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ABSTRACT

Oocytes from Xenopus laevis were injected with purified
amber (UAG), ochre 7UAA), and opal (UGA) suppressor tRNAs from
yeasts. The radioactively labeled proteins translated from the
endogeneous mRNAs were then separated on two-dimensional gels.
All three termination codons are used in a single cell, the Xeno-
pus laevis oocyte. But a surprisingly low number of readthrough
polypeptides were observed from the 600 mRNAs studied in compari-
son to uninjected oocytes. The experimental data are compared
with the conclusions obtained from the compilation of all avail-
able termination sequences on eukaryotic and prokaryotic mRNAs.
This comparison indicates that the apparent resistance of natu-
ral termination codons against readthrough, as observed by the
microinjection experiments, cannot be explained by tandem or
very close second stop codons. Instead it suggests that speci-
fic context sequences around the termination codons may play a
role in the efficiency of translation termination.

INTRODUCTION

The genetic code is composed of 61 triplets coding for amino

acids and 3 stop, or termination codons: UAG (amber), UAA (ochre),
and UGA(opal). From the determined sequences of messenger RNAs

and genes it can be concluded that all three stop codons are used
1in prokaryotic and eukaryotic cells , with the exception of mito-

2,3chondria, where UGA specifies tryptophan

It has been proposed that the stop codons might have addi-

tional specific functions and meanings. The low efficiency and

deleterious effects of ochre suppressor tRNAs have led to the

suggestion that UAA is the prevalent termination signal in E.coli4

Also, Kaplan5 has estimated that the ochre codon is used 25

times more often than the amber codon in E.coli. In eukaryotes
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two findings have been interpreted in favor of a special use of

the termination codons. Firstly, natural readthrough of putative

amber codons might occur in animal and plant cells infected with

murine oncorna viruses and TMV6'7. Furthermore, a Herpes simplex

virus amber nonsense mutant has been found to be leaky, whereas

an opal mutant is not8. These authors propose that UAA and UGA

are the usual terminators in eukaryotes. Secondly, a natural UGA

suppressor activity not associated with viral infections has

been reported by Geller and Rich9. In conclusion it has been

suggested that the codon UAA would mean that translation must
9stop, whereas UAG and UGA would allow occasional readthrough

In the light of these findings it is of interest to study
the stop codons used in the population of mRNAs of a single cell.

We have therefore investigated the distribution of the stop codons

used by the mRNA population of the Xenopus laevis oocyte and also

compiled all available mRNA and gene sequences . In a preceding

paper ° we have shown that suppressor tRNAs from yeasts, when

microinjected into a Xenopus laevis oocyte together with a messen-

ger RNA possessing the corresponding termination codon, lead

to the production of a readthrough protein due to suppression of

the stop codon of the messenger RNA. In this paper, we have micro-

injected each of the three types of nonsense suppressor tRNAs iso-

lated trom S.cerevisiae and S.pombe alone or in combinations of two.

The translation products were analyzed by electrophoresis on two-

dimensional polyacrylamide gels and compared with an uninjected

control. Readthrough events were observed, but at low frequency.

A quantitative estimation of the terminators used in the Xenopus

oocyte was attempted. The results are evaluated with the help of

compilation of termination sequences, where we also discuss some

further findings and data from the literature.

MATERIALS AND METHODS

Sources and preparations of tRNAs: The UGA suppressor tRNASer
(anticodon xU*CA , xU* is partly mcm5U partly s2U) was purified

to 80% homogeneity from the S.pombe strain sup3-e as described

earlier 2. The ochre suppressor tRNA from S.pombe sup3-i was en-

riched by BD-cellulose column chromatography to approximately

10% purity (J.Kohli, unpublished). Crude tRNA preparations from
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S.cerevisiae strains SUP5-a (amber, anticodon CA13 ) and SUP5-o

