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ABSTRACT

Using selection-amplification, we have isolated RNAs with affinity for translation termination factors eRF1 and
eRF1leeRF3 complex. Individual RNAs not only bind, but inhibit eRF1-mediated release of a model nascent chain from
eukaryotic ribosomes. There is also significant but weaker inhibition of eRF1-stimulated eRF3 GTPase and eRF3
stimulation of eRF1 release activity. These latter selected RNAs therefore hinder eRF1+eRF3 interactions. Finally, four
RNA inhibitors of release suppress a UAG stop codon in mammalian extracts dependent for termination on eRF1 from
several metazoan species. These RNAs are therefore new specific inhibitors for the analysis of eukaryotic termina-
tion, and potentially a new class of omnipotent termination suppressors with possible therapeutic significance.
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INTRODUCTION

Sense triplets are decoded on the ribosome by specific
transfer RNAs via base pairing between codons in
mMRNA and anticodon triplets in tRNA. In contrast, non-
sense (termination, stop) codons are decoded in two
canonical ways. UGA can be decoded as selenocys-
teine by a specialized tRNA-translation factor complex
(selenocysteinyl-tRNASe¢: SelB) that directs Sec-
tRNASE to a unique message structure (Hiittenhofer &
Bock, 1998). More frequently UGA, UAA, and UAG are
decoded as stop-translation signals. A single-polypeptide
release factor (RF) termed eRF1 performs this function
in eukaryotes and two proteins, RF1 and RF2, do so in
bacteria (reviewed in Tate et al., 1996; Buckingham
et al., 1997; Nakamura & Ito, 1998).

The class-1 release factor proteins RF1, RF2, and
eRF1, are distinguished by their ability to trigger
peptidyl-tRNA hydrolysis, catalyzed by the ribosomal
peptidyl transferase when a stop codon enters the A
site. Although the nature of this hydrolytic signal re-
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Colorado 80309-0347, USA; e-mail: yarus@stripe.colorado.edu.
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mains unknown, it is clear that class-1 RF proteins
strongly compete with suppressor tRNAs in vitro and in
vivo (Weiss et al., 1984; Curran & Yarus, 1988; Eg-
gertsson & Soll, 1988; Drugeon et al., 1997; Le Goff
et al., 1997). They therefore probably overlap the ribo-
somal decoding site. As has been suggested (Cantor,
1979; Moffat & Tate, 1994; Nissen et al., 1995; Ito et al.,
1996; Nakamura et al., 1996; Kisselev et al., 2000) and
proven recently by crystallography (Song et al., 2000),
eRF1 adopts an extended, perhaps tRNA-like overall
shape. Other proteins acting at the ribosomal A site,
such as elongation factor EF-G and bacterial ribosome
recycling factor (RRF; Nyborg et al., 1996; Selmer et al.,
1999), also emulate the tRNA shape. These structural
findings support a “tRNA-analog” hypothesis (Moffat &
Tate, 1994); that is, that termination codons may be
decoded directly by class-1 RFs, whose similar shape
allows mimicry of tRNA action. Thus RFs may contact
stop codons in the decoding (A) site on the ribosome.
These facts suggest that RF action would be effectively
inhibited by other strongly bound RNAs.

Selected RNA ligands for RF protein(s) therefore might
act as highly specific inhibitors of stop codon transla-
tion. This would be useful for biochemical dissection of
the pathway for translation termination. In addition, be-
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cause a single eRF1 protein decodes all termination
codons, such RNA ligands would likely comprise a new
type of omnipotent termination suppressor, increasing
stop codon readthrough by interfering with the usual
termination pathway. Therefore we have isolated eRF
ligands using selection-amplification (for review, see
Wilson & Szostak, 1999). Starting with a randomized
mixture of oligoribonucleotides, repetitive selection for
RNA-RF binding yielded RNAs with high affinity (termed
aptamers) toward the target proteins. Some of these
eRF aptamers enhance suppression of stop codons by
a means highly correlated with their selected affinity
for, and with their inhibitory activities against, the indi-
vidual biochemical steps of termination.

RESULTS

Selection

Purified eRF1 and eRF1+.eRF3 were used to purify RNA
molecules that bind these human release factors. Con-
secutive selections for radiolabeled protein-bound RNA
were used, taking two forms. Mixed cellulose ester fil-
ters retain protein, and allow nucleic acids to flow
through. These filters thereby separate RNA bound to
purified release factors from free RNA. Electrophoretic
mobility shift assays also provide a means to separate
RNA bound to protein from free RNA. In this method,
protein-bound RNAs migrate more slowly than free RNA
during native polyacrylamide gel electrophoresis.

RNAs binding to human eRF1 were selected using
binding to an almost-complete protein, amino acids
1-415 of a total of 437. This protein is competent in all
biochemical assays, including binding to the eRF3 pro-
tein (Merkulova et al., 1999). In the selection using
eRF1 a significant increase in RNA bound on filters
was detected at round 9 of selection. This pool of RNAs
was converted to cDNA and cloned.

In the eRF1.eRF3 selection, binding was observed
at round 3 of the filter selection. However, significant
increases in the filter binding background (without pro-
tein) were simultaneously detected. Thus the predom-
inant RNAs early in the eRF1.eRF3 selection mainly
had affinity for the cellulose ester filters. Switching to
electrophoretic gel mobility shift selection for two rounds
alleviated this problem, and significant binding to
eRF1-eRF3 was subsequently observed at round 9.
Because the enrichment for RNA bound to release fac-
tor did not significantly change with additional cycles of
selection, these pools of RNA were cloned as cDNAs
and sequenced.

