W402X UAGG 0.71% 4.7% (6.6x) 2.6% (3.7%) 4.9% (6.9%)
least three times with each P53-R210X UGAC  4.30% 20.5% (4.8%)  3.7% (1) 14.19%(3.2)
cDNA with similar results
P53-W143X UAAG  0.50% 4.9% (9.8x)  2.2% (4.4%) 5.2% (10.4%)
UAGG  0.71% 8.0%(1L3x)  4.6% (6.5%) 6.2% (8.7x)
UGAG  0.89% 15.1% (17%) 5.8% (6.5x) 14.1% (15.8)
P53-Q133X UAGC  1.0% 6.5% (6.5%) 1.79%(1.7%) 2.7% (2.7%)

nucleotides by tobramycin was the same or slightly in-
creased. The suppression induced by amikacin at the
UGAG tetranucleotide of the SXA constructs was also
about twofold lower than previously observed in the
QX(N) constructs, while amikacin-mediated suppression
at the UAGG construct was similar to that observed in
the QX(N) context. Finally, amikacin suppressed the
UAAG tetranucleotide in the SXA context at a level that
was 1.6-fold higher than the same tetranucleotide in the
QX(N) context (Table 2). These relatively minor differ-
ences between the QX(N) and SXA reporter constructs
containing the same tetranucleotide termination signals
suggest that the tetranucleotide signal itself, rather than
more distal sequences, plays the major role in determin-
ing the susceptibility of a stop codon to aminoglycoside-
mediated suppression.

Suppression of disease-causing premature stop mutations

We next tested whether our readthrough reporter plasm-
ids were accurately representing the susceptibility of dif-
ferent termination signals to aminoglycoside-mediated
suppression. To do this we examined the ability of these
clinically relevant aminoglycosides to suppress prema-
ture stop mutations that have previously been shown to
be associated with human diseases. The first example we
chose was the human IDUA gene, which encodes the ly-
sosomal enzyme a-L-iduronidase. This enzyme cleaves
O-glycosidic linkages between specific carbohydrate
moieties in glycosaminoglycan (GAG) polysaccharide
chains. Without functional a-L-iduronidase, dermatan
and heparan sulfate accumulate within the lysosome, re-
sulting in the onset of the lysosomal storage disease
MPS-I [32, 33]. The most severe form of MPS-I, Hurler
syndrome, is frequently caused by the IDUA-W402X
mutation, which results in a UAGG premature termina-
tion signal. Since we recently demonstrated that the
IDUA-W402X mutation can be suppressed by gentami-
cin in primary fibroblasts from a Hurler syndrome pa-
tient [26], we next examined the ability of tobramycin
and amikacin to suppress this termination signal. We
found that tobramycin suppressed the IDUA-W402X
mutation at a level of 2.6%, approximately twofold low-
er than the suppression mediated by gentamicin (4.7%)

or amikacin (4.9%) (Table 2). These results are similar to
those obtained using the QX(N) and SXA constructs,
demonstrating that these reporter plasmids provide rea-
sonable estimates of aminoglycoside-mediated read-
through that occurs in authentic mammalian mRNAS.

We next examined the ability of aminoglycosides to
suppress mutations within the P53 tumor suppressor
gene. The P53 gene encodes an important regulator of
the G; and G, cell cycle checkpoints, and is the most
commonly mutated gene in many types of cancer. It has
been reported that nearly 50% of all tumors contain P53
mutations [34, 35]. The murine P53 cDNA was intro-
duced into our in vitro expression plasmid, and several
P53 nonsense mutations previously identified in human
tumors were introduced. These mutations included the
R210X, Q133X, and W143X mutations, which result in
the UGAC, UAGC, and UAGG tetranucleotide termina-
tion signals, respectively. For direct comparison of each
of the stop codons in an otherwise identical context, the
UGAG and UAAG termination signals were also intro-
duced at the W143 position (Fig. 1). These cDNA con-
structs were expressed in the reticulocyte transation
system and tested for aminoglycoside suppression of the
stop codons.

