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ABSTRACT

To study positioning of the polypeptide release factor eRF1 toward a stop signal in the ribosomal decoding site, we applied
photoactivatable mRNA analogs, derivatives of oligoribonucleotides. The human eRF1 peptides cross-linked to these short mRNAs
were identified. Cross-linkers on the guanines at the second, third, and fourth stop signal positions modified fragment 31–33, and
to lesser extent amino acids within region 121–131 (the ‘‘YxCxxxF loop’’) in the N domain. Hence, both regions are involved in the
recognition of the purines. A cross-linker at the first uridine of the stop codon modifies Val66 near the NIKS loop (positions 61–64),
and this region is important for recognition of the first uridine of stop codons. Since the N domain distinct regions of eRF1 are
involved in a stop-codon decoding, the eRF1 decoding site is discontinuous and is not of ‘‘protein anticodon’’ type. By molecular
modeling, the eRF1 molecule can be fitted to the A site proximal to the P-site-bound tRNA and to a stop codon in mRNA via a large
conformational change to one of its three domains. In the simulated eRF1 conformation, the YxCxxxF motif and positions 31–33
are very close to a stop codon, which becomes also proximal to several parts of the C domain. Thus, in the A-site-bound state, the
eRF1 conformation significantly differs from those in crystals and solution. The model suggested for eRF1 conformation in the
ribosomal A site and cross-linking data are compatible.
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INTRODUCTION

Translation termination ensures the formation of normal-
sized proteins with high fidelity and takes place when one
of the three stop codons, UAA, UAG, or UGA, is translocated
to the ribosomal A site where it is recognized by class-1 poly-
peptide release factors (RFs) that trigger hydrolysis of the
ester bond between the peptidyl and tRNA moieties of
peptidyl-tRNA bound to the P site (for review, see Kisselev
et al. 2003; Nakamura and Ito 2003; Poole et al. 2003). Class-2

RFs are GTPases that stimulate in vitro activity of the re-
spective class-1 RFs and promote their release from the
ribosome after peptidyl-tRNA hydrolysis (see Buckingham
et al. 1997; Kisselev and Buckingham 2000; Zavialov et al.
2001; Alkalaeva et al. 2006). In prokaryotes, there are two
class-1 RFs, RF1 and RF2, decoding UAA/UAG and UAA/
UGA, respectively. In contrast, in eukaryotes, all three stop
codons are recognized by a single protein, eRF1, which has
almost no similarities with RF1/RF2 both in the sequences
and spatial structures (Frolova et al. 1994; Kisselev et al. 2000;
Song et al. 2000; Vestergaard et al. 2001; Shin et al. 2004). The
Y-shaped crystal structure of eRF1 consists of the N-terminal
(N), middle (M), and C-terminal (C) domains. The C do-
main is responsible for the interaction with eRF3 (Ebihara
and Nakamura 1999; Eurwilaichitr et al. 1999; Merkulova
et al. 1999; Cheng et al. 2009). The M domain mimics the
tRNA acceptor stem and contains a universal GGQ motif
common to all class-1 RFs, which is located at the tip of
the M domain of eRF1 and is essential for peptidyl-tRNA
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hydrolysis at the peptidyl transferase center (Frolova et al.
1999; Song et al. 2000; Seit-Nebi et al. 2001; Klaholz et al.
2003; Mora et al. 2003; Rawat et al. 2003; Scarlett et al. 2003;
Petry et al. 2005). The N domain mimics the tRNA anticodon
arm and contains two loops with the highly conserved
YxCxxxF (positions 125–131) and NIKS (positions 61–64)
motifs that play a critical role in stop-codon recognition
(Frolova et al. 2002; Ito et al. 2002; Seit-Nebi et al. 2002;
Kolosov et al. 2005; Fan-Minogue et al. 2008; Cheng et al.
2009). Evidence that the first nucleotide of a stop codon at
the A site contacts K63 in the NIKS motif of human eRF1 has
been obtained (Chavatte et al. 2002) by cross-linking experi-
ments with an mRNA analog containing a 4-thiouridine
(s4U) residue at the first position of the stop codon phased on
the ribosome by a tRNAAsp cognate to the Asp codon, which
is located 59 to the stop codon (Chavatte et al. 2001).

Despite numerous studies on amino acid residues of eRF1
involved in stop-codon recognition, there is still no direct
experimental data on positioning of the second, third, and
fourth nucleotides of a stop signal with respect to eRF1. X-ray
crystallography, the powerful approach for studying the
structure of ribosomal functional sites, is not applicable for
eukaryotic ribosomes since they have not been crystallized so
far. Cryo-electron microscopy (cryo-EM) is now actively
applied to eukaryotic ribosomes (e.g., see Spahn et al. 2001;
Siridechadilok et al. 2005; Chandramouli et al. 2008). How-
ever, complexes, which model various states of eukaryotic
ribosomes during termination and are suitable for cryo-EM,
are not yet available.

To date, site-specific cross-linking of eRF1 to mRNA
analogs bearing stop signals with photoactivatable nucleo-
tides remains for eukaryotes one of the most appropriate
approaches able to provide information on the positioning of
the stop signal toward other components of the translation
machinery. However, only mRNA analogs with either s4U
(Chavatte et al. 2001, 2002, 2003) or perfluorophenylazide-
modified uridine at the first stop-codon position or with
modified 39 terminal phosphate (Bulygin et al. 2002) have
been applied so far. These mRNA analogs were able to cross-
link to human eRF1 when the modified codon was bound at
the A site, and the cross-linking was specific for the mRNA
analogs containing a stop or UGG codon (Bulygin et al. 2002;
Chavatte et al. 2002). Since uridine is located in the first
position of a stop signal, s4U is applicable only for studying
surroundings of the first nucleotide of a stop codon.

In this study, we have applied a cross-linking approach to
obtain information on the position of each nucleotide of
a stop signal with respect to eRF1 in the ‘‘phased’’ ribosome
containing the P-site-bound tRNA. We have used a set of
photoactivatable mRNA analogs bearing the cross-linkers at
mRNA positions +4 to +7 with respect to the first nucleotide
of the P-site-bound codon. Identification of the peptides
cross-linked to nucleotides of the stop signal is evidence that
three distinct N-domain peptides not close in the spatial
structure of free human eRF1 surround the stop signal

within the ‘‘phased’’ ribosome. The cross-linking results are
in good agreement with our data on modeling of eRF1
structure in the 80S ribosomal termination complex by using
a three-dimensional structure similarity method.