Aptamer sequences selected for binding to human
eRF1 and eRF1+eRF3 complex are shown in Figure 1.
The approximate dissociation constants (estimated as
the half-dissociation points) of the majority of individual
RNA aptamers from their target was found to be 110—
360 nM for eRF1 aptamers, and 60-100 nM for
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eRF1.eRF3 aptamers. Therefore RNAs directed at the
heterodimer are the tighter binding, by approximately
1 kcal/mol. Isolated aptamers were grouped into families
with obvious sequence similarities for characterization.

eRF1.eRF3 aptamers were individually
characterized by binding

Although eRF1 and eRF3 proteins strongly heterodimer-
ize in vitro, occasional free monomers of eRF1 or eRF3,
or even contaminating proteins, might also serve as a
target during selection. Filter assays for binding were
compared for eRF1.eRF3 complex, for purified eRF1
alone, and for eRF3 alone (Fig. 2) to constrain their
actual binding target, and to confirm the selected
specificities.

The binding characteristics of eRF1.eRF3 aptamers
fell into two functionally different classes. Class | apta-
mers (e.g., RNA 12) bound to eRF1 in a manner almost
identical to binding to eRF1.eRF3 complex, and exhib-
ited virtually no binding to eRF3 alone. The simplest
interpretation is that Class | RNAs contact mostly a
region of the eRF1 protein. This notion is strongly
supported by the occurrence of sequences from the
eRF1-eRF3 selection that differ by only a few nucleo-
tides from sequences recovered with eRF1 alone. For
example, the RNA 12—-RNA 17 Class | eRF1+.eRF3 fam-
ily of sequences is clearly related to the similar eRF1
RNA 28 family, and the Class | eRF1.eRF3 RNA 11 is
related to the eRF1 RNA 19 (Fig. 1). These Class |
RNAs therefore contact a site exposed in both free
human eRF1 and in the eRF1+eRF3 heterodimer.

The recovery of such similar aptamers from indepen-
dent selections conducted with purified eRF1 from dif-
ferent and independent sources also makes it highly
probable that these RNAs are directed at prominent
regions on the bona fide human eRF1 protein.

Class Il aptamers (e.g., RNA 27) bound to both eRF1
alone and eRF3 alone, but with notably weaker affinity
than when binding eRF1.eRF3 complex. Class Il RNAs
therefore probably contact features exposed on both
eRF1 and eRF3 proteins of the human release factor
heterodimer. Complementary affinities to separately pu-
rified eRF1 and eRF3 also make it very likely that
Class Il RNAs have been selected for affinity to bona
fide release factor proteins, rather than contaminants.
As might be expected, Class || RNAs, which appear to
be directed to distinct protein sites, are unlike se-
guences recovered in the eRF1 selection (Figs. 1 and 3).

Secondary structure analysis of aptamers

Apparent secondary structures of aptamers to be tested
for release factor activity (below) were determined by
probing the susceptibility of individual phosphodiester
bonds with Pb2* and S1 nuclease. Both reagents se-
lectively hydrolyze RNA at flexible or unstructured re-
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CUCCGUGU

. GAAGCAGRGC . GAGCCU

ACCCCGGR

CCCCGG

FIGURE 1. A: Sequences selected for binding to human eRF1 alone. B: Sequences selected for binding to human
eRF1+eRF3 complex. The sequences correspond only to the initially randomized nucleotides. Full-length RNA contains a 5’
fixed sequence, GGGAGCUCAGAAUAAACGCUCAA, as well as a 3’ fixed sequence, UUCGACAUGAGACACGGAUCC
UGC. Dots are inserted in sequences to make alignment of similar sequences (motifs) more evident; there are no nucle-
otides at dotted positions. Isolates with bold numbers are those characterized biochemically. Note that eRF1 and eRF1.eRF3
RNAs sometimes have the same isolate numbers, but there is no overlap in the numbers chosen for characterization, thus

no ambiguity about the sequences named in the text.
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FIGURE 2. A: Binding characteristics of Class | eRF1+eRF3 aptamer 12. B: Binding characteristics of Class || eRF1+eRF3
aptamer 27. Closed circles represent eRF1+eRF3 complex, open circles eRF1 alone, and closed triangles eRF3 alone.
Radiolabeled aptamer RNA bound to protein was quantified by Cerenkov scintillation (see Materials and Methods). In each

binding reaction, final concentration of RNA was 50 nM.

gions. Thermodynamically optimal structures generated
by mfold (Mathews et al., 1999; Zuker et al., 1999)
were modified to include information from Pb hydro-
lysis and S1 nuclease digestion about looped or non-
helical regions. Near-optimal secondary structures that
are also consistent with chemical data are shown in
Figure 3 for eRF1 aptamers 28 and 34 as well as Class |
eRF1.eRF3 aptamers 12 and 17, and Class Il aptamer
RNA 27.

The apparent secondary structures appear entirely
consistent with the classification of RNAs by binding
characteristics. The irregular hairpin structures of
eRF1+.eRF3 aptamers 12 and 17 are quite similar in the
region of the terminal internal-loop-and-hairpin, as might
be expected from their shared primary structure motifs
and their primary affinities for eRF1. The secondary
structures of these Class | RNAs in turn are quite sim-
ilar to the family of eRF1-directed aptamers with re-
lated sequences and protein-binding capabilities (e.g.,
RNA 28; Figs. 1 and 3).

