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Eukaryotic translation termination is mediated by two
release factors: eRF1 recognizes stop codons and triggers
peptidyl-tRNA hydrolysis, whereas eRF3 accelerates this
process in a GTP-dependent manner. Here we report kinetic
analysis of guanine nucleotide binding to eRF3 performed by
fluorescence stopped-flow technique using GTP/GDP deriv-
atives carrying the fluorescent methylanthraniloyl (mant-)
group, as well as thermodynamic analysis of eRF3 binding to
unlabeled guanine nucleotides. Whereas the kinetics of eRF3
binding to mant-GDP is consistent with a one-step binding
model, the double-exponential transients of eRF3 binding to
mant-GTP indicate a two-step binding mechanism, in which the
initial eRF3'mant-GTP complex undergoes subsequent confor-
mational change. The affinity of eRF3 for GTP (K, ~70 um) is
about 70-fold lower than for GDP (K, ~ 1 um) and both nucle-
otides dissociate rapidly from eRF3 (k™"tGPP — 24 71
kmatGTP 3.3 s~1), Whereas not influencing eRF3 binding to
GDP, association of eRF3 with eRF1 at physiological Mg>* con-
centrations specifically changes the kinetics of eRF3/mant-GTP
interaction and stabilizes eRF3-GTP binding by two orders of
magnitude (K, ~ 0.7 um) due to lowering of the dissociation rate
constant ~24-fold (k™6™ —~ 0,14 s™1). Thus, eRF1 acts as a
GTP dissociation inhibitor (TDI) for eRF3, promoting efficient
ribosomal recruitment of its GTP-bound form. 80 S ribosomes
did not influence guanine nucleotide binding/exchange on the
eRF1-eRF3 complex. Guanine nucleotide binding and exchange
on eRF3, which therefore depends on stimulation by eRF1, is
entirely different from that on prokaryotic RF3 and unusual
among GTPases.

Termination of protein synthesis occurs when a ribosome
reaches the end of the coding region of an mRNA and a stop
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codon enters the decoding site. Termination is mediated by two
classes of release factor (RF)® (1). Class I release factors, RF1/
RF2 in bacteria and eRF1 in eukaryotes, bind to the A site,
recognize the stop codon, and promote hydrolysis of the P-site
peptidyl-tRNA, thereby releasing the polypeptide. Class I
release factors contain a universally conserved GGQ sequence
located in a loop that enters the peptidyl transferase center
(2—4) and is required to trigger peptidyl-tRNA hydrolysis (5, 6).
Class Il release factors, RF3 in bacteria and eRF3 in eukaryotes,
are GTPases (7, 8) whose sequence homology is limited to their
GTP binding domains (9). In contrast to prokaryotic RF3, acti-
vation of eRF3 GTPase activity strictly requires both the 80 S
ribosome and eRF1 (10, 11). A distinguishing feature of eukary-
otic RFs is that eRF1 and eRF3 form a stable complex through
interaction of their C-terminal domains (12, 13), and this phys-
ical interaction is required for stimulation of eRF3 GTPase
activity by eRF1 on the ribosome (10).

Prokaryotic RF3 mediates recycling of RF1/RF2 from post-
termination complexes (6, 14, 15). According to the current
model of termination in prokaryotes, RF1 and RF2 bind to pre-
termination complexes that contain peptidyl-tRNA in the P site
and a stop codon in the A site, and stimulate hydrolysis of pep-
tidyl-tRNA (15). The affinity of RF3 to GDP is three orders of
magnitude higher than to GTP (15), and hence the majority of
RF3 is expected to be in the GDP-bound form in which it ini-
tially binds to termination complexes. After hydrolysis of pep-
tidyl-tRNA, GDP dissociates from RF3, which then rapidly
binds GTP. Formation of a high affinity complex between the
ribosome and RF3-GTP induces dissociation of RF1/RF2.
Finally, RF3-bound GTP is hydrolyzed, and the low affinity
RF3-GDP complex dissociates from the ribosome. This model
implies that ribosomal post-termination complexes containing
RF1 or RF2 act as a guanine nucleotide exchange factor (GEF)
for RF3 (15).