(ochre) were provided by Drs.P.Piper and J.Celis (Aarhus). From

both batches tRNATyr has been purified to 20 - 30% homogeneity

by one-dimensional gel electrophoresis1, subsequent staining
Ty 15with ethidium bromide and elution of the tRNA yr containing band

Since the amount of readthrough product is proportional to the

concentration of the suppressor tRNA in an injected tRNA probe10
the degree of purity of the sample has no influence on our assay

system. Pure tRNAPhe (anticodon GmAA, Gm is 2'-o-methyl G) from

yeast was purchased from Boehringer (Mannheim) and pure cyto-

plasmic tRNATrp (anticodon CmCA, Cm is 2'o-methyl C) was a gift

from Dr.G. Keith (Strasbourg).

Injection and labeling of Xenopus oocytes: Xenopus laevis oocytes

were injectea with suppressor tRNAs: 5 ng/oocyte for the UGA

suppressor tRNASer, 5 - 15 ng/oocyte for the UAG and UAA suppres-
Tyr ~~~~~~~~~~~Sersor tRNA and 2 ng/oocyte for the UAA suppressor tRNA , 5 ng/

oocyte for tRNATrp and tRNA he i.e. the purification factor was

taken into account. For each sample, 10 oocytes were labeled in

100 p1 Barth's solution16 with 70 pCi [35 )-methionine (Radioche-

mical Centre, Amersham, specific activity 730 Ci/mM) for 20 hours

at 180 C. Preparation of the protein samples was done according

to Gurdon et al. ,17 omitting the RNase and DNase digestion steps.

Two-dimensional gel electrophoresis: The analysis of the proteins

on two-dimensional gels was done essentially according to
18O'Farrell . For the fluorography the procedure of Bonner and

Laskey19 was followed.

RESULTS

Rationale and evaluation techniques for the experimental de-

termination of the abundance of the three termination codons

used in the mRNA population of the Xenopus oocyte: The pre-

ceding paper ° demonstrates that the injected yeast suppressor

tRNAs participate actively in the protein synthesis of the oocyte.

Therefore, we thought it possible to readthrough the natural stop

codons of the oocyte mRNAs ane thus increase the size of the syn-

thesized proteins. The resulting differences could then be assayed
on two-dimensional polyacrylamide gels 8 which offer a sensitive

test for alterations in proteins. Furthermore, we assume that each
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suppressor induced change represents a readthrough of a natural

stop codon of the type corresponding to the injected tRNA suppres-

sor. In other words, counting the changes induced by amber, ochre,
or opal suppressors should give an estimation of the relative

abundance of amber, ochre, and opal termination codons in the

mRNA population of the Xenopus oocyte. The mRNA population assayed
by this procedure constitutes the mRNAs actively engaged in trans-

lation in a eukaryotic cell. The oocytes used in these experiments
were all obtained from the same frog.

Yeast suppressor tRNAs have been injected separately or in

combinations of two into oocytes. The following suppressor tRNAs

were used: amber and ochre suppressor tRNA yr from S.cerevisiae,

ochre suppressor tRNA r, and opal suppressor tRNA r from S.pombe.
The suppressor tRNA concentration (2 - 15 ng/oocyte, purification
factor taken into account. This corresponds roughly to 1/20 to 1/3
of the total amount of tRNA in a Xenopus oocyte ) was chosen such

as to produce clearly observable readthrough proteins in the ex-

periments described elsewhere (Fig. 2 Bienz et al. 10) with coin-

jected mRNA. After injection the oocytes were labeled for 20

hours with [35 J-methionine, the soluble proteins extracted and
18analyzed on two-dimensional gels . Following autoradiography the

observed changes were classified upon visual inspection as either

major or minor: Major means that a new strong spot appears, or

that there is a reduction of an already existing strong spot. Minor

means that a faint spot appears or that an already existing faint

spot disappears. It is difficult to correlate an affected protein

with its readthrough product, since it is impossible to predict

the changes in the characteristics imposed on an unknown protein

by the readthrough event and hence the future location on the two-

dimensional gel. For this reason we did not try to count newly

appearing and disappearing (or decreasing) spots individually.