The Class Il example, RNA 27, appears significantly
different in secondary structure. RNA 27 contains the
sequences in common with the rest of its family (and
therefore its likely binding site) in a complex multihelix
junction rather than at the terminus of a hairpin. Al-
though the fold suggested for RNA 27 in Figure 3 is
complex, the four predicted loops are each confirmed
by susceptibility to the chemical probes, and the three

helices by chemical resistance. Thus the drawing is
probably a reasonable model for the underlying sec-
ondary structure. This distinctive multihelix junction is
consistent with the distinct affinity for both subunits and
distinct biochemical activities observed for Class Il se-
guences (below).

Activities of human eRF1 and eRF3
in the presence of aptamers

To determine whether bound aptamers inhibited re-
lease factor function, they were tested in several stan-
dard biochemical assays. Aptamers selected against
eRF1 or the eRF1eRF3 complex were added to an in
vitro assay for hydrolysis of a model nascent peptide in
the presence of eRF1 (Tate & Caskey, 1990). This as-
say measures release of radiolabeled fMet from tRNA
(which mimics release of a nascent peptide) in the con-
text of the ribosome and stop codon-containing tetra-
mer. Randomized RNAs from the initial selection pool
served as controls, and randomized RNA was sepa-
rately shown not to alter eRF1 activity.

Several aptamers inhibited termination mediated by
eRF1 (Tables 1 and 2). The strongest inhibitors of fMet
release from the eRF1 selection were aptamers 2, 28,
and 34. eRF1 aptamer 19 showed definite inhibition of
fMet release, but was less efficient. The most potent
eRF1 aptamers are also comparable to eRF1l.eRF3
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FIGURE 3. A: Secondary structure of eRF1 aptamer 28 with predicted AG = —7.4 kcal/mol. B: Secondary structure of
eRF1 aptamer 34 with predicted AG = —15.6 kcal/mol. C: Secondary structure of eRF1.eRF3 aptamer 12 with predicted
AG = —11.8 kcal/mol. D: Secondary structure of eRF1+eRF3 aptamer 17 with predicted AG = —9.5 kcal/mol. E: Secondary
structure of eRF1+eRF3 aptamer 27 with predicted AG = —13.9 kcal/mol. Thermodynamically optimal secondary structures
as determined by mfold were modified to include structural information obtained from lead hydrolysis and S1 nuclease
digestion. Yellow background indicates nucleotides conserved in independent isolates; red and blue dots indicate nucleo-
tides whose 3’ linkages are sensitive to hydrolysis by S1 nuclease and lead, respectively.

aptamers using this release assay (Table 2). The
eRF1+.eRF3 aptamers (12 and 17) strongly inhibit fMet
release, with activities similar to the best eRF1-selected
RNAs. Other eRF1+eRF3 aptamers have no significant
effect on release (Table 2). Interestingly, the classifica-
tion of eRF1e.eRF3 aptamers by binding assay is po-

tentially correlated with these release factor activity  tivity could indicate the RNA is displaced during termi-
assays; Class | aptamers inhibited release, but Class Il nation, or that it occupies a surface that is not employed
aptamers did not, for any of five sequences tested. for normal function.

However, Class | binding is not sufficient for inhibi-
tion. Class | Aptamer 11 does not obstruct fMet release.
However RNA 11 has a distinctly different sequence
from 12 and 17 (Fig. 1), and its predicted structure is
also quite dissimilar from 12 and 17 (not shown). Such
binding without significant effect on release factor ac-
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TABLE 1. RF activity (fMet release) in vitro of human eRF1 in the
presence of UAGA and RNA aptamers for human eRF1.2
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TABLE 3. Stimulation in vitro of human eRF1 by human eRF3 at low
stop codon (5 uM UAGA) concentration.?

RF activity, %

Molar ratio eRF1:RNA

RF activity, %

RNA aptamer Molar ratio eRF1:RNA, 1:5

RNA aptamer 1:5 1:10
random 100 100

2 13 4

19 44 17

28 4 0

34 8 3

20.08 uM eRF1, 0.4 u M RNA (1:5 molar ratio) and 0.8 uM RNA-
aptamer (1:10). Values shown are an average of at least three inde-
pendent measurements. Error in individual values estimated to be
+12%.

Effect of aptamers on release
factor interactions

At low stop-codon concentrations, eRF1 shows re-
lease activity in vitro only when stimulated by eRF3
and GTP (Zhouravleva et al., 1995; Frolova et al., 1996).
Such stimulation of eRF1 by eRF3 was only very weakly
inhibited (Table 3) by those eRF1-selected aptamers
that were strong inhibitors of eRF1 release activity
(Table 1). Therefore these aptamers, selected for affin-
ity to eRF1 alone, appear to have little effect on the
eRF1eeRF3interaction. In contrast, the same two Class |
eRF1+eRF3 aptamers (12 and 17) that inhibit fMet re-
lease also moderately but definitely affect the eRF3-
stimulating activity toward eRF1 at low stop-codon
concentration (Table 4; note the low concentrations of
aptamer used). Other eRF1+.eRF3 aptamers appeared
to be inactive or marginal inhibitors of eRF3-mediated
stimulation of eRF1. Therefore, in contrast to eRF1-
directed ligands, some RNAs selected for affinity for
the complex eRF1.eRF3 detectably affect the inter-
action of eRF3 with eRF1.

TABLE 2. RF activity (fMet release) in vitro by human eRF1 in the
presence of UAGA stop codon and RNA aptamers to the human
eRF1+eRF3 complex.?

