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Translation termination in eukaryotes:
Polypeptide release factor eRF1 is composed of
functionally and structurally distinct domains
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ABSTRACT

Class-1 polypeptide chain release factors (RFs) trigger hydrolysis of peptidyl-tRNA at the ribosomal peptidyl trans-
ferase center mediated by one of the three termination codons. In eukaryotes, apart from catalyzing the translation
termination reaction, eRF1 binds to and activates another factor, eRF3, which is a ribosome-dependent and eRF1-
dependent GTPase. Because peptidyl-tRNA hydrolysis and GTP hydrolysis could be uncoupled in vitro, we suggest
that the two main functions of eRF1 are associated with different domains of the eRF1 protein. We show here by
deletion analysis that human eRF1 is composed of two physically separated and functionally distinct domains. The
“core” domain is fully competent in ribosome binding and termination-codon-dependent peptidyl-tRNA hydrolysis,
and encompasses the N-terminal and middle parts of the polypeptide chain. The C-terminal one-third of eRF1 binds
to eRF3 in vivo in the absence of the core domain, but both domains are required to activate eRF3 GTPase in the
ribosome. The calculated isoelectric points of the core and C domains are 9.74 and 4.23, respectively. This highly
uneven charge distribution between the two domains implies that electrostatic interdomain interaction may affect the
eRF1 binding to the ribosome and eRF3, its activity in the termination reaction and activation of eRF3 GTPase. The
positively charged core of eRF1 may interact with negatively charged rRNA and peptidyl-tRNA phosphate backbones

at the ribosomal eRF1 binding site and exhibit RNA-binding ability. The structural and functional dissimilarity of the
core and eRF3-binding domains implies that evolutionarily eRF1 originated as a product of gene fusion.
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INTRODUCTION

Termination of protein synthesis requires two classes
of polypeptide chain release factors (RFs). Class-1 RFs
(RF1 and RF2 in prokaryotes, and eRF1 in eukary-
otes) are termination-codon specific, and trigger hy-
drolysis of peptidyl-tRNA at the ribosomal peptidyl
transferase center (reviewed by Tate & Brown, 1992;
Buckingham et al., 1997; Nakamura & Ito, 1998). Class-2
RFs (RF3 and eRF3 in prokaryotes and eukaryotes,
respectively) are guanine nucleotide-binding proteins
possessing GTPase activity (Grentzmann et al., 1994,
1998; Mikuni et al., 1994; Zhouravleva et al., 1995;
Frolova et al., 1996; Freistroffer et al., 1997; Pel et al.,
1998).
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Although the basic biological function of class-1 RFs
is similar in prokaryotes and eukaryotes, they exhibit
distinct structural and functional features. Thus eRF1
responds to all three termination codons (Konecki et al.,
1977; Frolova et al., 1994), whereas each prokaryotic
factor responds to two out of the three termination
codons (Scolnick et al., 1968). Moreover, eRF1 binds
to eRF3 in vivo and in vitro (Stansfield et al., 1995a;
Zhouravleva et al., 1995; Paushkin et al., 1997; Frolova
et al., 1998), whereas there is no evidence for the bind-
ing of RF1 or RF2 to RF3 in vivo or in vitro (Nakamura
et al., 1996; Pel et al., 1998). The prokaryotic and eu-
karyotic amino acid sequences of class-1 RFs are sig-
nificantly different (Frolova et al., 1994), although a
limited similarity between certain eRF1 and RF1/2 se-
quences was noticed (Nakamura et al., 1995; Ito et al.,
1996). Only one short, unique, and extremely con-
served motif is universal for all class-1 RFs known so
far (Frolova et al., 1999); it has been missed in earlier
alignment (Ito et al., 1996). For all these reasons, the
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functional anatomy of class-1 RFs is probably distinct
for prokaryotes and eukaryotes and cannot be simply
extrapolated from one group of factors to the other.

Recently, examination of the eRF1 functional anat-
omy has been initiated for yeast Schizosaccharomyces
pombe (Ito et al., 1998a; Ebihara & Nakamura, 1999)
and Saccharomyces cerevisiae (Eurwilaichitr et al.,
1999) as well as for human (Merkulova et al., 1999).
Surprisingly, although the overall structural homology
between these eRF1s is rather high (Frolova et al.,
1994), the results proved to be dissimilar. The nega-
tively charged C-terminal 17 amino acids of S. pombe
eRF1 were found to be essential for eRF3 binding.
Deletion of C-terminal 32 amino acids of S. cerevisiae
eRF1 was lethal, whereas a shorter deletion of C-ter-
minal 19 amino acids resulted in a termination defect in
vivo. The C domain of human eRF1 essential for eRF3
binding encompasses two critical regions, including
amino acid residues 281-305 and 411-415, but the
C-terminal stretch of 22 amino acids (positions 416—
437) is dispensable. Thus the entire C-terminal region
of human eRF1 essential for eRF3 binding differs from
that of yeast eRFL1. In spite of these differences, it is
obvious that the C domains are involved in mutual bind-
ing, whereas the N-terminal parts are not essential for
this interaction (Ito et al., 1998a; Ebihara & Nakamura,
1999; Eurwilaichitr et al., 1999; Merkulova et al., 1999),
which partially contradicts other observations (Paush-
kin et al., 1997; Hoshino et al., 1998).