RESULTS

mRNA analogs

The mRNA analogs contained the Phe codon UUC followed
by the UPuPuPu(p) tetraplet that carried a perfluorophenyl
azide group on the C5 atom of the uridine or at the N7 atom
of the guanosine (Fig. 1A). The modified nucleotide varied in
position from first to fourth in the termination tetraplet.
mRNA analogs containing sense codons (pUUCUG*CAAA,
pUUCUCG*AAA, and pUUCUCAG*AA) were used in con-
trol experiments. The UUC codon of the mRNA analogs in
the presence of tRNAPhe was targeted to the ribosomal P site,
and the adjacent modified stop codon (or sense codons in
controls) was bound to the A site (Fig. 1B). This complex was

FIGURE 1. (A) mRNA analogs used in this work. (B) 80S ribosome
complexed with mRNA analog (Pu, purine), tRNA, and translation
termination factors. (C) Crystal structure of human eRF1. (D)
Location of the NIKS and YxCxxxF loops within the N-domain
(Song et al. 2000). The distance separating modified base and the first
nitrogen of the azidogroup is #11 Å for U* and 14 Å for G*.
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referred to as a ‘‘phased’’ ribosome. The irradiated complexes
were purified to remove eRF1 cross-linked to mRNA analogs
from the ribosome (Bulygin et al. 2002).

Cross-linking of mRNA analogs to the components
of the ribosomal complexes

The results of cross-linking mRNA analogs II–IV (Fig. 1A)
to ribosomal proteins and eRF1 are presented in Figure 2.
Cross-linking patterns for analog I have been published
earlier (Bulygin et al. 2002). Addition of tRNAPhe to non-
phased ribosomes with mRNA analogs results in significant
enhancement of cross-linking to some ribosomal proteins
(Fig. 2, cf. lanes 1 and other lanes). Most likely, the protein
bands in the upper and middle parts of the gels correspond to
cross-linked proteins S2/S3 and S15, respectively, since the
locations of these bands conform well to those of the proteins
cross-linked to oligoribonucleotides (Bulygin et al. 2002;
Graifer et al. 2004). Strong tRNA-dependent cross-linking to
this protein has been shown to be characteristic for perfluoro-
phenyl azide-modified nucleotides in mRNA positions
from +4 to +7 (Graifer et al. 2004). The bands above and
below S15 probably correspond to proteins S2/S3 and S30,
respectively (Molotkov et al. 2006).

Addition of eRF1 to the phased ribosomes with sub-
sequent irradiation causes the appearance of a new radioac-
tive band in the upper part of the gels (Fig. 2, lanes 3). This
cross-linking to eRF1 is specific for the mRNA analogs II–IV
containing stop signals. mRNA analogs bearing sense codons
(UGC, UCG, or UCA) with modified guanosines at the same
positions cross-link to eRF1 negligibly (Fig. 2, lanes 4). The
specificity of cross-linking of mRNA I to eRF1 has been
shown earlier (Bulygin et al. 2002). The presence of eRF1 par-
tially quenches cross-linking to protein S15 with mRNAs III
and IV (Fig. 2, cf. lanes 2 and 3) as observed earlier for a 42-
nucleotide (nt)-long mRNA with s4U in the first position of
the stop codon at the A site (Chavatte et al. 2001, 2002).
Similarly, with all mRNA analogs, eRF1 quenches cross-
linking to the 18S rRNA, as observed earlier with s4U-

containing mRNAs (Bulygin et al. 2005), although cross-
linked 18S nucleotides are the same as had been found with
these mRNA analogs without eRF1 (Styazhkina et al. 2003)
and with the sense codon-containing mRNA analogs used in
this study as controls (Graifer et al. 2004; data not shown).

Initial analysis of the cross-linking sites on the eRF1
protein by CNBr-induced cleavage

We have mapped eRF1 regions cross-linked to mRNA
analogs using specific CNBr-induced cleavage of eRF1 after
Met residues. There are eight internal Met residues in the
wild-type human eRF1 (wt-eRF1). Therefore, nine fragments
should be obtained after complete hydrolysis (Fig. 3B) if
none of these methionines is cross-linked since modification
of Met residues is well known to make them resistant to CNBr
cleavage (e.g., see Megli et al. 1985).

After SDS-PAGE of the fragments resulting from CNBr
cleavage of the eRF1 cross-linked to mRNA analogs, all lanes
share a band labeled a, whose mass after subtracting the
masses of the cross-linked mRNA analogs (ranging from
2.2 to 3.2 kDa) is z16 kDa (Fig. 3A). Evidently, this band
corresponds to the eRF1 52–195 fragment (Fig. 3). For
mRNA I, there is only a labeled fragment after cleavage of
the cross-linked eRF1 (Fig. 3A, lane 1). However, mRNAs II–
IV cross-link mainly to another site, as is evident from the
appearance of the faster migrating b band.

Mapping of the cross-linking sites corresponding
to the ‘‘a’’ band

To refine the cross-link positions within the 52–195 frag-
ment, CNBr-induced cleavage of various eRF1 mutants with
single amino acid substitutions for Met in the region 60–73
(Fig. 4B) is used. The choice of this region is based on cross-
linking of s4U in the first stop-codon position to tripeptide
KSR (positions 63–65 of human eRF1) and indication that
K63 is the most probable cross-linking site (Chavatte et al.
2002). With mRNA I, CNBr cleavage of the cross-linked
S60M and S64M mutants results in formation of fragments
slightly shorter than the fragment 52–195 of the wt-eRF1
(Fig. 4A). This implies that the cross-linking site is on the
C-terminal side from the mutated positions. In contrast, with
the G73M mutant, the major part of the label migrates as a
5-kDa band, which corresponds to the cross-linked fragment
52–73, whose calculated mass is 4.97 kDa (2.37 kDa of the
fragment and 2.6 kDa of mRNA I). Thus, the modified
uridine at position +4 cross-links to the 65–73 fragment,
namely, to position 66 as the V66M mutant being CNBr
resistant. Consequently, in the wt-eRF1, V66 might be a target
for cross-linking with mRNA I.

With mRNA II, the closer the mutation point is to the C
terminus of eRF1, the faster the product corresponding to
band a migrates (Fig. 4A). Therefore, the respective cross-
linking site is located on the C-terminal side of all mutation

FIGURE 2. Electrophoretic analyses of irradiated ribosomal com-
plexes. Autoradiogram of SDS-PAGE. Upper parts of the gels with
rRNA bands are not shown. Complexes are numbered according to
the lane numbers (indicated above the autoradiograms). (Lane 1)
80SdmRNA, (lane 2) 80SdmRNAdtRNAPhe, (lane 3) 80SdmRNAd

tRNAPhe
deRF1, (lane 4) 80SdmRNA (sense)dtRNAPhe

deRF1. Lane 5
is a stained electrophoregram of eRF1. To obtain complex 4, mRNAs
were used with a single A-to-C substitution transforming stop codon
to the respective sense codon. (Arrows) Bands corresponding to cross-
linked eRF1 and ribosomal proteins.
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points within the fragment 74–195. The mobility of the
b band is not affected, indicating that the mutation points are
outside of this sequence. The results with mRNAs III and IV
are very similar to those obtained with mRNA II (Fig. 4A).