RNA aptamer RF activity, %

random 100

1 100

11 106

12 2

17 15

27 95

37 109

C 92

G 97

random 100
2 95

19 89
28 80
34 84

2eRF1 was 0.08 uM, RNA aptamers 0.8 uM (1:10 molar ratio
eRF1/RNA). Values shown are an average of at least three indepen-
dent measurements. Error in individual values estimated to be +12%.

aPreincubation of the human eRF1 and human eRF1 RNA apta-
mer at 4 °C for 20 min. Human eRF1 and eRF3 proteins are 0.08 uM,
RNA aptamer, 0.4 uM. Values shown are an average of at least three
independent measurements. Error in individual values estimated to
be +£12%.

The eRF1+eRF3 interaction can also be analyzed by
measuring an eRF3 activity (instead of an eRF1 activ-
ity) by using intrinsic eRF3-mediated GTP hydrolysis,
which requires interaction with eRF1 (Frolova et al.,
1996). GTP hydrolysis was not affected by eRF1-
directed aptamers, with a possible weak exception for
aptamer 28 (Table 5). In contrast, eRF1+eRF3-binding
Class | RNAs 12 and 17 definitely inhibit GTPase ac-
tivity of eRF3 in the presence of ribosomes and eRF1
(Table 6). Other eRF1+eRF3 aptamers were inactive or
very weakly active. Thus, inhibition mediated by eRF1-
directed aptamers appears relatively specific to hydro-
lysis of the nascent peptide. A subset of eRF1.eRF3
aptamers, on the other hand, can inhibit both eRF1-
mediated fMet—tRNA hydrolysis and eRF3 interactions
with eRF1.

Effect of RNA aptamers on
translation termination

The ability of eRF1 and eRF1.eRF3 aptamers to inhibit
individual release factor activities suggested that they

TABLE 4. Stimulatory activity in vitro of human eRF3 toward human
eRF1 at low stop-codon concentration (5 uM UAGA).2

RF activity, %

RNA aptamer Molar ratio eRF:RNA, 1:1

random 100
1 84

11 87
12 78
17 51
27 109
37 103

C 95

G 113

@Human eRF1 and eRF3, 0.08 uM; RNA aptamers to the human
eRF1+eRF3 complex, 0.08 uM (molar ratio eRF:RNA, 1:1). Note the
lower molar ratio of RNA in these assays; this was required by high
background in the absence of GTP with elevated RNA concentra-
tions. Values shown are an average of at least three independent
measurements. Error in individual values estimated to be +=12%.
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TABLE 5. GTPase activity, using thin-layer chromatography.?

RNA aptamer GTP hydrolysis, %

— 93
random 94
19 98
28 76
34 93

aThe extent of hydrolysis (%) was calculated as the ratio of radio-
activity in the spot corresponding to GDP to the sum of the radio-
activity in spots of GTP plus GDP. Human eRF1 and eRF3, 0.4 uM;
human eRF1 RNA aptamers, 1.6 uM (1:4 molar ratio eRF1:RNA).
Values shown are an average of at least three independent mea-
surements. Error in individual values estimated to be +£12%.

might also promote net readthrough of stop codons.
That is, these RNAs should slow normal termination.
Therefore they will increase the time available for mis-
sense readthrough at nonsense codons. Accordingly
the fraction of readthrough transits will increase when
aptamer is added, provided only that readthrough con-
tinues at its initial rate. To detect increases in the frac-
tion of readthrough transits due to eRF inhibition, in
vitro translation of tB218-UAG mRNA from beet ne-
crotic yellow vein furovirus was examined.
Translation using the wild-type viral transcript tB218-
UAG in reticulocyte extracts yielded clearly detectable
readthrough protein (75K) in addition to the coat pro-
tein (22K) itself. A typical experiment demonstrating the
effect of RNA aptamers is shown in Figure 4. Control
(randomized) RNA sequences had no effect on read-
through in vitro. However, addition of eRF1 aptamers
28 or 34, or eRF1°eRF3 Class | aptamers 12 or 17 to

TABLE 6. GTPase activity using thin-layer chromatography.?

TGTP hydrolysis, %

Molar ratio eRF:RNA

RNA aptamers 1:2 1:4
none 86

random 97 81

1 97 72

11 96 75

12 55 39

17 63 57

27 98 92

37 98 100

C 78 69

G 83 61

aPercent GTP hydrolysis was calculated as the ratio of radioactiv-
ity in the spot corresponding to GDP to the sum of the radioactivity in
GTP plus GDP. GTP, 5 uM; Human eRF1 and eRF3, 0.4 uM; RNA
aptamers to eRF1eeRF3 complex, 0.8 and 1.6 wM. Preincubation of
eRF1 plus eRF3 plus aptamer for 20 min at 4 °C. Values shown are
an average of at least three independent measurements. Error in
individual values estimated to be +12%.

J. Carnes et al.

% Readthrough

- R 12 17 28

34 RNA Aptamer

FIGURE 4. RNA aptamers increase readthrough of termination co-
don UAG. The in vitro translation reaction was performed in the
absence or presence of 20 pmol of each RNA aptamer. The results
are expressed as percent readthrough of the coat protein UAG ter-
minator. The randomized pool of RNA is denoted as R. The error in
individual values is estimated to be £15%.

the incubation mixture increased readthrough to the
range from 15.2% to 24.5%. Consequently, eRF1 ap-
tamers 28 and 34, as well as eRF1.eRF3 aptamers 12
and 17, behave as antiterminators in this system, pre-
sumably acting via their selected inhibition of endog-
enous rabbit eRF1 present in the reticulocyte lysate.