The full-length human eRF1 and its C-terminally
truncated eRF12-4® mutant are active in promoting
peptidyl-tRNA cleavage in the absence of eRF3 and
GTP (Frolova et al., 1994, 1996; Zhouravleva et al.,
1995; Merkulova et al., 1999). S. pombe eRF1 without
C-terminal 17 amino acids lacks the eRF3-binding ca-
pacity but remains active as RF in vivo, as it is able to
complement the Sup45ts allele (Ito et al., 1998a). On
the other hand, the eRF3 GTPase activity depends
solely on the presence of the ribosome and eRF1 but
not on the peptidyl-tRNA and/or mRNA (Frolova et al.,
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1996). Functional uncoupling in vitro of these two re-
actions, peptidyl-tRNA hydrolysis and GTP hydrolysis,
implies that these activities are mutually independent
and may be associated with different parts of the eRF1
protein. We assume that eRF1 might be composed of
two domains, one of which is involved in triggering the
termination reaction and the other in activation of eRF1-
dependent and ribosome-dependent eRF3 GTPase.
The aim of the experiments described herein was to
uncouple structurally the two major functional activities
of eRF1, peptidyl-tRNA hydrolysis and eRF3 GTPase
activation, and, if this was successful, to map the bor-
der between the eRF1 domains responsible for these
activities. To reach this goal, a set of eRF1 deletion
mutants was generated and analyzed. We arrived at
the conclusion that the human eRF1 protein is com-
posed of two nonoverlapping domains: a catalytically
active “core” encompassing the N-terminal and middle
parts (NM domain) of the molecule, and the C-terminal
domain responsible for activation of eRF3 GTPase.

RESULTS

Release activity of eRF1 deletion mutants

To map the eRF1 region critical for RF activity, the
N-terminally and C-terminally truncated eRF1 pro-
teins were expressed in Escherichia coli and purified
(Fig. 1A,B). The activity of these eRF1 mutants was
tested in an in vitro RF assay in the presence of mini-
messenger RNA (mini-mRNA) containing initiation and
termination codons (Grentzmann & Kelly, 1997) or in
the presence of the initiation codon and one of the
three termination codons (Tate & Caskey, 1990).

We had already shown that deletion of the last 22
amino acid residues from the C terminus of human
eRF1 did not impair its RF activity (Merkulova et al.,
1999). Analysis of a set of drastically C-truncated
eRF1 mutants (Fig. 2A) revealed that deletion of 167
C-terminal amino acids (eRF12-279) did not affect the

25- —

FIGURE 1. Electrophoretic mobility of bacterially expressed and purified human eRF1 deletion mutants. A: 10% PAGE-
SDS followed by staining with Coomassie blue, 0.5 ug protein per track. B: Western blot analysis with anti-eRF1 antibodies,
0.05 ug protein per track. The positions of molecular mass markers are indicated on the left. Western blot analysis was
performed as described (Frolova et al., 1998).
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FIGURE 2. Release activity of the C-terminally (A) and N-terminally (B) truncated eRF1 mutants with various termination
codons. The numbers under the abscissa indicate amino acid positions present in the wild-type eRF1 and its truncated
mutants. Incubation mixtures (25 uL) contained 20 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 8 mM NH,CI, and 1.5 pmol of
f[*°S]Met-tRNAMELeUUCAUGUAAAsribosome complex or 1.5 pmol of f[33S]Met-tRNAMEs AUGeribosome complex plus 50 uM
UAAA, UAGA, or UGAA. The concentration of the wild-type or mutant eRF1 was 0.15 wM. The samples were incubated for
20 min at 25 °C. The amount of f[**S]Met released at zero time (1,000—1,500 cpm) for the given protein was subtracted from

all values.

RF activity measured with mini-mRNA. We concluded
that the C-terminal part of eRF1 was not essential
for its ability to promote termination-codon-dependent
and ribosome-dependent peptidyl-tRNA hydrolysis in
vitro. The mini-mRNA was more efficient as a template
than a combination of initiation and termination codons
(Fig. 2A,B). The same difference was observed earlier
with prokaryotic ribosomes and release factors (Grentz-
mann & Kelly, 1997).

The C-terminally and N-terminally truncated eRF1
mutants were inactive in the absence of stop-codon-
containing tetraplets, or in the presence of a sense-
codon-containing tetraplet UGGA, near cognate to UGA
and UAG termination codons (data not shown). The
wild-type human and Xenopus laevis eRF1 possess
the same properties (Frolova et al., 1994). Therefore,
the truncated active human eRF1 mutants are as spe-
cific toward the stop codons as the wild-type eRF1.