Elongation of a given protein may result in either one or both

types of changes depending on the efficiency of the readthrough.

For the evaluation, all patterns were projected on the same con-

trol gel. This allows the identification of common changes induced
by different suppressor tRNAs. The pattern comparison was done

with a sample of proteins corresponding to 150 strong and 450

weak spots on the control gels from uninjected oocytes all origi-
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nating from the same frog. The comparison of films was repeated

several times to minimize uneven judgement by eye. Also the pro-

tein pattern of oocytes injected with saline, yeast tRNA he or

tRNATrp served as further controls. The method used resulted in

highly reproducible gel patterns. Autoradiograms from independent

injections and gels are displayed in Figures 1 and 3, where some

of the reference spots are marked with arrows in the upper right

corner of the respective films. It is important to realize that

the detailed evaluation can only be done with the original auto-

radiograms. This is due to the fact that most of the observed

alterations are minor changes (see below). Hence, the photographs

of Fig. 1 and 3 provide a general impression of the complexity
of the pattern and only some major and suppressor-typical changes

are indicated.

Description of the results: The protein synthesis pattern of the

uninjected oocytes is shown in Fig. la. About 600 protein spots

are reproducibly resolved by the two-dimensional gel electropho-
18

resis technique of O'Farrell . Saline injected oocytes reveal

only 3 minor changes (Fig. lb) whereas yeast tRNAPhe or tRNATrp
produce each about 20 minor changes (Fig. lc; tRNAPhe pattern not

shown) in comparison with the uninjected oocytes (Fig. la). This

demonstrates that the pattern is only slightly affected by the in-

jection per se or the introduction of non-suppressor tRNAs. The

very few changes induced by injection of yeast cytoplasmic tRNA rp

do not coincide with the changes after injection of the opal sup-

pressor tRNA (Fig. lc and lf). Instead a typical "amber" spot can

be observed (Fig. lc and ld) besides other untypical changes. Thus

yeast cytoplasmic tRNATrp has no detectable suppressor activity

on natural UGA termination codons under in vivo conditions (see
also Grosjean et al. ).

Some significant alterations are observed after injection of

the yeast suppressor tRNAs (Fig. ld - f). But surprising to us was

the low number of total observed changes (159). Since the appear-

ence of new spots and disappearence of preexisting spots can be

due to the same readthrough event the effective number of read-

through events must be lower than 26%. Judging form our previous

experience with foreign mRNA10 we expected more changes. This re-

fractory behaviour against readthrough by the termination codons
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Figure 1: Autoradiographs of two-dimensional polyacrylamide gels
of [35 ]-labeled oocyte proteins. First dimension: electrofocusing,
pH range 5 - 7 (from right to left); second dimension: 10% poly-
acrylamide-SDS (top to bottom). a.) Uninjected control oocytes.
b.) Injected with Barth's solution without antibiotics. c.) ln-
jected with cytoplasmic tRNA Trp from yeast. Four constant spots
are labeled by arrows in the upper right corner of the gels. The
actin region is indicated by A.
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tRNAoYchre' f.) Injected with tRNAopal' Prominent suppressor
specific spots are indicated by an am(amber), oc(ochre) and op
(opal) respectively. Some other changes induced by suppressor
tRNA injections are labeled by additional arrows.
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of endogeneous mRNAs will be discussed in detail.