Effect of RNA aptamers on
eRF1-induced termination

To confirm that aptamer-mediated readthrough occurs
via inhibition of eRF1, exogenous purified human eRF1
was added to in vitro translation reactions. Added eRF1
reduced readthrough about fourfold in the in vitro trans-
lation of tB218-UAG mRNA. Thus exogenous human
eRF1 is functional and observably in competition with
readthrough translation in this system.

RNA aptamers were then added to in vitro transla-
tions in which readthrough had been reduced by the
addition of exogenous human eRF1 (Fig. 5). This low
level of readthrough (2.5%) was not significantly al-
tered by randomized RNAs, where 3.2% readthrough
was measured. In contrast, inclusion of eRF1 aptamers
28 or 34 or eRF1leeRF3 aptamers 12 or 17 virtually
re-established the original level of readthrough that now
reached 7.2-12.6%. Thus the effect of added human
eRF1 protein was almost completely reversed by hu-
man eRF aptamers.

Similar experiments were carried out with purified
Xenopus eRF1 added to reticulocyte lysates, with par-
allel results (data not shown). These same four RNAs
therefore inhibit Xenopus release factor eRF1 also. We
conclude that some RNAs selected for affinity to re-
lease factor inhibit individual biochemical activities of
both eRF1 and eRF3, and ultimately suppress transla-
tion termination on eukaryotic ribosomes.
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% Readthrough

- - R 12 17 28 34
+ + + + + +

RNA Aptamer
eRF1 added

FIGURE 5. RNA aptamers prevent human eRF1-induced termina-
tion. The conditions are as in Figure 4, except that, where indicated,
incubations were carried out in the presence of 40 pmol of each RNA
aptamer, and 4 pmol of human eRF1. The randomized pool of RNA
is denoted as R. The results are expressed as percent readthrough,
as in Figure 4. The error in individual values is estimated to be
+15%.

DISCUSSION

We have observed inhibition of eRF1 and eRF1.eRF3
activities by RNAs selected for affinity to the RF pro-
teins. Because the eRF1 protein family is highly con-
served (Frolova et al., 1994; Kisselev et al., 2000), and
because we have observed activity against purified
X. laevis (see Materials and Methods), rabbit proteins
(Fig. 4) and purified human eRF1 (Fig. 5), we expect
inhibition of a broad group of eukaryotic eRF1s. Pro-
karyotic RF1 and RF2 differ in sequence (Kisselev et al.,
2000) from eukaryotic factor eRF1 with the exception
of small conserved motifs (e.g., GGQ; Frolova et al.,
1999). Therefore these present RNA ligands will prob-
ably inhibit only eukaryotic termination.

Structures of the reactants

The actions of RNAs in release factor assays can be
related to the structures of the proteins and the se-
lected RNAs. RF1, RF2, and eRF1 are RNA-binding
proteins, and have in particular, affinity for termination
codons. Photoactivated termination codons containing
4-thiouridine (s*U; reviewed in Favre & Fourrey, 1995;
Favre et al., 1998) in the first position can be used to
demonstrate this interaction. In Escherichia coli ribo-
somes, s*UAA-containing 36-mer mRNA was shown to
crosslink to the ribosomal RNA and with low efficiency
to RF2 (Tate et al., 1990). With s*UGAN instead of
S*UAAN the yield of crosslinks between RF2 and
S*UGAN increased (Brown & Tate, 1994). The identity
of the fourth base in the stop signal also strongly af-
fected the interaction with RF. Further analysis dem-
onstrated that three positions after the stop codon were
able to crosslink to E. coli RF2, though the efficiency of
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crosslinking from the +1 nucleotide was much higher
than from +4 and +6 (Poole et al., 1997, 1998). In
addition, particular adjacent amino acid sequence
changes within bacterial RF1 and RF2 alter the codon
triplets translated as stop (Ito et al., 2000), suggesting
that bacterial RF is in contact with stop codon nucleo-
tides. Within eukaryotic ribosomes, the proximity of stop
codons and human eRF1 has been similarly demon-
strated using the photocrosslinking strategy (L. Chavatte,
L. Frolova, L. Kisselev, and A. Favre, unpubl.).

Ribosomal RNA is also close to RF. A region of 16S
ribosomal RNA has been found to crosslink to the RF.
For prokaryotic ribosomes genetic evidence also im-
plicates ribosomal RNAs in translation termination
(Arkov et al., 1998). Moreover, the prokaryotic ribo-
somal A site where RF1/2 interacts can now be seen to
be predominantly composed of ribosomal RNA (Ban
et al., 1999; Cate et al., 1999).

Release factors are therefore highly specialized pro-
teins designed for an environment replete with RNAs.
Interference with any natural RNA site by a competing
RNA would inhibit termination. However, interference
need not be specific. General steric interference with
ribosomal entry by a large polyanionic ligand like a
tightly-bound RNA would presumably also disrupt
termination.

The unique structure of eRF1, like a three-lobed star,
is thought to promote the multiple known release factor
functions. Taking the leftward lobe as the site of contact
with the stop codon, the downward lobe has been sug-
gested as the site of communication to the peptidyl
transferase center (Song et al.,, 2000). Human eRF1
has also been biochemically divided into two unequal
functional regions: the “core” NM domain encompasses
the N-terminal and M (middle) parts of the eRF1 chain
(Frolova et al., 2000). The core NM domain (275 = 5
amino acids) is enriched in basic amino acids (pl 9.74)
and is fully active in triggering fMet-tRNAV®* hydrolysis
on the ribosome at high stop-codon concentration. N
and M are also the leftward and downward lobes of the
star (Song et al., 2000). The C-terminal domain is in-
volved in eRF3 binding (Merkulova et al., 1999) and is
also the distinct, rightward-pointing lobe of the eRF1
star, whose overall shape has been compared to tRNA
(Song et al., 2000).