The stepwise shortening of eRF1 from the C termi-
nus caused an increase in RF activity of the truncated
mutants in the presence of UAG- or UAA-containing
tetraplets (Fig. 2A), which did not exceed the level of
the RF activity reached with mini-mRNA. Probably, the
mini-mRNA binds better to the ribosome than tetra-
plets, and the removal of the C domain from eRF1

facilitates the binding of tetraplets with the ribosome,
whereas for mini-mRNA closely resembling the natural
MRNASs this effect is not manifested, as mini-mRNA
binds efficiently even in the presence of the C domain.

When the calculated isoelectric points of the full-length
eRF1 and its fragments were compared (Table 1), the
charge distribution along the eRF1 polypeptide proved
to be highly uneven. The positively charged amino acids
prevailed within the NM domain (eRF1%27°), whereas
the negatively charged residues dominated in the C-ter-

TABLE 1. Isoelectric points and sizes of human eRF1
and its fragments.

Number of
residues
Positions of Molecular Isoelectric @ ——
amino acid mass point Asp Lys
eRF1 residues (Da) (pn? +Glu  +Arg
Full-length 1-437 49,030.97 5.31 64 55
N domain® 1-189 20,715.96 9.85 20 27
NM domain 1-270 29,761.34 9.74 30 38
C domain 280-437 18,182.39 4.23 33 16

aThe theoretical pl values were calculated using SWISS-PROT,
search ExPASy, A.B.l.M.
bDefined arbitrarily.
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minal part of the molecule (eRF128°-437). Consequently,
deletion of the C-terminal part converted eRF1 from an
acidic to a basic protein and, in parallel, activated it.
Presumably, the ribosomal A site, which accommo-
dated eRF1, exhibited negative charges donated by
rRNA and peptidyl-tRNA phosphate backbones sur-
rounding this site. Owing to its positive charges, the
eRF12727° mutant appeared to bind to the ribosome
more efficiently.

Comparison of the N termini of the eRF1 family
showed that the first 12 amino acids varied signifi-
cantly, whereas the amino acid stretch encompass-
ing positions 13-39 in human eRF1 was conserved
(Fig. 3A). In accord with that, the N-terminally truncated
eRF1°-%%7 was fully active in the RF assay with mini-
mMRNA or a mixture of initiation and termination codons
(Fig. 2B). Further truncation from the N terminus
(eRF121-%37) caused a decrease of the RF activity in
the presence of mini-mRNA, whereas eRF13°-437 and
eRF138-437 mutants were virtually inactive as RF in the
presence of any of the three termination codons.

The gradual decrease in the RF activity observed for
eRF12727° deleted from the C terminus or for eRF1°-437
deleted from the N terminus might be caused by re-

A

Homo sapiens
Mesocricetus auratus
Xenopus laevis

Giardia lamblia
Caenorhabditis elegans
Arabidopsis thaliana
Arabidopsis thaliana
Plasmodium falciparum
Saccharomyces cerevisiae
Podospora anserina
Schizosaccharomyces pombe
Methanococcus jannaschii
Methanobac. thermoautotr.
Archaeoglobus fulgidus
Pyrococcus horikoshii
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Homo sapiens
Mesocricetus auratus
Xenopus laevis

Giardia lamblia
Caenorhabditis elegans
Arabidopsis thaliana
Arabidopsis thaliana
Plasmodium falciparum
Saccharomyces cerevisiae
Podospora anserina
Schizosaccharomyces pombe
Methanococcus jahnaschii
Methanobac. thermoautotr.
Archaeoglobus fulgidus
Pyrococcus horikoshii
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duction in their ribosome-binding ability. Consistent with
this assumption are the data (Fig. 4) showing the in-
ability of eRF12724 and eRF1384¥" mutants to com-
pete with the full-length eRF1. In contrast, when one of
the G residues in the GGQ motif of human eRF1 was
mutated, although the RF activity was completely abol-
ished, these inactive mutants were able to compete
with the wild-type eRF1 for the ribosomal binding site
and inhibited the RF activity (Frolova et al., 1999; Fig. 4).

Interaction of eRF1 deletion mutants
with eRF3 in vitro and in vivo

In addition to its major function, promotion of peptidyl-
tRNA cleavage, eRF1 exhibited another, entirely dis-
tinct function, activation of the eRF3 GTPase activity.
We analyzed the stimulating properties of eRF1 mu-
tants toward eRF3 GTPase (Table 2). Truncation of
human eRF1 from either end farther than position 9 or
position 415 caused a dramatic reduction of the eRF1
ability to promote GTP hydrolysis catalyzed by eRF3 in
the presence of the ribosome. These observations were
fully consistent with the earlier data (Merkulova et al.,
1999) that removal of the C domain from the human

10
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VEAARFMQESDEDSFMDDLEDFI
LAHVD-~-LEDELDN-IDLDDY-
MRTFD---ELSDGEVYEDSD
MTAFD-~-SE-DGEALDDDSE-~
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EQL----~- VDESEDEYYDEDEGSDYDFI 437
EQLN-~-EVDD-DDEYYDD-~-~ 435
SMLD----~ PESDEFYSDSD-~------