We initially examined the ability of tobramycin to
suppress the P53-R210X UGAC termination signal. As
was previously observed with the QX(N) UGAC con-
struct, tobramycin was unable to induce a detectable lev-
el of suppression of the P53-R210X mutation with the
UGAC termination signal (Table 2). The suppression in-
duced by tobramycin at the P53-Q133X mutation with
the UAGC termination signal was also weak (approx.
1.7%). The P53-W143X plasmids containing the UAAG,
UAGG, or UGAG termination signals were suppressed
by tobramycin at levels of 2.2%, 4.6%, and 5.8%, re-
spectively. As was observed with the QX(N) and SXA
plasmids, the level of suppression of each of the P53
stop mutations by tobramycin was less than was ob-
served with either gentamicin or amikacin.

We found that amikacin was capable of more effi-
ciently suppressing each of the P53 mutations examined
(Table 2). A 14.1% level of amikacin-mediated suppres-
sion was observed for the P53-R210X mutation contain-
ing a UGAC termination signal, compared to a level of
20.5% produced by gentamicin (Table 2). Amikacin was
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of experimental strategy. Rat embryo fibroblasts cotransfected
with an activated H-ras oncogene and a P53 gene containing the
dominant-negative mutation A135V form foci in culture. In order
to test the effectiveness of aminoglycosides in suppressing a P53
premature stop mutation, the R210X mutation was introduced into
the P53-A135V construct. The p53 protein functions as a tetramer
and subunit assembly occurs via a C-terminus tetramerization do-
main. Without the tetramerization domain, the P53-A135V domi-
nant-negative phenotype is not observed. However, suppression of
the R210X mutation will alow the expression of full-length p53
protein, resulting in foci formation. B Rat embryo fibroblasts were
transfected with the H-ras plasmid. Cells were aso transfected
with either the P53-A135V plasmid or the P53-A135V/R210X
plasmid as indicated. The fibroblasts were grown in the absence or
presence of gentamicin, tobramycin, or amikacin and assayed for
foci formation. The data are expressed as the average foci number
*standard deviation
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able to induce only a 2.7% level of suppression at the
Q133X mutation with a UAGC termination signal, while
alevel of 6.5% was observed in the presence of gentami-
cin. Amikacin induced a level of suppression very simi-
lar to gentamicin (14.1% versus 15.1%, respectively)
with the P53-W143X mutation containing a UGAG ter-
mination signal. The P53-W143X mutation with the
UAGG termination signal was suppressed at a 6.2% lev-
el with amikacin and an 8% level with gentamicin. Ami-
kacin and gentamicin also mediated suppression of the
P53-W143X mutation containing the UAAG termination
signal at similar levels (5.2% and 4.9%, respectively).
These results indicate that both gentamicin and amikacin
can suppress disease-causing stop mutations in the P53
gene.

A bioassay for suppression of the P53-R210X mutation

Our results indicate that aminoglycosides can suppress a
variety of P53 stop mutations in the reticulocyte transla-
tion system. In order to determine whether aminoglyco-
sides can suppress a naturally occurring P53 premature
stop mutation in cultured mammalian cells a foci assay
was developed. Normally p53 functions as a homo-oli-
gomeric protein where association of the subunits occurs
through a tetramerization domain located in the C-termi-
nal portion of the p53 protein [36, 37]. Several domi-
nant-negative mutations in the P53 gene have been re-
ported, including the murine A135V mutation [38, 39,
40]. When a murine P53 cDNA containing the A135V
dominant-negative mutation is expressed in REF cellsin
the presence of an activated H-ras oncogene, foci form
within the confluent cell monolayer [41, 42, 43]. We uti-
lized this observation to test whether aminoglycosides
can suppress the P53-R210X premature stop mutation in
REF cells (Fig. 3A). The R210X mutation was intro-
duced into a genomic copy of the murine P53 gene con-
taining the A135V dominant-negative mutation in exon
5. The R210X mutation lies downstream of the A135V
mutation within exon 6, and well upstream of the C-ter-
minal tetramerization domain within exons 9 and 10.
Therefore foci formation should occur only if the tetra-
merization domain is translated as a result of read-
through of the R210X mutation.