Tomapthecross-linkingsite inside the74–195 fragment, four
double mutants have been constructed. The L124M+M51A,
L126M+M51A, and H132M+M51A mutants are active in an
RF assay in the presence of all three stop codons, whereas the
K130M+M51A mutant exhibits reduced RF activity toward
UAG (data not shown). In all cases, the M51A substitution leads
to abolishment of the labeled a fragment observed with the
wt-eRF1 (Fig. 5A). With mRNA II, the d fragment appears
instead of a, and the closer the mutation point is to the C
terminus of eRF1, the slower do the products corresponding
to the d bands migrate. The masses of these products, after
subtracting the masses of the cross-linked mRNA analogs, range
from 10 to 11 kDa. Therefore, the respective cross-linking site is
on the N-terminal side of the mutation points at positions 124,
126, and 130 inside the 36–124 fragment of the eRF1 (Fig. 5C).
Taking into account the data discussed in the preceding
paragraph, the cross-linking site for mRNA II should be within
positions 74–124.

With mRNA III, no bands are detectable that correspond
to the expected products of the complete CNBr-induced
cleavage of the mutants in the region 36–195 (Fig. 5A); they
could be masked by the strong b band. At the same time,
the c bands might correspond to products of incomplete
cleavage of the cross-linked eRF1 mutants (except mutant
H132M+M51A), in particular, to fragments undercleaved at
M195 and M241 (in such cases, fragments about 190 amino
acids long would be formed). With the wt-eRF1, longer
undercleaved fragments were also detected in the upper part
of the gel (not shown in Fig. 5A); in the case of undercleavage
at M195 and M241, the fragment (52–314) would be longer
than corresponding fragments observed with the mutants.

The closer to the C-terminal side of eRF1
the mutation point is, the faster do
products corresponding to the c bands
migrate. Therefore, the cross-linking
site is located on the C-terminal side
of all mutation points within the 131–
195 fragment of eRF1. The cross-linked
H132M+M51A mutant is resistant to
CNBr cleavage at position 132; therefore,
Met132 is cross-linked. However, in
wt-eRF1, cross-linking probably occurs
with Phe131 since His (in position 132)
is unable to cross-link with perfluoro-
phenyl azides, whereas Phe is a good
target (T Godovikova, pers. comm.).

Results obtained with mRNA IV (Fig.
5A) indicate the existence of two sites
of cross-linking. One site is most likely
Phe131 (by analogy with mRNA III), while
existence of another site is apparent from

the appearance of band d in the lanes L126M+M51A and
K130M+M51A not observed with mRNA III (Fig. 5A).
However, lane L124M+M51A lacks this band (Fig. 5A), prob-
ably due to the absence of a cross-linking site in the frag-
ment 1–124. The presence of a d band in lane L126M+M51A
implies that the cross-linking site is located in fragment
1–126, namely, at the positions 125 and/or 126. Cross-
linking to position 126 is unlikely (in this case, eRF1 should

FIGURE 3. Mapping of the cross-linking site(s) within human eRF1. (A) Autoradiograms.
SDS-PAGE analyses of the fragments resulted from the CNBr-induced cleavage of eRF1 cross-
linked to end-labeled mRNA analogs. Lane numbers correspond to the numbers of mRNA
analogs (Fig. 1). Positions of bands corresponding to molecular mass markers are given on the
left. (B) Schematic representation of the CNBr-induced cleavage sites of human eRF1;
calculated masses of the fragments in kilodaltons are indicated above the diagram.

FIGURE 4. Mapping of the cross-linking site within the 60–73 region
using eRF1 mutants. (A) Patterns of CNBr-induced cleavage fragments
obtained with S60M, I62M, S64M, V66M, and G73M mutants cross-
linked to mRNA analogs. Positions of bands corresponding to
molecular mass markers are given on the left. (Upper bands) a; (lower
bands) b. Bands above a are most likely products of incomplete CNBr-
induced cleavage of cross-linked eRF1 by analogy with the results
obtained with wt-eRF1 (Fig. 3); the identity of the minor band between
a and b whose intensity varied from experiment to experiment is un-
known. (B) Schematic representation of the cleavage sites of a 52–195
fragment corresponding to a band for the cross-linked wt-eRF1.
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be resistant to CNBr cleavage at this position); consequently,
it should be Tyr125. However, Tyr is unable to cross-link
with perfluorophenyl azides (T Godovikova, pers. comm.)
and cannot be a target for mRNA IV. Therefore, the lack of
band d in lane L124M+M51A might be explained by cross-
linking to Met124 making the peptide resistant to CNBr
cleavage after Met in this position. Thus, the most likely
cross-linking involves Leu124 in the wt-eRF1.

To narrow the cross-linking site within the fragment
74–124 for mRNA II, double mutants M195L+K109M and
M195L+I120M have been used (Fig. 5B). For these mutants,
CNBr cleavage of the cross-linked eRF1 leads to formation of
an 18-kDa or 16.5-kDa fragment instead of fragment a for
wt-eRF1 (bands c at the very top of lanes with cross-linked
mutants correspond to products of incomplete CNBr-in-
duced cleavage). The 18-kDa and 16.5-kDa fragments, after
subtracting the masses of the cross-linked mRNAs, fit the
expected masses well if the cross-linking site is located on the
C-terminal side of mutation points 109 and 120 (Fig. 5D).
Consequently, the cross-linking site is inside fragment 121–

241 and overlaps with fragment 74–124 by tetrapeptide
121–124. Thus, the cross-linking site is located within this
tetrapeptide.

Mapping of the cross-linking sites corresponding
to ‘‘b’’ bands

The masses of oligopeptides corresponding to bands b after
subtracting the masses of the cross-linked mRNA analogs
ranged from 5 to 6 kDa. However, one should take into
account that the molecular mass of the major cross-linking
product migrating as band b could be not exactly the same
as expected from its electrophoretic mobility due to the con-
tribution of the cross-linked oligonucleotide moiety to the
rate of movement of the modified oligopeptide in the gel. This
contribution could differ from that of an oligopeptide of the
same mass as the oligonucleotide; the shorter the oligopeptide
is, the more an effect of the cross-linked oligonucleotide is
expected. Therefore, the product corresponding to bands
b could be assigned in principle to any fragment resulting
from CNBr-induced cleavage of the cross-linked eRF1 except
for the long 52–195 fragment (Fig. 6E). Cross-linking within
fragment 196–241 is excluded according to the results

FIGURE 5. Mapping of the cross-linking sites within the regions 74–
195 and 74–124 using double eRF1 mutants. Autoradiograms. (A,B)
Patterns of CNBr-induced cleavage fragments are obtained with double
mutants cross-linked to mRNA analogs. Positions of bands correspond-
ing to molecular mass markers are given on the left. Bands a and b are
marked by analogy with Figures 3A and 4. The identity of a band be-
tween a and d whose intensity varied from experiment to experiment
(e.g., cf. data of Figs. 3–5) is unknown; bands c in A may be assigned to
the product of incomplete CNBr-induced cleavage of cross-linked eRF1.
Molecular masses of labeled products resulting from the CNBr-induced
cleavage at 109 and 120 positions are given on the right. (C,D) Schematic
representations of the cleavage sites of 35–195 and 52–241 fragments,
respectively, together with calculated molecular masses (in kilodaltons)
of the fragments resulting from the CNBr-induced cleavage.