FIGURE 3. The N-terminal (A) and the C-terminal (B) sequences of class-1 release factors from eukaryotes and archae-
bacteria. The sequences were taken from SWISS-PROT and EMBL databases.
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FIGURE 4. The influence of eRF1 deletion mutants on the in vitro
RF activity of wild-type human eRF1. Incubation mixtures (25 uL)
contained 20 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 8 mM NH,4CI, and
1.5 pmol of f[**S]Met-tRNAMeeUUCAUGUAAAsribosome complex.
2.5 pmol (A) or 3.2 pmol (B) of wild-type eRF1¥4%", 4.3 pmol of
eRF1%-43 or 6.0 pmol of eRF1G183R mutant, or 4 pmol of eRF12-24%
were added alone or in different combinations as indicated. The
samples were incubated for 20 min at 25 °C. The amount of f[3°S] Met
released at zero time was subtracted from all values. The eRF1G183
mutant inactive in the RF assay and competing with wild-type human
eRF1 was described earlier (Frolova et al., 1999) and used as a
control.

eRF1 completely abolished the ability of eRF1 to bind
eRF3 in vivo. However, the N-terminal eRF1 fragment
2—-280 was not essential for binding (Merkulova et al.,
1999), and therefore the inability of the N-truncated
eRF1 mutants to activate eRF3 GTPase could not be
attributed to a loss of eRF3-binding ability. One of the
possible explanations for this inactivity was that the
N-terminal deletions attenuated the ribosome-binding
ability of the eRF1 mutants, a prerequisite for both RF
activity and stimulating activity toward eRF3 GTPase.
It was noteworthy that gradual loss of the stimulating
activity toward eRF3 GTPase and of the RF activity for
the same eRF1 mutants took place in parallel (Fig. 2B;
Table 2).

Comparison of the data presented here (Fig. 2;
Table 2) with the data obtained earlier on the eRF1.eRF3
interaction in vivo (Merkulova et al., 1999) indicated
that NM domain of eRF1 was in charge of its trigger
activity toward peptidyl-tRNA hydrolysis, whereas the
C domain is responsible for eRF3 hinding.

This two-domain model was further examined by
guantitative measurements of human eRF1+eRF3 bind-
ing in yeast two-hybrid system (Fig. 5). The efficiency
of the interaction of eRF1.eRF3 was followed by mea-
suring the activity of the reporter gene product, a

TABLE 2. Stimulating activity of the wild-type and mutant
eRF1 toward eRF3 GTPase.

[y-**P]P;
released,
cpm x 1072
eRF1¥%%7 wild-type 25.5
C-terminally truncated mutants
eRF12-415 28.7
eRF12—410 87
eRF1273% 25
eRF12373 0.7
eRF127340 0
N-terminally truncated mutants
eRF19-437 22.5
eRE121-437 155
eRF130—437 9.0
eRF138-437 5.5

Incubation mixture (12.5 uL) contained 2 uM [y-2?P]GTP (specific
activity 104 cpm/pmol), 20 mM Tris-HCI, pH 7.5, 30 mM NH,CI, 15 mM
MgCl,, 0.1 w ribosomes, 0.4 n eRF1 and eRF3 each. The reaction
was run at 37 °C for 20 min, and stopped by adding 0.75 mL of 5%
charcoal suspension in 50 mM Na,HPO, on ice. The mixture was
vortexed and centrifuged at 10,000 rpm for 10 min at 4°C, and the
[y-2P]P; released into 0.5 mL of supernatant was quantitated by
liquid scintillation counting. The release of [y-3?P]P; in the absence of
the ribosomes was subtracted from all values and constituted 5-8%
of that in the presence of all components of the incubation mixture.

B-galactosidase. The highest activity in this system
(about 450 Miller units) was observed when eRF1 and
eRF3 were fused with the LexA DNA-binding domain
(BD) and the Gal4 activation domain (AD), respectively
(Fig. 5). If the partners were exchanged, about a nine-
fold reduction in the efficiency of the reporter gene was
observed. This result emphasized the necessity of ap-
propriate controls when the deletion mutants were fused
with LexA BD or Gal4 AD. The eRF13%6-437 mutant did
not bind eRF3, whereas the eRF1272-437 mutant is fully
active, demonstrating the role of eRF1 fragment 271—
305 in this interaction. The ability of some eRF1 mu-
tants, weakly active or inactive in the two-hybrid system,
to activate the wild-type eRF3 in an in vitro GTPase
assay (Fig. 5; Table 2) was probably due to the pres-
ence of the ribosomes, which might have facilitated the
mutual binding of the eRFs, in contrast to the yeast
two-hybrid assay, where the factors interact in the ab-
sence of the ribosomes.