Nevertheless, we used the procedures and controls described

above to estimate the distribution of the three termination codons

from the observable changes. A summary is given in the Venn-dia-

gram of Fig. 2. It is obvious that all three types of termination

codons are used in the mRNA population translated in the Xenopus

oocyte. About an equal amount of changes are induced by amber (51)

and ochre (53) suppressor tRNAs. More and also stronger changes

are counted after opal (78) suppressor tRNA injection. Fig. 2

shows that amber and ochre suppressors induce much more common

changes (16 + 1), than the other three combinations (3 + 1, 2 + 1,

and 1). This is especially obvious if one compares only the strong

changes. An effect of both amber and ochre suppressor tRNAs from

S.cerevisiae on two termination codons that have not yet been se-

quenced has been described before6'7 , although both these suppres-
22sors are specific in yeast

A few very strong, suppressor specific changes deserve special
consideration. Each of the three suppressors induces the appearan-

ce of strong spots in the actin region of the gel designated by

am, oc, and op respectively. Although we have not positively iden-

tified the spot designated by A as actin, this is strongly sugges-

ted by its intensity (2% of the oocyte protein is actin) and its

dimesion23behaviour in both electrophoretic dimensions. Considering the

amber 51/6
32/2 \

33/3 30 72/16

ochre 53/7 opal 78/16

Figure 2: Venn-diagram of the results obtained with single sup-
pressor tRNA injections. The first number refers to

the total number of changes observed (600 spots screened), the
second to changes in the strong spots only (150 spots screened)
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fact that all three suppressor specific spots of this region are

very strong they may be readthrough products of the various actin

proteins. A few other strong deviations from the normal pattern

are indicated by arrows in Fig. ld - f.

A comparison of the patterns produced after injection of two

different ochre suppressor tRNAs (tRNATyr and tRNASer) revealed

at least 60% common changes (not shown). The total number of in-

duced changes in comparison with the control gel is similar. This

supports the conclusion that the observed changes are dependent

on the termination codon specificity of the suppressor and not on

the tRNA species. Furthermore, the number of suppressor-induced

changes seems not critically correlated with the efficiency of

the suppressors in vivo in yeast.

The results of an additional experiment are represented in

Fig. 3 and Table 1. Here oocytes were injected with a mixture of

Table 1: Changes observed after injection of mixtures of suppres-
sor tRNAs. The numbers indicate the observed changes

with the number of strong changes in brackets. For comparison the
changes observed after single suppressor tRNA injections are given
too. * overlaps.

3843

Suppressor Changes observed

tRNA injected Coinciding with single inj. Double inj. Total

amber ochre opal specific

amber+ochre 16(8) 13(7) 8(2) 33(9) 58(20)

single inj. 51(6) 53(7) *6(0) 87(9)
(am + oc)

amber+opal 21(7) 12(5) 24(13) 66(19) 107(38)

single inj. 51(6) *20(4) 78(16) 126(22)
(am + op)

ochre+opal 8(3) 11(2) 18(11) 41(19) 73(33)

single inj. *19(4) 53(7) 78(16) 128(23)

(oc + op)

Total double injections specific 140(47)
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Figure 3: Autoradiographs of two-dimensional polyacrylamide gels

of [ SI-labeled oocyte proteins after injection of two suppressor

tRNAs at the same time.

a.) tRNamber + tRNATyr b.) tRNATYTr + tRNASer
tRaTYer ochre' am-be-r opal'

c.) tRNA yhre + tRNASer Each of the suppressor specific spots
ochre opal'

(compare with Fig. 1) is clearly visible. Labeling and electropho-
resis conditions as indicated in Fig. 1.
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two suppressor tRNAs of different specificity. The patterns con-

tain a part but never all the changes induced by individual sup-

pressor tRNAs. Rather good agreement is observed if only major

changes are considered. For example in the actin region, labeled

by am, oc, and op, the suppressor specific spots can be seen

according to the combinations of the injected suppressor tRNAs.

As summarized in Table 1, there is, however, a set of changes

specific for each type of double injection: The combinations of

suppressor tRNAs amber/ochre, amber/opal, and ochre/opal give

rise to 33(9), 66(19), and 41(19) specific changes. We interpret

this set of changes as two consecutive readthrough events at the

natural termination codon and a following in phase stop codon.