Inhibition of nascent peptide release

This underlying human eRF1 structure (Song et al.,
2000) suggests a location for the aptamer sites. We
suggest that the eRF1-directed RNAs (e.g., RNA 28;
Figs. 1 and 3) and the sequence-related class |
eRF1.eRF3 RNAs (e.g., RNAs 12 and 17) are directed
to the NM (leftward and downward) domains that are
competent for release activity alone. These areas would
provide the constant target for RNA binding suggested
by the similar structures of the eRF1 and Class | RNASs,
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and occupation of this site would explain inhibition of
release (Tables 1 and 2).

The availability of RNAs binding this NM domain tar-
get from two different selections may have further im-
plications. For example, the RNA 12—-17 Class | family
is part of such a set of aptamers. Here the eRF1.eRF3
selection independently yielded a structure paralleling
an eRF1 motif (compare RNA 28), but changed in three
ways (Figs. 1 and 3). First, constraints visible in the
eRF1 loops become invariant in the eRF1+eRF3 loops
(e.g., the conserved CC and UG sequences; Fig. 1). In
addition, the loops themselves become notably more
homogeneous. Finally, the RNA hairpin loops targeted
to the eRF1.eRF3 complex now conserve a tract of As
within the loop (Figs. 1 and 3) absent from the related
eRF1 RNAs. These differences might be explained by
a single hypothesis if eRF1eeRF3 aptamers have added
to their basic NM domain (left/downward) binding sites
just at or beyond the limit reached by the comparable
eRF1 aptamers. Thus we suggest the extended activity
of the Class | eRF1.eRF3 RNAs is due to the extension
of the terminal hairpin (Fig. 3) toward the eRF1.eRF3
interface, where the observed interference with eRF1-
eRF3 interaction can occur. This notion also accounts
for the somewhat tighter binding of the eRF1eeRF3
aptamers.

Interaction with eRF3

In contrast to eRF1, Class 2 RFs (RF3 and eRF3) do
not act as ribonucleoproteins. Instead they are GTP-
binding proteins (Grentzmann et al., 1994; Mikuni et al.,
1994; Zhouravleva et al., 1995) that hydrolyze the tri-
phosphate when bound to the ribosome (Frolova et al.,
1996; Freistroffer et al., 1997; Grentzmann et al., 1998;
Pel et al., 1998). Interaction with eRF1 is essential for
eRF3 GTPase, via contacts between their C-termini
(Ebihara & Nakamura, 1999; Merkulova et al., 1999).
Such eRF1.eRF3 complexes are evident both in vivo
and in vitro (Stansfield et al., 1995; Zhouravleva et al.,
1995; Paushkin et al., 1997). Thus, although eRF3 is
probably not a natural RNA-binding protein, we still
expect surfaces with potential RNA affinity on the pro-
tein. RNAs with high affinities can be selected to virtu-
ally every protein, even toward peptide domains that
lack natural sites for ribonucleotides or other polyan-
ions (Gold et al., 1995).

Our selection yielded RNAs that definitely contact
eRF3. These are the Class Il RNAs like RNA 27 (Figs. 1
and 3) that have a unique multihelix-junction structure
and complementary affinities for eRF1 and eRF3 alone
(Fig. 2). We suggest that these RNAs actually bridge
the eRF1+eRF3 interface in the rightward (C domain;
carboxyl-terminal) domain of the eRF1 structure (Song
et al., 2000). Such a distinct site would be consistent
with the observed unique primary and secondary struc-
tures, which differ from Class | and eRF1 aptamers
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(Figs. 1 and 3). However, Class Il RNAs do not inhibit
RF activity (Table 2). Because Class Il RNAs were se-
lected against the heterodimer, their binding may be
consistent with a functional eRF1eeRF3 interface. Thus,
they may allow functional interactions between the RF
proteins, as well as continued release function by the
relatively distant NM domain.

Nature of inhibition

RNA-binding proteins sometimes predominantly bind
selected RNAs to their normal RNA sites. A eukaryotic
translation initiation factor—elF4B—contains an RNA-
recognizing motif (RRM) that interacts with ribosomal
18S RNA. When used to select RNA aptamers in vitro
(Methot et al., 1996), it appeared that selected apta-
mers inhibit the binding of RRM to the ribosomal RNA.
Similarly, RNAs selected to bind to the Sex-lethal splic-
ing regulator protein are found to contain a polypyrim-
idine tract like that found in mRNAs whose splicing is
regulated (Singh et al., 1995). However, this is not al-
ways observed: RNAs with selected affinity for SelB,
which binds both mRNA and tRNA, do not notably re-
semble normal ligands (Klug et al., 1999). Neverthe-
less, we have followed this thought, looking for sequence
similarities to the natural RNAs that bind RFs in our
selected oligomers. Although termination codons, CCA
sequences, and small ribosomal RNA homologies do
occur in these aptamers, they are not statistically prom-
inent. Furthermore, protein surfaces that are not nor-
mally RNA sites can yield among the highest affinities
for selected aptamers (Gold et al., 1995). Thus, more
specific structural data for the RNA—protein complexes
will be needed to define a detailed mechanism of re-
lease factor inhibition by these selected RNAs.