Because the C-terminal 17 amino acids of S. pombe
eRF1 were found to be essential for eRF3 binding (Ito
et al.,, 1998a) we reexamined the properties of the
eRF12-#1® mutant (Fig. 5). Surprisingly, its binding ac-
tivity toward eRF3 was even higher than that of full-
length eRF1, thus ruling out the involvement of the last
22 amino acid residues of human eRF1 in eRF3 bind-
ing by contrast to S. pombe eRF1. Furthermore, ar-
chaebacterial class-1 RFs lacked this stretch of amino
acids or this region was shortened. Our conclusion that
the extreme C terminus of human eRF1 was not es-
sential for eRF3 binding was consistent with the non-
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none eRF1

eRF3 271-437
none eRF1271:4%7
eRF3 eRF1306-437
none eRF1306-437
eRF3 eRF1'4'5
none eRF1'415
eRF3 12-410
none eRF1241°
eRF128141% eRF3
eRF1281-415 none
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FIGURE 5. Quantitative analysis of the interaction between eRF1 and eRF3 and their deletion mutants in the yeast
two-hybrid system. Interaction was scored as the activation of /acZ reporter gene in double-transformed diploids by
B-galactosidase activity measurements in liquid assay with ONPG as a substrate (see Materials and Methods). Numbers
represent the mean values from triplicates + standard deviation. *P < 0.001 compared with the highest value of B-galactosidase
activity in the diploids transformed with the corresponding construct and the empty opposite two-hybrid vector.

conserved primary structure of this region in eukaryotic
class-1 factors (Fig. 3B). When five highly conserved
amino acids of eRF1 were deleted (eRF124° mutant),
its binding capacity toward eRF3 was abolished (Fig. 5).

Thus the regions in human eRF1 important for eRF3
binding were located within conserved amino acid se-
guences at both termini (Fig. 3). For the C terminus of
yeast eRF1 involved in interaction with eRF3 (lto et al.,
1998a; Ebihara & Nakamura, 1999; Eurwilaichitr et al.,
1999) this was not the case, although the overall struc-
tural similarity between eRF1 from these species was
high (Frolova et al., 1994). These apparent differences
between higher and lower eukaryotes deserve further
elucidation.

The eRF12%1-415 mutant truncated from both ends
possessed very low but significant binding capacity,
although the eRF1271-437 and eRF12-415 mutants were
as active as the full-length eRF1 in eRF3 binding (Fig. 5).
This result implied that the eRF1 region between po-
sitions 272 and 280 could also be essential for eRF3
binding. Alternatively, simultaneous truncation from both
ends might cause destabilization of the eRF1281-415
structure, leading to reduction of its binding capacity.

The binding of eRF3478-63" mutant to eRF1 was about
50 times higher than that of eRF3%31-%%7 (the binding of

the eRF3%31-637 mutant with the full-length eRF1 was
the same as for the pair of the full-length eRF1 and the
empty vector) confirming that eRF3 fragment 478-530
was critical for eRF3 binding to eRF1 (Merkulova et al.,
1999). The N-terminally truncated mutant eRF1271-437
retained its binding capacity, indicating the noninvolve-
ment of the NM domain of eRF1 in eRF3 binding, shown
qualitatively earlier (Ito et al., 1998a; Merkulova et al.,
1999). Deletion of the C-terminal 10 amino acids
(eRF31%9-627) caused profound loss of binding capacity.
In summary, in vitro data on the RF activity of the
truncated eRF1 mutants and in vivo data on eRF1.eRF3
interaction are consistent with the two-domain model.
The border between the two domains is located most
probably around positions 270-280 of human eRF1.

DISCUSSION

The high conservation of the eRF1 family (Frolova et al.,
1994) is probably associated with the multiplicity of func-
tional sites in this protein. Because eRF1 at the ribo-
somal A site triggers the hydrolytic reaction at the
peptidyl transferase center of the ribosome, eRF1 should
contain a ribosome-binding site (RBS). If class-1 RFs
interact directly with the termination codon at the ribo-
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somal A site (Brown & Tate, 1994; Ito et al., 1996, 1998b;
Tate et al., 1996; Nakamura & Ito, 1998), a termination
codon-binding site (TCBS) might also exist. The eRF1-
triggered cleavage of the bond between peptidyl and
tRNA moieties is a stop-codon-dependent and ribosome-
dependent reaction. Consequently, one may anticipate
the existence of a peptidyl-tRNA binding site (PRBS).
Finally, as considered above, eRF1 binds eRF3, and
an eRF3-binding site essential for activation of eRF3
GTPase should be also present in eRF1. The multi-
functional nature of eRF1 manifested in the four bind-
ing sites for ribosome, termination signal, eRF3, and
probably peptidyl-tRNA, might be associated with its
multidomain organization. The primary goal in elucidat-
ing the functional anatomy of eRF1 is to map these
sites along the polypeptide chain.

The eRF12727° mutant drastically truncated from the
C terminus for more than one-third of total protein mass
remains fully active in the RF assay (Fig. 2A). Hence
three binding sites (RBS, TCBS, and PRBS) critical for
the RF activity are nested in the NM domain of the eRF1
polypeptide. As shown earlier (Merkulova et al., 1999)
and quantitatively confirmed here (Fig. 5), the C domain
of human eRF1 is involved in eRF3 binding. This con-
clusion is consistent with the observation that eRF1 mu-
tants truncated from the C side farther than 22 amino
acids, which are not essential, lose considerably their
stimulating activity toward eRF3 GTPase (Table 2). Con-
sequently, we separated physically two eRF1 activities:
the release activity that resides in the NM domain (po-
sitions 9-270) and the eRF3-binding ability tightly as-
sociated with the GTPase activating function, which
resides in the C-terminal third of the polypeptide chain.