For the detection of these double readthrough changes as well as

the single readthrough discussed above, the distances between

in phase termination codons in the 3' untranslated region of the

studied mRNAs is of paramount importance. We discuss our data in

the light of an estimate of these distances based on determined

mRNA sequences1. It remains to be mentioned that a readthrough

polypeptide should be resolved from the uncharged protein on our

gels by one net change in charge (first dimension, electrofocusing)

or the increased molecular weight caused by the addition of 5 - 15

amino acids depending on the size of the proteins (second dimen-

sion SDS-gel).

DISCUSSION

Experiments aimed at the determination of the distribution

of the different polypeptide chain termination codons and the

occurence of tandem stop codons have been carried out in E.coli
5 24by Kaplan and by Lu and Rich . They studied the effect of tRNA

suppression on the C-terminus of the proteins translated in vivo.

Nothing similar has been tried for eukaryotes. In our approach we

inject isolated suppressor tRNAs from yeast into a living eukaryo-

tic cell (the Xenopus laevis oocyte) and observe the changes at
18the C-terminus of the proteins by two-dimensional electrophoresis

Although there exists no direct evidence that the changes induced

by the injected suppressor tRNAs are all due to readthrough events,

several strong arguments can be listed in favour of this interpre-
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tation. First, we have demonstrated before that all the suppres-
sor tRNAs used are highly active in the oocyte in the reading of

the termination codons of coinjected foreign mRNAs. Second,

amber and ochre suppressor tRNAs share many more common changes

(interpretable as wobble, Fig. 2) than the other three combinations.

Third, two different ochre suppressor tRNAs (tRNA yr and tRNA )

induce about the same amount of total changes. Forth, injections

of tRNA he and cytoplasmic tRNATrp (Fig. 1 f) induce essentially

no changes, except minor ones in comparison with the suppressor

tRNAs. As can be seen in the Venn-diagram (Fig. 2) all three ter-

mination codons are used in the Xenopus laevis oocyte.

A main result of the experiments is the low frequency of

observable changes upon injection of suppressor tRNAs: less than

26% of the 600 mRNAs are visibly affected by injection of large
amounts of individual suppressor tRNAs.

Important for the discussion of our results are the following
points:

(1) What is the frequency of occurence of second in phase

termination codons in oocyte mRNAs and at what distances are they
found from the natural termination codons? Are very close second

stops or even tandem termination codons an explanation for the

scarcity of observed readthroughs? That a second stop codon is

essential for the avoidance of readthrough events or products that

are lethal for the phage MS2 has recently been demonstrated by
25Iserentant et al.

(2) It has been demonstrated clearly that the sequence con-

text around a nonsense triplet created by mutation may strongly

influence the efficiency of suppression in vivo . Similarly

the context of a natural termination codon may favour chain re-
26,30lease over readthrough or vice versa . In vitro evidence

pointing in this direction comes from the behaviour of opal sup-

pressor tRNASer from S.pombe, which even at very high concentra-

tions was able to read the UGA terminator of rabbit P-globin mRNA

at the best to 60%12 but suppresses in the same protein synthesis

system five UGA codons on a mitochondrial mRNA with high efficien-
31Cy

(3) Several publications demonstrate or suggest not only that

some termination codons are leaky but that the corresponding read-
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617132-34through proteins are essential for the organism 34. Thus

there may be different classes of termination sequences. One ex-

treme type would prevent readthrough completely (second in phase
stops, unfavourable context) whereas the other extreme would

allow frequent readthrough (favourable context). Several authors

have proposed different meanings for the three termination co-

dons4 9 32 as for instance UAA being the prefered natural termi-

nation codon or UGA being frequently a leaky terminator.