FIGURE 6. Mapping of the cross-linking site(s) within fragment
b obtained as a result of the CNBr-induced cleavage of human eRF1
cross-linked to end-labeled mRNAs II–IV and of mutant L124M+M51A
cross-linked to mRNA III. Autoradiograms. (A–D) SDS-PAGE analyses of
the fragments resulting from the cleavage of the cross-linked fragment
b with endoprotease GluC or ArgC or with hydroxylamine. (E) Schematic
representation of the cleavage sites of human eRF1 with CNBr and the
schemes of hydrolysis of fragments 2–34 and 242–314 with hydroxyl-
amine and the endoproteases. Calculated masses of the fragments 2–34
(dark color) and 242–314 are indicated.
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obtained with mutants K109M+M195L and I120M+M195L
(see above) since CNBr-induced cleavage of these mutants
produced the same bands b as wt-eRF1 (Fig. 5B). From other
candidate fragments, only two, namely, 2–34 and 241–314,
contain sites of cleavage with hydroxylamine. The results
presented in Figure 6, A–C, show that with mRNAs II–IV,
products corresponding to band b can be selectively cleaved
with hydroxylamine; the same is observed with mutant forms
of eRF1 (in Fig. 6B, the data with mutant L124M+M51A are
presented as an example). Hence, the cross-linking site is
located within one of two fragments, 242–314 or 2–34. The
preferable candidate is the 2–34 fragment, whose electro-
phoretic mobility could be lower than expected because of
the Y-like shape of the modified product, in which the
oligonucleotide was cross-linked to the oligopeptide via its
central part. To examine cross-linking in positions 2–34, we
hydrolyzed the product corresponding to band b with
hydroxylamine and endoproteases GluC and ArgC in parallel
experiments. The results obtained with mRNA III (Fig. 6B)
allow unambiguous assignment of band b to the above-
mentioned fragment. If the cross-linking site were within the
242–314 fragment, then GluC would produce a labeled
fragment of a similar size (in the case of cross-linking in
positions 242–262) to or much shorter (if the cross-link were
in positions 263–314) than that obtained with hydroxyl-
amine, which is inconsistent with the results presented in
Figure 6B. Comparison of the results upon hydrolysis with
endoprotease ArgC with the data obtained with GluC and
hydroxylamine gives additional evidence against location of the
cross-link in the 242–314 fragment (Fig. 6B).

Our data make it possible to map the cross-linking site in
the 2–34 fragment. Mutual arrangements of the bands
obtained with hydroxylamine, GluC, and ArgC conform
well only to a cross-link within positions 31–34 because if the
cross-links were in positions 2–30, the fragment produced by
hydroxylamine would be the longest, but that is not the case
(Fig. 6B). Comparison of the data discussed with the results
given in Figure 6A, C, and D leads to the same conclusion
concerning cross-linking sites with mRNAs II and IV. Thus,
with mRNAs II–IV, the major cross-linking site is located in
eRF1 fragment 31–34. Moreover, our results make it possible

to narrow this region to 31–33 since if M34 were modified,
CNBr would not cleave at this residue, leading to formation
of the 2–51 fragment. But in this case, with eRF1 mutants
containing substitution M51A, the major cross-linking site
would get into a large fragment (more than 120 amino acid
residues long) in contrast to the short fragments correspond-
ing to band b obtained with wt-eRF1. Taking into account
that the same band b is observed with both wild-type and
mutant eRF1s (Figs. 5A, 6B), one can conclude that M34 was
not modified.

The data on cross-linking of mRNA analogs to eRF1 are
summarized in Table 1. It is evident that the stop signal cross-
reacts with three distinct sites in the N domain of eRF1, two
of which—oligopeptide 121–131 (including the YxCxxxF
motif) and the 31–33 fragment—are remote from the third
one, V66 (in the region of the NIKS motif), in spatial (both in
crystal and in solution) structure (Fig. 1C,D; Song et al. 2000;
Kononenko et al. 2004). The major cross-linking site for all
mRNAs with the exception of mRNA I was in eRF1 positions
31–33.

A model for structure and location of eRF1
within the ribosome

Although RF1/RF2 and eRF1 are generally considered as
a tRNA mimic (see Fig. 1C; Nakamura et al. 2000), significant
conformational changes in the eRF1 crystal structure are
required to conform eRF1 to the shape of the tRNA inside the
ribosomal A site. To model a termination complex contain-
ing mRNA, tRNA at the P site, and eRF1 at the A site, we have
applied a multistage modeling procedure using a three-
dimensional (3D) structure similarity method (Baker and
Sali 2001), including three main stages: (1) selection of an
optimal 3D template with known 3D structure, (2) adjusting
the target eRF1 molecule to the template, and (3) structural
optimization of eRF1 on the template taking into account the
available structural data. As a template, we have used a 70S
ternary complex derived from X-ray analysis comprising
mRNA and two tRNAs at the P and A sites (PDB entry
2HGP) (Yusupova et al. 2006). We have assumed that
arrangements of eRF1 and P-site tRNA on the 80S ribosome

TABLE 1. Cross-linking sites of mRNA analogs on human eRF1

mRNA
analog
(see Fig. 1A)

Position
of the

modified
nucleotide
(shown in
brackets)

Distribution of cross-links between fragments in the N-domain of eRF1a (%)

Fragment a (52–195)
(cross-linked amino acid residues

are shown in brackets) Fragment b (31–33)

I +4 (U) 100 (V66) 0
II +5 (G) 22 (fragment 121–124) 78
III +6 (G) 24 (F131) 76
IV +7 (G) 25 (L124 and F131) 75

aQuantified data from Figure 3 in percent from the total amount of the cross-linked mRNA analog. Relative error was z10%.
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are structurally similar to those of the RF1 and P-site tRNA
on the Thermus thermophilus ribosome, whose X-ray struc-
ture has been solved to 5.9 Å (PDB ID 2B64) (Petry et al.
2005). Using the P-site tRNA from the prokaryotic complex
(2B64) mentioned as a reference molecule, we defined Ca

positions of the GGQ tripeptide of RF1 relative to the CCA
end of the P-site tRNA. Then, to build a ternary complex with
eRF1, we replaced the A-site-bound tRNAPhe by eRF1 in the
model 2HGP using these Ca positions as references on the
placement of the corresponding atoms of eRF1 with respect
to the P-site tRNA, keeping the 3D atomic coordinates of the
mRNA and the P-site-bound tRNAPhe fixed. For this pur-
pose, we created a model of eRF1_t0 (data not shown) whose
conformation optimally fitted the A-site tRNA and was
compatible with the ribosome binding pocket, but differed
in its overall shape from the crystal eRF1 structure. As a
result, the Y-shaped form of the eRF1 was transformed into
a structure with a distance between the NIKS and GGQ
motifs close to the distance between the anticodon triplet and
the CCA end of the tRNA.