The NM domain of human eRF1 active on its own in
promoting peptidyl-tRNA hydrolysis may be designated
as a “core” domain (Fig. 6). From the functional point of
view, the C-terminal domain may be named an eRF3-
binding domain and it extends from position 275 £ 5 to
position 415. Presumably, there is a short sequence
that links the two domains, probably located between
positions 270 and 280.

The result that the core domain is fully competent
as RF (Fig. 2A) is consistent with our earlier data
showing noninvolvement of the core domain in eRF3
binding (Merkulova et al., 1999) and dispensability of

eRF3 and GTP for eRF1 activity (Frolova et al., 1994,
1996). All these observations taken together strongly
argue against the hypothesis that the translation ter-
mination reaction (peptidyl-tRNA hydrolysis) is medi-
ated by formation of a heterodimer between eRF1
and eRF3 (Stansfield et al., 1995a, 1995b).

It has been suggested (lto et al., 1996; Nakamura
et al., 1996; partly revised in Ito et al., 1998a; Naka-
mura & Ito, 1998) that class-2 RFs (RF3 and eRF3)
may be a functional equivalent of EFTu or eEF 1« (elon-
gation factors of prokaryotes and eukaryotes, respec-
tively). As shown in this work, the core domain of human
eRF1 is active as a release factor (Fig. 2A) being com-
pletely devoid of the eRF3-binding activity (Fig. 5). In
contrast, for aminoacyl-tRNA binding to the ribosome,
the presence of eEF1la is essential. Therefore, we sup-
pose that eRF3 is not functionally similar to eEFla.

The peculiar feature of the core domain is its amino
acid composition highly enriched in positively charged
amino acid residues, in contrast to the C domain, which
is acidic (Table 1). From this profound difference in cal-
culated isoelectric points between the two domains, one
may anticipate some interesting consequences. First, the
two domains may electrostatically interact with each
other, and this interaction may affect the properties of
both domains. In fact, removal of the C domain enhances
the RF activity with stop codons (Fig. 2A) and removal
of the core domain abolishes the activating capacity of
the C domain toward GTPase, though the binding abil-
ity is preserved (Table 2; Fig. 5). Second, the A site of
the ribosome (probably negatively charged, in part be-
cause of the presence of rRNA sequences) and the C
domain of eRF1 (with low pl) could compete with each
other for the positively charged core domain (high pl).
This interplay may add a new dimension in the regula-
tion of the termination step of protein synthesis. For ex-
ample, binding of the C domain of eRF1 to eRF3 may
facilitate interaction of the core domain with the ribo-
some and thereby may stimulate the eRF1 activity at low
stop codon concentration (Zhouravleva et al., 1995). En-
hancement of the RF activity with stop-codon-containing
tetraplets in the absence of the eRF3-binding domain
(Fig. 2A) is in line with this suggestion.

The GTPase activity depends not only on eRF3 and
the ribosome (Frolova et al.,, 1996), but also on the

9 38 183 -185 245 270 415
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RBS? RBS?

<— functionally active 'core' domain ——> | eRF3-binding domain

FIGURE 6. Two-domain organization of human eRF1. RBS: ribosome binding site; white box: linker between domains; solid
black lines: nonessential regions at the ends of the polypeptide.
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presence of both domains of eRF1. In the absence of
the core domain or eRF3-binding domain the eRF3
GTPase activity is abolished (Table 2). The eRF3-
binding domain of eRF1 interacts with the C-terminal
domain of eRF3 (Merkulova et al., 1999; Ebihara &
Nakamura, 1999), whereas the association of the
eRF1-eRF3 complex with the ribosome is governed by
the core domain, which contains RBS(s).

The two-domain model had already been suggested
for prokaryotic class-1 RFs (Moffat & Tate, 1994), based
on the observation that limited proteolysis of the E. coli
RF2 generated a nicked protein that was able to inter-
act with the ribosome and probably with stop codons
but was inactive in promoting peptidyl-tRNA hydrolysis.
Two domains of the prokaryotic RF1/2 functionally cor-
respond to the core domain of the eukaryotic model
suggested in this work. However, archaeal genomes
do not contain genes encoding RF3 (see Nakamura &
Ito, 1998), although the primary structures of archaeal
RF1 are much closer to eRF1 than to prokaryotic RF1/2.
Therefore, it was anticipated that this living kingdom
should contain eRF3-like genes. Because no informa-
tion is available regarding the biochemical properties
of RF1 from Archaea, two possibilities may be consid-
ered: RF3 is encoded in archaeal genomes but has not
yet been identified because of its divergence from both
eukaryotic and prokaryotic class-2 RFs, or, alterna-
tively, the C domain of archaeal RF1 binds another
protein(s), not RF3.

Entirely different functions of the core and eRF3-
binding domains, their topological separation along the
eRF1 polypeptide chain, and distinct physicochemical
features point to the possibility that these domains orig-
inated from different genes and fused later in evolution.