Application and extension of these findings

How can RF-specific aptamers be used in experimen-
tal biology? Some applications are easily foreseen. First,
they are new experimental reagents for the study of
termination in vitro. For example, by adding such ap-
tamers to an in vitro translation system, one may stall
translating ribosomes without, or with slowed, release
of the nascent polypeptide chain from the ribosome.
This will likely enhance aberrant translation outcomes,
like readthrough and/or frameshifting at the termina-
tion codon. The inhibited reactions may be a practical
means of preparing the natural substrate for the termi-
nation reaction itself. In addition, these RNAs are likely
to be omnipotent suppressors of eukaryotic termi-
nation. Because eRF1 and eRF3 are involved in the
“surveillance complex” that triggers nonsense-codon-
mediated mMRNA decay (Czaplinski et al., 1998) RF
aptamer RNAs may modulate the stability of mRNAs
with nonsense mutations. Finally, it may be possible to
implement a universal therapy for genetic disease re-
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sulting from premature translation termination by ex-
pressing release factor aptamers at high levels in vivo,
and thereby suppressing human nonsense mutations
within essential genes.

MATERIALS AND METHODS

Selection-amplification

Two independent selections were performed, one using hu-
man eRF1 alone as the target for RNA, and another using the
complex of human eRF1+eRF3 as the target.

Protein preparations

For eRF1 selection, human eRF1 terminated at Tyr-415
(eRF11-415) was used as the affinity reagent. Cloning and
expression of cDNA encoding the human eRF1145 has been
described (Merkulova et al., 1999). Human eRF11415 is fully
active in all RF assays, including those for release and
GTPase. Purification of human eRF11#1% containing a
His-tag was performed on a Ni-NTA-agarose (Qiagen)
column, as follows. E. coli (TG1 strain, Qiagen) expressing
human eRF1-415 were pelleted at 4°C and resuspended
in sonication buffer (50 mM Na,HPO,, 300 mM NacCl,
10 mM 2-mercaptoethanol, Complete™ protease inhibitor
(Boehringer-Mannheim), pH 7.8) and lysed by sonication on
ice. Lysed E. coli were centrifuged at 16,000 X g (4°C for
20 min) and the supernatant loaded on a Ni-NTA-agarose
column. Bound eRF1 was washed with sonication buffer +
20 mM imidazole, and eluted in sonication buffer + 250 mM
imidazole, substituting 1 mM phenyl methyl sulfonyl fluoride
for Complete™ protease inhibitor. Imidazole was removed
from purified eRF1 using a NAP-5 column (Pharmacia Bio-
tech) before selection.

For heterodimer selections and for in vitro RF assay and
GTPase activity assay, human eRF1 and eRF3 purified from
the baculovirus system were used. Subcloning of the human
eRF1 and eRF3, expression of both factors in the baculovirus
expression system, and purification of the human eRF1 and
eRF3 using ion-exchange chromatography have been de-
scribed (Frolova et al., 1998).

The human eRF1.eRF3 protein complex was generated in
vitro. Equimolar amounts of eRF3 and eRF1 were incubated
in 0.15 M KCI, 50 mM Tris-HCI, pH 7.2, and 1 mM MgCl, for
0.5 hat4°C.

RNA preparations

Initial RNA pools of >10%* unique randomized sequences were
generated by T7 transcription of the following primed 102-mer
template: 5'-ccgaa gctta atacg actca ctataggg ag ctcag aataa
acgct caa -Ng -ttcga catga gacac ggatc ctge-3’, where Naq rep-
resents 30 randomized nucleotide positions (T7 promoter in
bold text). All RNA transcriptions incorporated [a-2P]-CTP to
allow quantitative monitoring of the selection.

Selection for aptamers binding to eRF1

RNA sequences bound to human eRF1 were isolated by filter
binding using mixed cellulose ester MF-Millipore filters (cat-
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alog #HAWP02500). RNA pools were prepared for selection
by passage through two filters in the absence of protein to
eliminate filter-binding RNAs. Then each round of selection
comprised three binding reactions containing 0, 15, or
60 pmol eRF1 and 750 pmol RNA incubated at 37°C for
4 min in 200 wlL binding buffer (20 mM Tris, pH 7.5, 2 mM
MgCl,, 40 mM NH4CI, 10 mM KCI). MF-Millipore filters in a
Millipore 1225 sampling manifold were prewashed with 1 mL
of binding buffer, the binding reaction was applied, and the
filters were washed with 2 mL binding buffer. RNA retained on
the filter was detected by Cerenkov scintillation. The filter
with the greatest ratio of bound radioactivity to a control with
no protein was carried forward. RNA was extracted from this
filter with 1 mL of a 2:1 mixture of phenol (equilibrated to
pH 8):8 M urea at room temperature for 30 min. Water (400 uL)
was added and the aqueous phase was ethanol precipitated
and RNA was resuspended in water. Reverse transcription
and PCR amplification were performed by standard methods
(e.g., Ciesiolka et al., 1996). After nine rounds of selection,
cDNAs of the selected pool of RNAs were digested with BamHI
and Hindlll, cloned into the matching sites of pGEM3Zf+
(Promega), and sequenced (Fig. 1A).