It was proposed that eRF3 might play a role similar to that of
RF3 by promoting recycling of eRF1 (15). However, recent data
suggest that GTP hydrolysis by eRF3 instead couples stop
codon recognition and peptidyl-tRNA hydrolysis mediated by
eRF1 (16, 17). eRF3 strongly enhances peptide release by eRF1
in the presence of GTP, but not GDP, and abrogates peptide

3The abbreviations used are: RF, release factor; GEF, guanine nucleotide
exchange factor; GDI, GDP-dissociation inhibitor; mant-GDP, 2'/3"-O-(N-
methyl-anthraniloyl)-guanosine-5'-diphosphate; mant-GTP, 2'/3’-O-(N-
methyl-anthraniloyl)-guanosine-5'-triphosphate; FPLC, fast protein liquid
chromatography; NTA, nitrilotriacetic acid; FRET, fluorescence resonance
energy transfer; GTPvS, guanosine 5’-3-O-(thio)triphosphate.
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release in the presence of the non-hydrolyzable GTP analog
GDPNP even when eRF1 is in large excess, i.e. recycling of eRF1
is not required (17). Thus, whereas RF3 increases the rate of
RF1/RF2 release from the ribosome, eRF3 seems to ensure
rapid and efficient hydrolysis of peptidyl-tRNA by eRF1.
Apparently, binding of eRF1, eRF3, and GTP to pretermination
ribosomes leads to a complex that is not active in peptide
release, and further rearrangement, induced by GTP hydrolysis,
is required for proper positioning of the GGQ loop of eRF1 in
the peptidyl transferase center (17). Thus, an apparently impor-
tant difference between prokaryotic and eukaryotic termina-
tion mechanisms is that in prokaryotes peptide release precedes
and is required for GTP hydrolysis by RF3, whereas in
eukaryotes GTP hydrolysis by eRF3 is necessary for the hydrol-
ysis of peptidyl-tRNA and peptide release. The difference in the
roles of eukaryotic eRF3 and prokaryotic RF3 in termination
suggests that their affinities to GTP and GDP and their mech-
anisms of GDP/GTP exchange may also differ.

Although the thermodynamics of eRF3 interaction with gua-
nine nucleotides was studied previously using isothermal titra-
tion calorimetry (18) and more recently, while this article was
being reviewed, by non-equilibrium filter binding technique
(19), the kinetics of interaction of eRF3 with guanine nucleo-
tides remained uninvestigated. Here we report a kinetic study
of the interaction of guanine nucleotides with eRF3 alone and
with the eRF3-eRF1 complex in the absence and in the presence
of 80 S ribosomes. Guanine nucleotide binding and dissociation
were studied by stopped flow and equilibrium fluorescence
titration techniques using unlabeled GTP/GDP and their deriv-
atives carrying the fluorescent methylanthraniloyl (mant-)
group. Our studies revealed that mutual interdependence of
eRF1 and eRF3 in the termination process involves not only
stimulation of GTP hydrolysis by eRF3 on the ribosome and
peptide release induced by eRF1, but also stimulation by eRF1
of guanine nucleotide binding to eRF3.

EXPERIMENTAL PROCEDURES

Chemicals—The fluorescent GDP/GTP derivatives mant-
GDP and mant-GTP were from Jena Bioscience (Jena, Ger-
many), a 100 mm GTP solution was from GE Biosciences
(Piscataway, NJ) and a 100 mm GDP solution was from Roche
Applied Science. Buffer A contained 20 mm Tris-HCI (pH
7.5), 100 mM potassium acetate, 2.5 mm MgCl,, and 2 mm
dithiothreitol.

Plasmids—Expression vectors for His,-tagged elFs 1, 1A, 4A,
4B, and 5 (20-22), and for eRF1, eRF1(NM) mutant (which
corresponds to the N and M domains), and eRF3aC lacking the
N-terminal 138 amino acids (12, 17, 23) as well as the MVHL-
STOP transcription vector (17) have been described.