The full competence of the eRF1 core domain in
triggering peptidyl-tRNA hydrolysis (Fig. 2A) implies that
RBS(s) is (are) located inside this domain. This con-
clusion is consistent with the observation that S. cere-
visiae eRF1 lacking the C-terminal 32 amino acids
still retained its ability to bind to the yeast ribosomes
(Eurwilaichitr et al., 1999). Where is (are) RBS(s) lo-
cated in the core domain? A gradual decrease in RF
activity occurs when eRF1 is truncated either from the
N terminus, positions 9-38 (Fig. 2B), or from the C
terminus, positions 280245 (Fig. 2A). In both cases,
these eRF1 mutants, either inactive or with strongly
diminished RF activity, weakly compete or do nhot com-
pete at all with the full-length eRF1 in the RF assay
(Fig. 4). The N-terminally truncated mutants eRF130-4%7
and eRF13%8-43 also have reduced ability to activate
eRF3 GTPase (Table 2), though the eRF3-binding do-
main is preserved. We have shown (Merkulova et al.,
1999) that the eRF3-binding domain together with the
ribosome are unable to induce eRF3 GTPase. All these
data taken together are consistent with the assumption
that RBS sequences flank the core domain on both
sides (Fig. 6). Consequently, we propose that at least
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two segments of the core domain are involved in ribo-
some binding, from conserved positions 13 to 38 and
from positions 246 to 275 + 5. It is noteworthy that the
9-38 fragment contains six positively charged resi-
dues (Fig. 3A) and therefore might possess RNA-
binding ability.

In conclusion, human and most probably other eu-
karyotic class-1 RFs are composed of two functionally
distinct domains that are topologically separated along
the polypeptide chain of eRF1, are different in size and
physicochemical properties, and presumably originated
from different parts of the eukaryotic genome by gene
fusion. This novel conclusion provides a basis for fur-
ther progress in understanding translation termination
in eukaryotes.

MATERIALS AND METHODS

Materials

L-[33S]methionine (specific activity 104 cpm/pmol) and
[y-3?P]GTP (specific activity 10* cpm/pmol) were from Amer-
sham, pQE-30 plasmid from Qiagen, Talon™ metal affinity
resin from Clontech, Pwo polymerase from Boehringer Mann-
heim; AUG, tetraplets containing stop codons, and the mini-
MRNA UUCAUGUAAA were synthesized by A. Veniaminova
and M. Ryabkova (Novosibirsk State University).

Bacterial strains, vectors, and cloning

A pQE-30 plasmid was used to clone the full-length human
eRF1 and its truncated forms. E. coli strain M15 [pREP4] was
used for the production of recombinant eRF1. Preparation of
competent E. coli cells, transfections, and isolation of plasmid
DNAs were performed by standard protocols (Sambrook et al.,
1989).

Yeast two-hybrid analysis

The pVJL12/eRF1 and pVJL11/eRF3 constructs expressing
corresponding eRFs as C-terminal parts of fusion proteins
with the bacterial LexA DNA-binding domain (LexA) and the
pGAD3s2x/eRF1 and pGADGH/eRF3 constructs expressing
corresponding eRFs as C-terminal parts of the fusion pro-
teins with the yeast Gal4 transactivation domain (GAL4AD)
have been described previously (Frolova et al., 1998). Prep-
aration of the series of N-terminally and C-terminally trun-
cated forms of both proteins within corresponding pGADs
was described (Merkulova et al., 1999). The eRF1281-415 mu-
tant was generated by PCR using Pwo polymerase and the
following primers: forward, 5'-ATATGGATCCATTCAAGAGA
AGAAATTAATAG-3'; reverse, 5'-ATATGTCGACCTAGTACC
GCAAGATACCTCC-3'. The PCR product was subcloned into
BamHI and Sall sites of pVJL12, and its structure was con-
firmed by sequencing (for details see Jullien-Flores et al.,
1995).

Two-hybrid analysis of the interaction between eRFs was
monitored by expression of two reporter genes, LacZ and
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HIS3in diploids, obtained after mating the S. cerevisiae strain
L40 (MATa), transformed with a pVJL expressing one of the
full-length eRFs, and the S. cerevisiae strain AMR70 (MATa),
transformed with a pGAD expressing one of the truncated
versions of another eRF (Frolova et al., 1998). Expression
of the LacZ reporter was also followed by measuring
B-galactosidase activity with o-nitrophenyl-8-D-galactoside
(ONPG) as a substrate. In this case, double-transformed dip-
loids, selected on tryptophan- and leucine-deficient medium,
were inoculated in the same liquid medium and grown over-
night at 30°C to a density of about 1.5 at Aggo. Yeast cells
from 1 mL of culture were harvested by centrifugation, re-
suspended in 0.5 mL of 0.1 M sodium phosphate, pH 7.0,
10 mM KCI, 1 mM MgSO,4, and 50 mM B-mercaptoethanol,
permeabilized by vortexing with 25 uL of CHCI3, and incu-
bated at 30°C for 10 min. The reaction was initiated by ad-
dition of 100 uL of ONPG (4 mg/mL in water) and stopped
after 5 or 30 min of incubation at 30 °C by addition of Na,CO3
to a final concentration of 0.2 M. Accumulation of o-nitrophenol
was measured at A4yo. B-Galactosidase activity was ex-
pressed in Miller units, calculated as follows: Azz0 X (1,000/
time, min) X (1/Ae00). All assays were done in triplicate.