After that, docking of eRF1_t0 on the A-site codon was
done. The main constraints for the docking were the Ca

positions of the GGQ tripeptide of the eRF1 derived from the
structure 2B64 (see above) toward the CCA end of the P-site-
bound tRNA and the position of the NIKS motif with respect
to the nucleotide in mRNA position +4 known from the
cross-linking data (Chavatte et al. 2002). Two alternative
models, M1 and M2, of the ternary complex of eRF1 with
mRNA and the P-site-bound tRNA were generated (Fig. 7A–
D). The M1 and M2 models differed in eRF1 positioning
relative to the mRNA and, in particular, to the stop codon. In
the M1 model (Fig. 7A,C), the mRNA passes through the
cavity at the surface of the N-domain in a vicinity of the
contact between the N and C domains, while in the M2 model
(Fig. 7B,D), the mRNA passes through the YxCxxxF cavity.
The amino acid residues of eRF1 proximal to the mRNA stop
signal at the A site in these models are presented in Table 2.
In the M2 model, in contrast to the M1 model, none of
the amino acids of the C domain are close to the stop
codon. Moreover, in the M1 model, the distance between
the NIKS loop and the GGQ triplet is equal to 76 Å, while in
the M2 model it corresponds to 87 Å. The distances be-
tween the stop codon and the GGQ triplet are similar in
both models and are equal to 74 Å (exactly as between the
39-terminal A and the anticodon triplet in tRNA) and to 78 Å
in the M1 and M2 models, respectively (Fig. 7B,D).

DISCUSSION

Stop signal at the ribosomal A site is located near
three highly conserved GTx, NIKS, and YxCxxxF
motifs of the N domain of eRF1

It is known from biochemical in vitro studies, genetic in vivo
studies, and bioinformatics studies that the N domain of

eRF1 is implicated in the decoding of stop codons within the
ribosome (see the Introduction, and references therein),
while its C domain interacts with the C domain of eRF3 (for
review, see Kisselev et al. 2003; Cheng et al. 2009). However,
the eRF1 lacking the C domain remains active in stop-codon
recognition and peptidyl-tRNA hydrolysis in an in vitro
termination assay (Frolova et al. 2000). This implies that the
C domain of eRF1 is not essential for stop-codon recognition
and explains why in our cross-linking experiments eRF3 has
not been added to the ribosomal complex.

Earlier, it had been shown that after photoactivation, the
analog of the first U of all stop codons, s4U, cross-reacts with
the KSR tripeptide (positions 63–65 in human eRF1)

FIGURE 7. Models M1 (A) and M2 (B) of mutual arrangement of
mRNA (red tube corresponding to phosphate backbone; positions +4
are in red beads), the P-site-bound tRNAPhe (brown tube; CCA-ends are
in brown beads), and the A-site-bound eRF1_t0 (cyan ribbon; the NIKS
and GGQ motifs are in cyan beads). Detailed views of the ribosomal
decoding site in models M1 (C) and M2 (D) (mRNA positions +4, +5,
and +6 are indicated; the eRF1 motifs given as colored ribbons are
indicated by arrows). (E) Schematic representation of the cross-linking
sites on eRF1 (numbers on the upper line indicate positions of eRF1
amino acids residues). Major sites are labeled with thick lines.
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(Chavatte et al. 2002). In this study, we have used another
photoreactive group (Fig. 1A) that differs from s4U in having
a wider radius of action (roughly 11–14 Å). Due to this
difference, the region for cross-linking to eRF1 may be
enlarged, expanding the cross-linking to V66 rather than to
the KSR tripeptide (see Table 1). Summarizing the previous
data (Chavatte et al. 2002; Frolova et al. 2002) and those
obtained in this study (Table 1), we have estimated the
human eRF1 area that is proximal to the first U of the stop
codon as pentapeptide IKSRV (positions 62–66). From
structural considerations, it has been suggested that to dis-
tinguish U from C, at least two amino acids are required
(Saenger 1984). Therefore, probably two or three residues
of this peptide may be involved in recognition of the first U.

The other cross-linking sites, oligopeptides in positions
31–33 and 121–132, are remote from the NIKS loop (posi-
tions 61–64) in the primary structure. The former represents
a highly conserved GTx motif, and the latter includes the
conserved YxCxxxF loop. These sites are close to each other
in the spatial structure of free eRF1 (Fig. 1D; Song et al. 2000),
and both of them turn out to be near the second and third
stop-codon bases and even extend to the 39-neighboring
base, which affects the stop-codon decoding and is often
considered as a part of the stop signal (Poole and Tate 2000).
Our cross-linking data indicate that the YxCxxxF loop of
eRF1 is involved in recognition of stop-codon purines and
are consistent with the in vivo genetic data (Bertram et al.
2000) and the point mutagenesis data (Seit-Nebi et al. 2002;
Kolosov et al. 2005). Region 31–33 of eRF1 had been earlier
suggested to be involved in stop-codon recognition on the
basis of various indirect and direct data (Bertram et al. 2000;
Liang et al. 2005).

The NIKS loop is remote from the GTx and YxCxxxF
motifs in the 3D structure of eRF1 (Fig. 1D), but all these
fragments are able to cross-link to the stop codon within the
ribosome. To make this possible, it has been assumed that
stop-codon recognition is a two-step process (Chavatte et al.
2003). Possibly, the NIKS loop binds first to uridine of the
stop codon and this binding induces a conformational
change that brings the GTx motif and the YxCxxxF loop
proximal to purines of the stop codon. As follows from the
cross-linking patterns, the recognition requires a significant

change in orientation of the NIKS toward both GTx and
YxCxxxF fragments within the ribosome.