Purification of Factors and Ribosomal Subunits—Rabbit 40 S
and 60 S subunits, elFs 2, 3, 4F, and 5B, eEF1H and eEF2 were
purified as described (20, 22, 24). His,-tagged elFs 1, 1A, 4A, 4B,
and 5 were expressed in Escherichia coli BL21(DE3) and puri-
fied as described (20 —22). Rabbit aminoacyl-tRNA synthetases
were purified, and native total tRNA (Novagen) was aminoacy-
lated with Met, Val, His, and [*H]Leu as described (24). The
specific activity of [*H]Leu-tRNA"" was 160,000 cpm/pmol.
His,-tagged eRF1, eRF1(NM), and eRF3aC were expressed in
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E. coli BL21(DE3) and affinity-purified by chromatography on
Ni?*-NTA-agarose (Qiagen). After elution from Ni**-NTA-
agarose, proteins were dialyzed overnight against buffer B (20
mM Tris HCI, pH 7.5, 100 mMm KCl, 0.1 mm EDTA, 1 mm dithi-
othreitol, and 5% glycerol). eRF1 and eRF1(NM) were purified
further by FPLC on a MonoQ HR5/5 column, from which they
eluted at 250 —270 mm KCl (buffer B). eRF3aC was further puri-
fied first by FPLC on a MonoQ HR5/5 column, from which it
eluted at 250-270 mm KCl, and then by FPLC on a MonoS
HR5/5 column, from which it eluted at 140 —170 mm KCI. After
all purification steps, proteins were dialyzed overnight against
buffer B. The concentrations of factors were determined spec-
trophotometrically at 280 nm. Extinction coefficients were cal-
culated from the amino acid composition of the proteins (25).
The final preparation of eRF3 was free of guanine nucleotides as
was determined by HPLC (26).

Gel Filtration— 400 pmol of eRF3aC and 2000 pmol of eRF1
were incubated in 200 ul of buffer A (with or without 2.5 mm
MgCl,) in the presence of 100 um GTP or GDP, or in the
absence of guanine nucleotides for 10 min at 37 °C. After incu-
bation, reaction mixtures were loaded onto a FPLC Superdex 75
column equilibrated with buffer A, which either did not contain
guanine nucleotides, or contained 100 um GTP or GDP. Frac-
tions that corresponded to peaks of optical density at 280 nm
were loaded on to NuPAGE 4 -12% Bis-Tris-Gel and after elec-
trophoresis were stained with SimplyBlue/SafeStain (both
Invitrogen).

Pretermination Complex Assembly and Peptide Release
Assay—Pretermination complexes were assembled on
MVHL-STOP mRNA in the presence of [*H]Leu-tRNA™"
essentially as described (17). 48 S complexes were assembled
by incubating 3 ug of MHVL-STOP mRNA in a 400- ul reaction
mixture containing buffer A supplemented with 1 mm ATP and
0.2 mm GTP, 150 pg of total tRNA (aminoacylated with Val,
His, Met, and ®H-labeled Leu), 30 pmol of 40 S subunits, 100
pmol of eIF2, 100 pmol of eIF3, 100 pmol of eIF4F, 120 pmol of
elF4A, 120 pmol of elF4B, 300 pmol of elF1, and 300 pmol of
elF1A for 15 min at 37 °C and then incubated for 15 min with
200 pmol of elF5, 70 pmol of eIF5B, and 35 pmol of 60 S sub-
units to form 80 S initiation complexes. Pre-TCs were obtained
by incubating 80 S complexes with 100 pmol of eEF1H and eEF2
for 15 min, and then purified by centrifugation in 10-30%
sucrose density gradients prepared in buffer A. Fractions that
corresponded to pre-TCs by optical density and the presence of
[*H]Leu were combined, diluted 3-fold with buffer A and used
to assay peptide release. For this pre-TCs (0.15 pmol per 50 ul
probe) were preincubated at 37 °C for 5 min with either 100 um
of unlabeled GTP or mant-GTP, or in the absence of guanine
nucleotides, after which peptide release was initiated by addi-
tion of 1 pmol of eRF1 and eRF3aC. Peptide release was assayed
using trichloroacetic acid precipitation (15).

Fluorescence Stopped-flow Kinetic Measurements—Fluores-
cence stopped-flow experiments were done using a SX-18MV
spectrometer (Applied Photophysics, Leatherhead, UK). The
fluorescence of mant-GTP, mant-GDP, and mant-dGTP was
excited either directly at 349 nm or via FRET from tryptophan
excited at 290 nm and was measured after passing a 400-nm
cutoff filter (Schott, Duryea, PA). Experiments were performed
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in buffer A (except when buffer A did not contain Mg>*) at
25 °C by rapid mixing of equal volumes of reactants and moni-
toring the time course of the fluorescence change. In all exper-
iments, after direct excitation at 349 nm, the fluorescence of
mant-nucleotides increased within a range of 10 —25%, whereas
excitation at 290 nm via FRET resulted in 50 -130% increase in
fluorescence, depending on the nature of guanine nucleotide,
and the concentrations of nucleotide and eRF3. Time courses
shown represent the average of at least 7 individual transients.
Primary analysis for the determination of k,,, was done with
the package provided by Applied Photophysics. Data were eval-
uated by fitting to exponential functions according to the fol-
lowing equations. For a single-exponential fit in Equation 1,