Expression and purification of wild-type
and mutant human eRF1 proteins

Subcloning of PCR-generated products for eRF1271-437,
eRF1306-437  eRF12-415 and eRF1%-%1° into a pQE30 ex-
pression vector in frame with a His-tag placed at the N terminus
of the resultant recombinant proteins has been described
(Merkulova et al., 1999). All other eRF1 deletion mutants
as well as the PCR primers used for their generation are
listed in Table 3. PCR products for eRF1°-437 eRF121-437,
eRF130-437 and eRF138-437 were subcloned into Sacl and
Sall sites of pQE30. For subcloning of PCR products for all
C-terminally truncated eRF1 forms, Asp718 and Pstl sites of
pQE30 were used. The structures of all constructs were ver-
ified by sequencing.

TABLE 3. Mutants and PCR primers used to generate the constructs
for bacterial expression of truncated eRF1 proteins.

eRF1
mutant Primers
eRF1°-4%7 5’ ATATGAGCTCGACAGGAACGTGGAGAT-3’

eRF121-437  5'-ATATGAGCTCATTAAGAGCTTGGAGGC-3’
eRF130-437 5’ ATATGAGCTCAATGGCACCAGCATGAT-3'
eRF138-437 5 ATATGAGCTCATCATTCCTCCCAAAGA-3'

eRF1273%0 5 ATATCTGCAGCTACTCTTCTGTGCCTTGGCAA-3’
eRF12311 5 ATATCTGCAGCTAAGCCTTTAGTGTATCTTCAAC-3’
eRF12-280 5 ATATCTGCAGCTAGAATTTCACGTTGGAGAGGA-3’
eRF12270 5/ ATATCTGCAGCTATAACTCAATAGCTTGGTTGAAT-3’
eRF12257  5'-ATATCTGCAGCTAGGATATATCAACTAATTTTAAAAC-3’
eRF12245 5’ ATATCTGCAGCTACCTCTGATCAAACATATCAGA-3’
eRF12210 5 ATATCTGCAGCTACACAGCAGTCTCTGCTACT-3’

5'-ATATGAATTCTCGGTACCGCGGACGACCCCAGTGC-3' was used
as a forward primer to generate C-terminal deletion mutants; 5'-
TTGTCGACCTAGTAGTCATCAAGGTCA-3' was used as a reverse primer
to generate N-terminal deletion mutants.

Protein expression was induced by adding IPTG to a final
concentration of 0.4 mM. The bacterial pellet was resus-
pended in 20 mL of lysis buffer containing 50 mM Tris-
HCI, pH 7.5, 0.2 M KCI, 10 mM imidazole, 1% Nonidet P40,
10% glycerol, 2 mM B-mercaptoethanol, 1 mM PMSF, and
0.2 mg/mL of lysozyme, incubated 15 min at room tempera-
ture, sonicated, and centrifuged at 10,000 X g for 30 min.
Then, 150 uL of Talon™ metal affinity resin equilibrated with
buffer A (20 mM Tris-HCI, pH 8.0, 0.2 M KCI, 10% glycerol)
containing 10 mM imidazole was added to the supernatants.
After 30 min incubation at room temperature the Talon™
suspension was transferred into a column and the resin was
washed with 10 vol of buffer A plus 10 mM imidazole. His-
tagged protein was eluted with buffer A containing 0.1 M
imidazole; 0.2-mL fractions were collected and analyzed by
10% PAGE-SDS. Protein-containing fractions were pooled
and dialyzed against 50 mM Tris-HCI, pH 7.5, 50 mM KCl,
10% glycerol, 0.1 mM EDTA, and 1 mM DTT. In some cases,
protein eluted from the column was diluted 1:10 with the
same buffer without glycerol and concentrated in an Ultrafree
concentration unit (Millipore). Protein concentration was de-
termined with the Bio-Rad protein assay reagent using BSA
as a standard.

Assays for eRF1 activities in vitro

The eRF1 release activity was measured in an in vitro assay
as stop-codon-dependent hydrolysis of f[3>S]Met-tRNAMst
associated with the AUG+80S ribosome complex according
to Tate and Caskey (1990) with some modifications (Frolova
et al., 1994), or as hydrolysis of f[3*S]Met-tRNA;Me! asso-
ciated with 80S ribosomes programmed with mini-mRNA
UUCAUGUAAA containing the initiation (AUG) and termina-
tion (UAA) codons (Grentzmann & Kelly, 1997). Isolation of
rabbit reticulocyte ribosomal subunits, expression, and puri-
fication of the human eRF3 were described (Frolova et al.,
1996, 1998). The eRF3 GTPase activity was followed by ac-
cumulation of [y-32P]P; after hydrolysis of [y-3?P]GTP using
a charcoal assay (Frolova et al., 1996).
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