(4) All the above (3) mentioned readthrough proteins have been

interpreted and in several cases also proved to originate by inser-

tion of an amino acid in response to a stop codon. But it was de-

monstrated that frameshift mutations are appreciably leaky in

E.coli35'36 and that certain normal tRNAs promote site specific
37 1faeframeshifts in vitro with MS2 as mRNA . Leaky +1 and -l frame-

shift mutations have recently been characterized in the mitochon-

drial genome of yeast38. Hence elongated polypeptides need not

necessarily originate by termination suppression.
To reduce the uncertainties that hinder the interpretation

of our results, we decided to study the termination sequences of

all sequenced mRNAs and genes. In a separate publication we pre-

sent a compilation of all termination sequences (207) presently
available and some conclusions concerning the frequency and the

sequence contexts of the three termination codons, the occurence

and distance of second stops and some differences between pro-

karyotes and eukaryotes. We are confident that some generaliza-
tions from the sample of eukaryotic sequences (mainly from verte-

brates, their viruses, and yeast) also hold for the Xenopus

oocyte.

The low frequency of observable readthrough events after in-

jection of suppressor tRNAs cannot be explained by a high frequen-
cy of second stops very close to the termination codons . The

average distance of the termination codon to the next stop codon

in phase, the begin of poly(A) or the 3' end is 16 triplets on

cellular mRNAs of eukaryotes. And more than 60% of the mRNA sample
contains a second termination codon at a distance longer than 9

triplets which should have given an observable readthrough pro-
duct in our two-dimensional electrophoresis system. On the other

hand double injections create new readthrough events not observed

3847



Nucleic Acids Research

with single injections (Table 1). But a fraction of them probably

results from further elongation of readthrough products already

observed with the single injections, because less than half of the

changes detected after single injections are found again in the

relevant double injections (Table 1). This may indicate that se-

cond stops are easier to read for a suppressor tRNA than the

actual termination codons, which may be especially protected

against readthrough.

Most of our knowledge on the efficiency of stop codons comes

from studies of nonsense mutations in the protein coding part of

a gene; however, it remains to be demonstrated that these results

are relevant for natural stop codons. The present work suggests

that a natural stop codon is particularly efficient in polypeptide
chain termination and less prone to suppression than expected.
From the evolutionary point of view, we may speculate that se-

lective pressure on the nucleotides surrounding the natural stop

codons has played a role in the regulation of the efficiency of

polypeptide chain termination in each mRNA. Such a regulatory

effect may be the result of mRNA sequence or structural changes

(or both) which have a higher affinity for release factors, or

an increased binding capability with potential suppressor tRNA.

It is also possible that these changes could affect some other as

yet undetermined mechanism(s) of polypeptide chain termination.
For certain mRNAs, a tight control at the stop codon may have de-

veloped. Consequently, protein synthesis would necessarily stop

at that codon; while for other mRNAs a certain degree of leakiness
32would be tolerated, or even be obligatory

The analysis of our suppressor tRNA injection data (Fig. 2,

Table 1) shows that the opal suppressor is more efficient in the

creation of elongated proteins in the frog oocytes than amber and

ochre suppressors. Whether this is explained by the differential

susceptibility to readthrough of the three termination codons9
or by the real distribution of the termination codons in the Xeno-

pus laevis oocyte remains undecided. What is clear is that all

three termination codons are used in a single cell, the Xenopus
oocyte. However, the termination codons susceptible to readthrough
may also be prone to leaky termination.

Our observation that the Xenopus laevis termination codons
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are resistant to readthrougn is supported by the finding that the

UAA termination codon of the major #-globin mRNA from Xenopus can-

not be suppressed in the oocyte by injected ochre suppressor tRNA

(M.Bienz, unpublished). Furthermore, the context of the termina-

tion codon of fl-globin mRNA39 agrees with the statistically pre-

dictea sequence , thus confirming the tight control of the ter-

mination codons of eukaryotic mRNAs. It appears rewarding to per-

form similar studies with other sequenced mRNAs in order to test

whether the observed statistical tendency correlates with enhanced

efficiency of translation termination.
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