F(t) = F. + Aje ! (Eq. 1)

where F(¢) is the fluorescence of time ¢, k,,,,, and A are respec-
tively the apparent rate constant and amplitude, and F_, is the
final value of fluorescence. The values of the association (k ;)
and dissociation (k_,) rate constants, and the standard devia-
tions were estimated from the slope and Y-axis intercept,
respectively, of the linear concentration dependence of k..
For a double-exponential fit, the time courses were evaluated
according to Equation 2,

F(t) = F.. + Aje k" + Ay Fom?t (Eq.2)
where F(¢) is the fluorescence at time ¢, k,,,, and k,,,, and A,

and A, respectively, are the apparent rate constants and ampli-
tudes for the first and the second components, and F_ repre-
sents the final fluorescence. The values of the individual rate
constants, k;, k_,, k,, and k_,, were calculated from k,,,, and
k,ppo €ither analytically by building the sum and the product of
k,pp and plotting their concentration dependences, as
described (27), or by global fitting using Scientist software
(MicroMath). The reported values of the rate constants are the
averages of values obtained by the two calculation methods.
The standard deviations represent ranges of maximum devia-
tion for a given constant from either the standard deviation of
the analytical solution or the statistics of global fitting.

Steady State Fluorescence Measurements and Chase
Titration—Fluorescence emission spectra were recorded on
a Fluoromax-3 spectrophotometer (Jobin Yvon Inc., Edison,
NJ) ina 10 X 10 mm (i.d.) quartz cuvette (Bel-Art products,
Pequannock, NJ) at 25 = 1 °C. All measurements were done
in buffer A with or without 2.5 mm Mg?™.

Binding of mant-GTP to eRF3aC was monitored using an
excitation wavelength of 290 nm and an emission wavelength of
350 nm. To estimate the equilibrium dissociation constant, K,
of the mant-GTP-eRF3 complex, the fluorescence of 0.5 um
eRF3aC was measured alone and in the presence of increasing
amounts of mant-GTP. Binding of mant-GTP to eRF3aC-eRF1
was monitored using an excitation wavelength of 290 nm and
an emission wavelength of 440 nm. To estimate the equilibrium
dissociation constant, K, of the mant-GTP-eRF3-eRF1 com-
plex, the fluorescence of mant-GTP (increasing amounts) was
measured alone and in the presence of 0.1 uMm eRF3 and 2 um
eRF1. Dilution was less than 2% in all cases. For analysis of the
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titration data, the one-site binding model in Equation 3 was
used,

Y = Yo X X/(Ky + X) (Eq.3)
where X is the concentration of mant-GTP in the reaction, Y is
the difference in the fluorescence intensities either of eRF3aC
in the presence and absence of mant-GTP (FRET) or of mant-
GTP in the presence and absence of eRF3aC-eRF1. Y isthe
maximum value of FRET. Data were evaluated using GraphPad
Prism 4 (GraphPad Software, Inc., San Diego, CA).

The equilibrium dissociation constants of the unmodified
guanine nucleotides were determined by chase titration of
mant-guanine nucleotides from their complexes either with
eRF3aC alone or with eRF3aC-eRF1, by increasing concentra-
tions of unmodified nucleotides. The chase of mant-guanine
nucleotides was monitored by the change in fluorescence of the
mant- group after excitation at 349 or 297 nm. The chase of
mant-GTP from eRF3aC by GTP was measured using 0.8 um
eRF3aC, 3 uM mant-GTP, and increasing concentrations of
unlabeled GTP. The chase of mant-GTP from eRF3aC-eRF1 by
GTP was measured using 0.8 um eRF3aC, 8 um eRF1, 3 um
mant-GTP, and increasing concentrations of unlabeled GTP.
The chase of mant-GDP by GDP from eRF3aC in the presence
of 2.5 mm Mg>" was measured using 0.3 uM eRF3aC, 3 um
mant-GDP, and increasing concentrations of unlabeled GDP.
The chase of mant-GDP by GDP from eRF3aC in the absence of
Mg** was measured using 0.8 uM eRF3aC, 8 uM mant-GDP,
and increasing concentrations of unlabeled GDP. The chase of
mant-GTP by GDP from eRF3aC-eRF1 in the presence of 2.5
mm Mg>" was measured using 0.8 um eRF3aC, 8 um eRF1, 3 um
mant-GTP, and increasing concentrations of unlabeled GDP.
The chase of mant-GDP by GDP from eRF3aC-eRF1 in the
absence of Mg>" was measured using 0.8 um eRF3aC, 8 um
eRF1, 3 uM mant-GDP, and increasing concentrations of unla-
beled GDP. For analyzing the chase titration data, the following
model in Equations 4 and 5 were used,