Due to two important peculiarities of the given method-
ology, one should avoid a misinterpretation of the cross-
linking data since cross-linking of the mRNA analog to an
amino acid residue does not necessarily imply that this
residue is the closest and the single one in the vicinity of
the respective nucleotide of the stop codon. First, some
amino acid residues are highly reactive with the given
photoactivatable group, while others are much less reactive
or even nonreactive. For this reason, a nonreactive amino
acid residue, although proximal to one of the nucleotides of
the stop codon, will not be fixed by cross-linking and remains
‘‘invisible.’’ Second, due to the presence of the cross-linker,
the most reactive amino acid residues are not necessarily the
closest to mRNA analogs because the chemical reactivity can
dominate over topography. But, in any case, cross-linked
amino acid residues of the protein should be at the distance
within 11–14 Å (radius of the reagent action in our case) of
the stop codon or even contact it. Thus, there is no room for
doubt that the oligopeptides in positions 31–33 and 121–131
are parts of eRF1 sites interacting with purines of the stop
signals or are within 11–14 Å from them. The precise con-
tributions of individual amino acid residues will be known
when X-ray crystallography and cryo-EM techniques are
successfully applied to study the eukaryotic ribosomal pre-
termination and termination complexes.

Thus, it is evident that the recognition site of eRF1 is
composed of three distinct parts proximal to the stop signal
and to each other within the ribosomal A-site. This is in
contrast to the sense-codon recognition mediated by in-
teraction with the anticodon of the cognate tRNA. For this
reason, the eRF1 possesses not a ‘‘protein anticodon,’’ but a
3D composite stop-codon recognition site, which, in prin-
ciple, is compatible with a cavity-binding model (Bertram
et al. 2000; Inagaki et al. 2002).

Concerning the decoding of the stop signal in prokaryotes,
it was initially suggested that the second and third positions
in UAG and UGA stop codons are recognized by PxT and SPF
tripeptides in RF1 and RF2, respectively (Ito et al. 2000). But
later X-ray studies on RFs bound to the 70S ribosome showed
that the recognition is more complex and also involves other

TABLE 2. Mutual positioning of stop signal and amino acid residues of eRF1 in the ribosomal termination complex revealed
from the molecular modeling

mRNA analog
(see Fig. 1A)

Position
of the modified

nucleotide
(shown in brackets)

Amino acid residues of eRF1 contacting N3 atoms of the cross-linker azide groupsa

In the M1 model In the M2 model

I +4 (U) K63–R65 K42, D43, K63
II +5 (G) G31–T32, K63, C127, L312–E324, K354–K360 K42, D43, K63–R65, Y125
III +6 (G) G32–S33, N67–V71, Y125, K354–D359, E370 K42, D43, Y125– E134
IV +7 (G) G31–T32, N67–V71, Y125–K130, K360–H366 K63–R65

aTo find these amino acid residues, the cross-linkers were added to the respective nucleotides of the mRNA in the models.
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parts of the factors, for example, the backbone of a5 of RF2
that interacts with the second position of the stop codon
(Korostelev et al. 2008; Weixlbaumer et al. 2008) and several
other amino acid residues (whose identities depend on
whether it is RF1 or RF2) that recognize the third position
(Korostelev et al. 2008; Laurberg et al. 2008; Weixlbaumer
et al. 2008). So, in prokaryotes, the 3D composite stop-codon
recognition site is a well-documented feature, suggesting that
the modes of stop-codon recognition in prokaryotes and
eukaryotes are in general similar. But molecular details of
interactions between the stop codon and class-1 RFs may
be profoundly different, as one may anticipate from their
distinct evolutionary origin (Frolova et al. 1994; Song et al.
2000) and differences in their translation termination mech-
anisms (Alkalaeva et al. 2006).

A significant conformational change
of the A-site-bound eRF1

In solution, the eRF1 structure looks similar to the crystal
structure (Fig. 1D; Song et al. 2000), as follows from small-
angle X-ray scattering data (Kononenko et al. 2004). If eRF1
structure in a ribosome-bound state remains the same, the
GTx and YxCxxxF motifs close to each other but remote from
the NIKS loop could not interact with the same A-site-bound
stop codon. However, our data (Table 1) are inconsistent
with this prediction and imply that the distance between
the stop codon and the abovementioned fragments of eRF1
are <14 Å. Evidently, significant conformational changes
in eRF1 as a consequence of its binding to the ‘‘phased’’
ribosome should take place. This conclusion is consistent
with the two-step model of eRF1 binding to the ribosome
that is accompanied by conformational changes (Chavatte
et al. 2003).

Rearrangements of the eRF1 structure if His residues are
positively charged have been modeled by Ma and Nussinov
(2004). Protonation of His residues modulates the domain
interactions, making the ‘‘closed’’ conformation of eRF1
preferable to the ‘‘open’’ conformation typical for free eRF1
in the crystal or in solution. The transition of eRF1 to the
‘‘closed’’ conformation should be accompanied by a reduc-
tion of the distance between the NIKS and GGQ motifs of
20–30 Å. This ‘‘closed’’ conformation of eRF1 obtained by
simulation in aqueous solution is similar to that in the
eRF1_t0 model (the best A-site tRNA fit) created in this study
for modeling the conformation of eRF1 in ribosomal ter-
mination complexes. The structure of eRF1 in the M1 and
M2 models that correspond to these complexes slightly dif-
fers from that in the eRF1_t0 model, due to different relative
positions of the stop codons and the requirement to keep the
GGQ motif at the peptidyl transferase center. The distance
between nucleotide +5 of a stop codon and the peptidyl
transferase center remains similar to the value observed with
an A-site-bound tRNA. Remarkably, the C domain in the M1
and M2 models is in close contact with the anticodon stem–

loop of the P-site-bound tRNA. A tight eRF1dP-site-bound
tRNA interaction may contribute to the conformational
rearrangement of eRF1 and accelerate the peptidyl-tRNA
hydrolysis triggered by eRF1.

The GTx and YxCxxxF motifs are within 14 Å of mRNA
positions +5 and +6 in both M1 and M2 models, in agree-
ment with our cross-linking data (see Fig. 7C; Table 2). In
addition, it is worth mentioning that in the M1 model, the C4
and C5 atoms of uridine in position +4 are oriented in the
direction of the NIKS loop. This orientation is favorable for
cross-linking with the NIKS loop but not with the GTx and
YxCxxxF motifs, consistent with the results of this study (Fig.
6E) and with the data of Chavatte et al. (2002). At the same
time, the nitrogen atoms at N7 of the purines in positions +5
and +6 exhibit an orientation favorable for cross-linking to
the GTx and YxCxxxF motifs but not to the NIKS loop.
Again, these data are in complete agreement with our results
on cross-linking (Table 1).

It is worth mentioning that in the M1 model (Fig. 7B,D),
the second and third nucleotides become closer to several
parts of the C domain in contrast to the M2 model.
Remarkably, fragments 281–305 and 398–415 of the C
domain of eRF1 crucial for binding to eRF3 (Merkulova
et al. 1999; Cheng et al. 2009) are fully accessible in the M1
model (data not shown). This implies that eRF1 in the M1
conformation retains its ability to bind eRF3 within the
ribosome, a prerequisite for the cooperative action of both
factors during translation termination (e.g., see Alkalaeva
et al. 2006; Cheng et al. 2009). Taking all these into account,
we suggest that the M1 model better fits our cross-linking
data and the conformation of eRF1 in the 80S ribosome
termination complex than the M2 model.