REF cells were transfected with a plasmid carrying an
activated H-ras oncogene in conjunction with the indi-
cated P53 constructs and then grown in the presence or
absence of the aminoglycosides gentamicin, tobramycin,
or amikacin. REF cells transfected with only the H-ras
oncogene showed little foci formation both when grown
with (3t1) or without (4+1) aminoglycosides (Fig. 3B).
Significant foci formation did occur when the REFs were
transfected with both the activated H-ras oncogene and
the P53 construct containing only the A135V dominant
negative mutation (68+5). The REF cells transfected
with the H-ras construct and a P53 plasmid containing
both the A135V and R210X mutations showed a slight
increase in foci formation (10+£2), possibly due to endog-
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enous readthrough of the R210X mutation or the interac-
tion of the truncated form of the p53 protein with other
cellular factors. When the REF cells transfected with
these same constructs were incubated in the presence of
gentamicin or amikacin, a significant increase in foci
formation was observed (46+2 and 37+1, respectively),
indicating that these aminoglycosides can also suppress
P53 premature stop mutations in mammalian cells. How-
ever, no increase in foci formation was observed in the
presence of tobramycin (9+3). These foci assay results
are well correlated with the readthrough of the P53-
R210X mutation observed in the in vitro translation
system, since amikacin and gentamicin were both able to
suppress the R210X mutation at moderate levels, while
tobramycin was ineffective in suppressing the R210X
mutation due to the presence of the UGAC termination
signal. These results provide the first evidence that these
clinically approved aminoglycosides are effective in sup-
pressing premature stop mutations within the P53 gene.

Discussion

The results of this study indicate that both amikacin and
gentamicin, and to a lesser extent tobramycin, have the
ability to suppress premature stop mutations in distinct
ways as a function of the stop codon and surrounding
context in a mammalian translation system. While tobra-
mycin also exhibited weak activity, its ability to suppress
stop mutations was significantly less than the other two
compounds tested. These findings are consistent with a
previous report that multiple factors are responsible for
determining the efficiency of aminoglycoside-mediated
termination suppression [13]. While the absolute levels
of aminoglycoside-induced suppression at the same tet-
ranucleotide termination signals differed among the
QX(N), SXA, and mammalian cDNAS by approximately
twofold in the current study, the pattern of context-de-
pendent suppression based on the fourth nucleotide of
the tetranucleotide termination signal was generally
found to be similar for the various contexts tested with
each aminoglycoside. A comparison of the QX(N) and
SXA reporter constructs containing the UAGG termina-
tion signal with the IDUA-W402X mutant cDNA carry-
ing the same UAGG termination signal allowed us to ex-
amine the contribution of more distal contexts in greater
detail. The QX(N) reporter is similar to the IDUA-
W402X cDNA only at the UAGG tetranucleotide signal,
while the stop signal in the SXA construct containing the
UAGG termination signal is identical to the IDUA-
W402X cDNA from the first nucleotide 5' of the stop
codon to the second nucleotide 3' of the stop codon (a
span of six nucleotides). We found that suppression with
the IDUA-W402X cDNA was reduced approximately
twofold with gentamicin, tobramycin, or amikacin, rela-
tive to the suppression of the SXA reporter (and reduced
two- to threefold compared to the suppression observed
with the QX(N) reporter). Based upon previous findings
that an extended sequence context can affect the efficien-

cy of translation termination in bacterial, viral, and yeast
systems [20, 44, 45, 46, 47], it islikely that an extended
context 5" and 3' of the stop codon are responsible for
some of the differences we observed in the relative level
of suppression. However, our results clearly indicate that
the tetranucleotide termination signal plays the predomi-
nant role in determining the efficiency of aminoglyco-
side-mediated termination.

The mRNA and aminoacyl-tRNA in the ribosomal A
site have been shown to contact many of the same nucle-
otides within the prokaryotic decoding site as the amino-
glycosides [2]. As aresult, the mRNA context surround-
ing the codon within the A site may affect the ability of
aminoglycosides to bind to the decoding site directly, or
it may limit the conformational change induced in the
decoding site by aminoglycosides. It has also been pro-
posed that aminoglycosides may form hydrogen bonds
directly with the mRNA molecule in the A site [48].
Thus, the complexity of the context dependence ob-
served in aminoglycoside-mediated suppression may be
due to the formation of different hydrogen bonding con-
figurations between the aminoglycoside, the mRNA, and
the decoding site RNA, thus influencing conformational
transitions within the decoding site RNA. While amino-
glycoside binding has been shown to interfere with ribo-
somal proofreading during aminoacyl-tRNA recognition
by stimulating the transition from a “binding” state to a
“productive’ state [3, 4], it is possible that the bound
aminoglycoside may also reduce the efficiency of release
factor recognition of the termination signal.