Selection for aptamers binding
to eRF1eeRF3 complex

Rounds 1 through 3 of selection for eRF1.eRF3 binding uti-
lized filter binding, as described above. Each round included
three binding reactions, with 0, 15, or 60 pmol eRF1.eFR3
complex and 750 pmol RNA, incubated for 4 min at 37°C in
1 mM CacCl,, 10 mM MgCl,, 140 mM KCI, 1 mM GTP, 10 mM
NaCl, and 20 mM HEPES, pH 7.2. A rising background of
filter binding (without protein) was evident in the third round.
Rounds 4 and 5 were therefore performed using an electro-
phoretic gel mobility shift selection. After the same binding
reactions, sucrose was added to a final concentration of 10%
and the reaction loaded onto a nondenaturing 8% polyacryl-
amide gel formed in the binding buffer. The gel was run at
37°C and RNAs that migrated more slowly than a control
band (run in the absence of protein) were excised and eluted.
Two such electrophoretic selections eliminated the filter back-
ground. Rounds 6 through 9 were carried out using the filter-
binding method. The cDNAs of the selected round 9 RNAs
were cloned using blunted DNA termini into pT7Blue-3 (Nova-
gen) and sequenced (Fig. 1B).

Measurement of binding

Apparent dissociation constants were calculated by least
square fits of filter selection data using SigmaPlot (Jandel
Scientific Software, San Rafael, California). As previously
described for filter selection, binding of radiolabeled RNA to
a molar excess of the protein target was allowed to equil-
ibrate for 4 min at 37°C, then the binding reaction was
passed over a MF-Millipore filter. RNA was quantified by
Cerenkov scintillation.

RNA structure analysis

RNA secondary structure was probed by lead hydrolysis and
S1 nuclease digestion (e.g., as described in lllangasekare &
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Yarus, 1999) with the following modifications. For eRF1 ap-
tamers, lead hydrolysis was performed at 22 °C for 15 min.
Final concentrations of Pb(OAc), were 0.05, 0.1, 0.25, and
0.5 mM. For eRF1-eRF3 aptamers, lead hydrolysis took place
at 37 °C for 4 min, with final concentrations of Pb(OAc), being
0,2,4,8,12, and 20 uM. S1 nuclease digestion took place at
37°Cfor1-4 min,using 0, 1, 5, 15, and 30 U of S1 nuclease.

In vitro RF assay

Purified eRF1 and eRF3 activities were measured as described
(Caskey et al., 1974; Frolova et al., 1994; Zhouravleva et al.,
1995). The release activity of eRF1 alone was measured at sat-
uration levels (50 uM) of the stop-codon-containing tetranucle-
otide UAGA, and GTP was not included in the reaction mixture.
RF-stimulating activity of eRF3 towards eRF1 was measured
at a nonsaturation level (5 uM) of UAGA in the presence of
0.1 mM GTP. The incubation mixture (25 uL) contained 20 mM
Tris-HCI, pH 7.5, 15 mM MgCl,, 8 mM NH4CI, 1.5 pmol
f[3°S]Met-tRNAMeL_AUG-ribosome complex. Where indicated,
eRF1 alone or the mixture of eRF1 and eRF3 was added.

To measure the influence of RNA aptamer on RF activity of
eRF1 or RF-stimulating activity of eRF3 toward eRF1, both fac-
tors were preincubated with RNA for 20 min at 4 °C and then
added to the incubation mixture. RNA from the initial random
pool was used as a negative control. The value of f[**S]Met
released in the absence of the stop codon (for eRF1 alone) or
of GTP (for the stimulating activity of eRF3 toward eRF1) was
subtracted from assay values. Rabbit ribosomal subunits were
purified as described (Frolova et al., 1998).

Assay for GTPase activity

GTPase activity was followed by accumulation of [*2P]GDP
after hydrolysis of [a-32P]-GTP using thin-layer chromatog-
raphy on PEl-cellulose-coated plates (Macherey-Nagel;
Frolova et al., 1996). Incubation mixtures (12.5 ulL) contained
5 uM [@-32P]-GTP (Amersham; specific activity: 5,000 cpm/
pmol) and 0.1 M of rabbit ribosomes, eRF1, eRF3, and RNA
aptamer as indicated. RNA from the initial random pool was
used as a negative control. The reaction was stopped by
addition of 1 uL of 20 mM EDTA and 5% SDS. Five-microliter
aliquots were spotted onto PEI-cellulose plates and resolved
in 1 M acetic acid and 1 M LiCl for 1.5 h. The plates were
dried and exposed to X-ray film (Hyperfilm™-MP, Amer-
sham). Percent GTP hydrolysis was calculated as the ratio of
radioactivity in the spot corresponding to GDP to the sum of
the spots of GTP plus GDP X 100.

Production of mRNA and translation in vitro

Plasmid pB218-TAG was used for as the source of mRNA. It
includes a fragment corresponding to wild-type beet necrotic
yellow vein furovirus RNA 2 (nt 1-2715), which comprises the
5" untranslated region, the coat protein and readthrough do-
main, and 495 nt following the UAG termination codon sep-
arating the coat protein from the readthrough domain. The
corresponding capped transcript (tB218-UAG) was synthe-
sized and used as mRNA for in vitro translation in a rabbit
reticulocyte lysate. Translation products were internally la-
beled with 35S methionine and cysteine. The activity of 20 pmol
of aptamers was tested in the absence or presence of 2 pmol
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of Xenopus laevis eRF1 (data not shown) per incubation re-
action, or 40 pmol of aptamers were tested with 4 pmol of
human eRF1. RNA from the initial random pool was used as
a negative control. The translation products were analyzed
by gel scanning (Drugeon et al., 1997) using the National
Institutes of Health (NIH) image program, or the relevant bands
A (readthrough protein: 75K) and B (coat protein: 22K) were
excised from a dried gel and counted. Raw data were nor-
malized for the number of potential sites for 35S incorporation
in 75K and 22K proteins. The results are expressed as 100
times values obtained for A over the values obtained for A + B.
Scanning and excising bands yielded comparable results.
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