Thus, molecular modeling strongly supports the idea that
eRF1 undergoes a large conformational rearrangement (both
mechanical and energetic) that leads to a significant overall
molecular shape similarity between eRF1 and tRNA and
brings part of the C domain closer to the NIKS, GTx, and
YxCxxxF motifs near the stop codon. Why does the C do-
main of the ribosome-bound eRF1 move closer to the stop
signal? One possibility is that the C domain interacts with
a sugar-phosphate mRNA backbone. This interaction may
contribute to stabilization of the mRNAdeRF1 complex es-
sential to ensure a high fidelity of stop-codon recognition.
Alternatively, the ribosome forces the eRF1 molecule to alter
its domain orientation to fit the A site, and this adaptation
may be achieved through binding of eRF1 to 18S rRNA and
protein S15, whose cross-linking to a derivatized stop signal
is quenched by eRF1.

It is noteworthy to compare our cross-linking results and
the data on modeling with a recent X-ray study of the
crystallized eRF1deRF3 complex containing an ATP molecule
(Cheng et al. 2009). In this report it was proposed that ATP
binding to the N domain of eRF1 could mimic the base
interaction with the eRF1 decoding site. The adenine base
was found to make contacts with hydrophobic residues
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Ala59, Ile62, Val71, and Ile75 from a2–loop–a3, and Ile35
from the b1 sheet, and it was suggested that the base could
form hydrogen bonds with Thr32, Cys127, Gly55, and Tyr125.
Further systematic mutational analysis of residues of human
eRF1 involved in ATP binding revealed that mutations at
Thr32, Ile35, Glu55, Val71, and Cys127 strongly changed the
specificity of stop-codon recognition, suggesting that these
residues are crucial for stop recognition and/or discrimina-
tion. Mapping our cross-linking results to the X-ray-derived
structure of an eRF1 fragment containing the ATP binding
site (Fig. 8) shows that these results conform excellently to
the structure. Our major cross-linking site, the GTx fragment
in positions 31–33, contains T32, which was suggested to
make direct contacts with the adenine base. Residues 121–
124 and 131 from the minor cross-linking site in the YxCxxxF
loop are somewhat more remote than residues 31–33 from
the adenine base (that could correlate with lower cross-
linking extent of mRNA analogs to the YxCxxxF motif),
although being within the length of the cross-linker used
(14 Å). Taking all these together, one can conclude that the
conserved GTx motif in positions 31–33 of human eRF1
(most probably, T32) plays a key role in the recognition of the
purines of the stop codon.

The major conformational changes of eRF1 found in this
study by modeling are similar to those observed by Cheng
et al. (2009) with eRF1 bound to eRF3; in both cases, alter-
ation of the mutual orientation of the domains of eRF1 took
place, leading to formation of a bent conformation, in which
the distance between the GGQ and NIKS motifs is <80 Å.
Remarkably, in the case of binding to eRF3 (Cheng et al.
2009), the alteration of the eRF1 structure made its C domain
closer to the N domain in analogy to that in the structure
found by the modeling in this study. Thus, our results are in
good agreement with the data by Cheng et al. (2009), despite
the limitations of their direct comparison since the discussed
X-ray data were obtained without ribosomes, tRNA, and
mRNA. It is reasonable to suggest that the flexible eRF1

conformation is locked to its ‘‘tRNA-like’’ state by binding to
eRF3 as well as to the ribosome.

MATERIALS AND METHODS

tRNAPhe (1300 pmol/A260 unit) was a kind gift from V. Katunin
(Konstantinov’s St. Petersburg Institute of Nuclear Physics).
Isolation of the 40S and 60S ribosomal subunits from unfrozen
human placenta and their association in 80S ribosomes were
performed as described earlier (Matasova et al. 1991).

mRNA analogs

Oligoribonucleotides and their photoactivatable derivatives la-
beled with 32P at the 59-termini were synthesized as previously
described (Graifer et al. 2004; Demeshkina et al. 2005).

Cloning and mutagenesis of human eRF1

The plasmid pERF4b encoding human eRF1 (Seit-Nebi et al. 2001;
Frolova et al. 2002) was used for site-directed mutagenesis. Gen-
eration of eRF1 mutants in positions 60–73 was as described ear-
lier (Chavatte et al. 2002). Generation of M195L and M51A mu-
tants by site-directed mutagenesis was performed according to
the PCR-based ‘‘megaprimer’’ method as described (Frolova et al.
2002; Kolosov et al. 2005). The M51A and M195L mutants were
used as templates to generate the corresponding double mutants
(the primers used for generation of eRF1 mutants are available
upon request at frolova@eimb.relarn.ru). The cloned DNAs were
verified by sequencing, and appropriate clones were used for
expression of mutant eRF1s.

Expression and purification of human eRF1

The wt-eRF1 and its mutants with the C-terminal His-tag were
expressed in Escherichia coli and purified by affinity chromatogra-
phy as described (Frolova et al. 2000). The eRF1 activity was mea-
sured in vitro as described (Caskey et al. 1974; Frolova et al. 1994).

Ribosomal complexes and cross-linking procedures

Complexes of 80S ribosomes (5.0 3 10�7 M) with tRNAPhe (2.5 3

10�6 M) and mRNA analogs (3.5 3 10�6 M) were obtained by
incubation of these components for 40 min in buffer A (20 mM
HEPES-KOH at pH 7.5, 100 mM NH4Cl, 4 mM MgCl2, 0.2 mM
EDTA, 0.6 mM spermidine, 0.8 mM spermine) at room temper-
ature. The reaction mixtures for irradiation contained 15 pmol of
80S ribosomes. Then wt-eRF1 or mutant eRF1 was added where
specified in a sevenfold molar excess each over the 80S ribosomes,
and the reaction mixtures were further incubated for 40 min at
room temperature. Irradiation of complexes was carried out as
described (Graifer et al. 2004). Reactions were stopped with 1/30
(v/v) of 5% 2-mercaptoethanol (ME) and purified by centrifuga-
tion in sucrose gradient (15%–30%) containing buffer A with 1
mM ME as described (Bulygin et al. 2002).

eRF1 mapping

CNBr-induced cleavage

Fractions of sucrose gradient containing 80S ribosomes were
precipitated with trichloroacetic acid, the pellets were dissolved