It is important to understand how aminoglycosides
differ in their ability to suppress stop codons as a func-
tion of the sequence context in order to choose the most
efficient aminoglycoside to suppress specific disease-
causing mutations. For example, tobramycin was unable
to suppress any constructs containing the UGAA or
UGAC tetranucleotide signal. In contrast, the UGAA
and UGAC tetranucleotides were both suppressed at rel-
atively high levels by amikacin and gentamicin. In the
UAA(N) reporter constructs, amikacin suppressed the
UAAU termination signal at the highest levels, while
gentamicin suppressed the UAAC signal with the great-
est efficiency. Another clear difference in the context de-
pendence of aminoglycoside suppression was observed
in the relative levels of suppression as a function of the
fourth base of the UAG(N) tetranucleotide signals. To-
bramycin and amikacin suppressed the UAGG tetranu-
cleotide with the highest efficiency, while gentamicin
suppressed the UAGU and UAGC termination signals
most efficiently. The pattern of suppression we observed
with gentamicin in the UAG(N) series of tetranucleotide
termination signals differed from a study conducted by
Howard et al. [17], who used a luciferase-based assay to
examine aminoglycoside-mediated readthrough in
HEK293 cells. Those investigators found that gentami-
cin suppressed termination at the UAG(N) tetranucle-
otide sequence in the relative order UAGC>UAGU>
UAGA=UAGG. It is likely that these differences are at-
tributable to sequence divergence upstream and down-



stream of the tetranucleotide termination signa in the re-
spective reporter systems.

Even though the structures of the aminoglycosides
used in this study are similar, subtle changes appear to
strongly influence their ability to suppress translation
termination. For example, gentamicin and amikacin were
clearly much more efficient at suppressing termination
than tobramycin at all contexts studied. This suggests
that gentamicin and amikacin are more appropriate for
general use in clinical suppression therapy. Our results
also indicate that a higher concentration of amikacin is
required to achieve a maximal level of readthrough than
gentamicin in the mammalian transation system. This
higher dose may be feasible for suppression therapy,
since higher concentrations of amikacin can be safely ad-
ministered to humans [49]. At a concentration of
20 pg/ml within the translation system, amikacin was
able to suppress most tetranucleotide contexts as effec-
tively, and in some contexts, more effectively than
5 pg/ml gentamicin (Fig. 2 and data not shown). Al-
though a direct clinical comparison of the nephrotoxic
effects induced by amikacin and gentamicin has not been
made, a study comparing gentamicin- and amikacin-in-
duced nephrotoxicity in rats found that amikacin is less
nephrotoxic than gentamicin [50, 51]. In addition, alter-
native ways of delivering either of these compounds,
such as encapsulation within unilammelar liposomes,
may also provide a means of further reducing nephrotox-
icity while increasing their ability to suppress termina-
tion [52, 53]. This study provides afirst step in identify-
ing alternative compounds that will allow usto optimally
suppress premature stop mutations as a function of the
specific stop codon and surrounding context within an
mMRNA molecule.

Previous studies have shown that aminoglycosides
can effectively suppress mutations associated with cystic
fibrosis [24, 25, 28, 29], Duchenne muscular dystrophy
[27], and Hurler syndrome [26]. The results of this study
using the IDUA cDNA further support the results of the
Hurler syndrome study and also provide the first evi-
dence that aminoglycosides can suppress cancer-associ-
ated premature stop mutations in the P53 tumor suppres-
sor gene. A significant fraction of cancer-associated mu-
tations found in many tumor suppressor genes are non-
sense mutations, including 27% of APC mutations, 18%
of BRCAL mutations, 12% of BRCA2 mutations, 16% of
ATM mutations, and 10% of P53 mutations [31, 54].
This suggests that suppression therapy may also be use-
ful in suppressing premature stop mutations in many
forms of cancer. Since over 200 different genetic disor-
ders have been reported to result from nonsense muta-
tions [55], a therapeutic approach based on the suppres-
sion of stop mutations may also be applicable to the
treatment of many other genetic diseases.
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