FIGURE 8. A fragment of the structure of human eRF1 bound to
eRF3 (adapted from Cheng et al. 2009; PDB accession number 3E1Y)
containing ATP at a putative decoding site on the N domain of eRF1.
The sites of mRNA analogs cross-linking to the eRF1 found in this
study are indicated.
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in 50 mL of buffer containing 2% SDS, 1% ME, 20% glycerol, 60
mM Tris-HCl (pH 7.5), and 0.05% bromphenol blue, incubated 5
min at 90°C, and resolved by 15% SDS-PAGE. The gel was dried
and autoradiographed. The band corresponding to wt-eRF1 or its
mutants cross-linked to labeled mRNA analog was excised. The
modified factor was treated in the gel slice with 0.25 M CNBr in
70% formic acid for 3 h at room temperature (typically, 0.1 mL of
the solution was applied). The solution was separated from the gel
by centrifugation; the supernatant was dried in vacuum, diluted in
equilibration dye buffer, and analyzed by 16.5% Tris-tricine SDS-
PAGE in parallel with markers (1.1–26.6 kDa; Sigma). The dried gels
were analyzed by using a PhosphorImager (Bio-Rad FX Pro Plus
MultiImager). Masses of eRF1 oligopeptides cross-linked to mRNA
analogs were calculated from the calibration curves obtained from
mobilities of the markers in the same gel. The average values of
masses of cross-linked oligopeptides were calculated based on the
three to four independent cross-linking experiments.

To carry out selective cleavage of eRF1 fragments obtained as
a result of CNBr-induced digestion, the respective bands were
excised from the gels and the gel slices were incubated with
50–100 mL of a solution containing hydroxylamine (puriss p.a.),
endoprotease GluC, or ArgC (Roche Biochemicals). Cleavage with
endoproteinase GluC was carried out in 100 mM Tris-HCl buffer
(pH 7.5) containing 0.02 mg/mL of the enzyme and 0.1% SDS by
incubating the mixture overnight at room temperature. Hydroly-
sis with endoproteinase ArgC was carried out in the same buffer
containing 0.005 mg/mL enzyme and 10 mM CaCl2 by incubating
the mixture overnight at 37°C. The reaction with hydroxylamine
was carried out as described (Changchien and Craven 1986) but
with several modifications. A gel slice was incubated in a freshly
prepared solution containing 2 M NH2OHdHCl, 2 M guanidi-
nium chloride, and 0.2 M KOH (pH 9.0) for 6 h at 45°C. Then the
reaction was supplied with 20 mL of 85% formic acid and 3 mL of
a solution of total 60S ribosomal protein (10 mg/mL) as a carrier,
diluted with 3 volumes of water, and the polypeptides were
precipitated with 4 volumes of cold acetone (incubation for 16–
20 h at �20°C). The eRF1 fragments resulting from the hydrolysis
were resolved by 16.5% Tris-tricine SDS-PAGE.

Modeling of the optimal fit of eRF1
with the A-site-bound tRNA

Adaptation of the eRF1 conformation to the ribosomal A-site was
achieved via alteration of the domain packing for optimal fit of its
N and M domains with the A-site-bound tRNAPhe molecular
surface, under the two constraints of positional equivalence
between the invariant GGQ tripeptide and the universal CCA
end, and between the anticodon loop of tRNA and the NIKS motif
of eRF1. Volume exclusion interactions of eRF1 with mRNA and
the P-site-bound tRNAPhe were also taken into account.

The human eRF1 structure (PDB accession number 1DT9)
contained no data on side-chain atoms for 22 amino acid residues,
and atomic coordinates for positions 423–437 were also absent.
For this reason, only residues 1–422 were used in the structure
modeling. The side-chain atom coordinates were restored and
optimized using molecular dynamics. The conformational re-
arrangement of the eRF1 was simulated by applying a procedure
of a ‘‘targeted fit’’ as a slow overall drift of the M domain (residues
148–294) and C domain (residues 295–422) under external
‘‘target fit’’ forces acting on atoms of these domains. All-atom

molecular dynamics coupled with a simulated annealing protocol
were used to obtain the optimal path for conformational changes
of eRF1. Calculations were done using the program bison
(Vorobjev 2005) with the amber94 force field (Cornell et al.
1995) and the implicit solvation model AGBNP (Gallicchio and
Levy 2004). The protocol of eRF1 conformational rearrangement
was the following: (1) The Ca atom of the Ser64 was targeted to
the C19 atom of A35 of tRNAPhe. (2) The Ca atom of the GGQ
tripeptide was targeted to its respective target Ca atoms derived
from the structure of the RF1–tRNA complex (Petry et al. 2005).
(3) eRF1 was optimally fitted on the tRNA volume via forced
molecular dynamics to simulate the annealing under external
forces of the ‘‘target fit’’ potential (see Fig. 7A) to get a domain
movement. (4) eRF1 conformations were equilibrated with ex-
ternal forces switched off and soft harmonic constraints for
positions of all atoms switched on; the best fit score was found
by iteration. The volume fit between eRF1 and tRNA was cal-
culated as a best fit between the projections of atomic positions on
a rectangular cell box. As a result, a tRNA-like conformation of
eRF1 was achieved and designated as ‘‘eRF1_t0.’’ The A-site-
bound tRNAPhe of the ternary complex of mRNA with the P-site-
and A-site-bound tRNAs from the X-ray structure of the 70S
ribosomal complex (PDB entry 2HGP) was replaced by the
eRF1_t0 to get an initial ‘‘low-resolution’’ structure of eRF1 com-
plexed with mRNA and the P-site-bound tRNA. The resolution
(or positional uncertainty) of eRF1 relative to the stop codon at
this stage was z25 Å.

Refinement of the structure of the eRF1dmRNAdP-site-bound
tRNA complex was done by docking eRF1_t0 on the mRNA stop
codon in the complex of mRNA with the P-site-bound tRNA,
taking into account the constraints based on the data on direct
contact of Lys63 of eRF1 with the first nucleotide of the stop
codon (Chavatte et al. 2002) and the target Ca positions of the
GGQ motif derived from the structure of the RF1-tRNA complex
(Petry et al. 2005). Docking of eRF1_t0 on the fixed structure of
mRNA bound with the P-site tRNA was done by moving the
eRF1_t0 structure over the points of a rectangular grid of size 25 Å
with a 5 Å cell size. For each grid position, a structure was refined
via simulated annealing molecular dynamics of eRF1_t0 atoms
and of the stop-codon triplet. The eRF1_t0 conformation was
optimized assuming flexible N-domain, M-domain, and C-domain
packing with flexible side chains and a flexible NIKS loop. The Ca

atom of Gln185 in the GGQ tripeptide was positionally restrained
to the position of an initial ‘‘low-resolution’’ eRF1_t0 structure to
keep the GGQ triplet position at the peptidyl transferase center. The
top codon triplet was flexible, while mRNA nucleotides (in posi-
tions from �3 to +3 and from +7 to +9) were fixed.
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