Ka
P+ A <> PA (Eq.4)
K,
P+1<>Pl (Eq.5)

where P is eRF3aC or the eRF3aC-eRF1 complex; A is mant-
GTP or mant-GDP; Iis GTP or GDP; K, and K; are equilibrium
dissociation constants of A and I, respectively. In this case the
fluorescence of a mant-guanine nucleotide observed in the
presence of a competitor unlabeled guanine nucleotide, F(I),
can be described by the following Equation 6,

F() = Frax X [AV(A] + Ki(1 + [I1V/K)) + Frin (Eq.6)
where F . and F_ ;. represent fluorescence intensities of PA
and A, respectively. The equilibrium dissociation constant of
unmodified guanine nucleotide, K}, was calculated by fitting the
above equation to the titration data using GraphPad Prism 4.
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GTP Hydrolysis—To measure eRF1- and ribosome-depend-
ent multiple turnover GTP hydrolysis by eRF3, 0.4 um eRF3, 1.4
uM eRF1, and 80 S ribosomes (increasing concentrations from
0.1 to 2 um) were preincubated in buffer A at 25 °C, and hydrol-
ysis was started by adding 10 um [y-*>*P]GTP. Aliquots (10 ul)
were taken at the indicated times and manually quenched with
50 mm H,SO,/2 mm KH,PO,. [y-**P]P, release was analyzed by
ammonium phosphomolybdate extraction. Measurements of
GTP hydrolysis after periods of less than 1 min were performed
using a quench-flow apparatus (KinTek, Austin, TX). Samples
were quenched and analyzed as described above. Blank values
resulting from the presence of 3.2% P, in [y->**P]GTP prepara-
tions were determined in the absence of eRF3 and subtracted
from all measurements.

RESULTS

Fluorescence Changes of mant-GTP/mant-GDP upon Bind-
ing to eRF3—The fluorescent GDP and GTP derivatives mant-
GDP and mant-GTP contain a mant group attached to the
ribose moiety and have been widely used to study nucleotide
binding by proteins. To investigate guanine nucleotide binding
to eRF3, we used recombinant human eRF3aC lacking the
N-terminal 138 amino acids, which are dispensable for the
eRF3 GTPase activity and for its stimulation of eRF1 release
activity (12). This polypeptide is referred to as eRF3 below. Flu-
orescence changes of the mant-nucleotide upon its binding to a
protein can be monitored either upon direct excitation of the
fluorophore or indirect excitation via FRET, in which trypto-
phan residues close to the nucleotide binding site serve as flu-
orescence donors and the mant-labeled nucleotide as acceptor
(28, 29). Upon direct excitation at 349 nm, the fluorescence of
both mant-GTP and mant-GDP increased upon binding to
eRF3 without a significant shift in the emission maximum (440
nm) (Fig. 1, A and B). Upon excitation at 290 nm, substantial
energy transfer occurred between tryptophan residues of eRF3
and the mant-groups in both eRF3-mant-GTP and eRF3-mant-
GDP complexes, manifested as a simultaneous decrease in tryp-
tophan fluorescence and an increase in mant fluorescence com-
pared with the protein alone and free mant-nucleotides,
respectively (Fig. 1, C and D). The G domain of eRF3 contains
four tryptophan residues within 25 A of the nucleotide binding
site (Trp>*® and Trp>** in the switch I region, Trp®>*® and
Trp*®’; Fig. 1E), which are all close enough to contribute to
FRET.

Mant-GTP was fully active in translation termination. Thus,
eRF1-mediated peptide release from pretermination com-
plexes assembled on a derivative of B-globin mRNA encoding a
MVHL tetrapeptide followed by a UAA termination codon was
stimulated equally by eRF3-mant-GTP and eRF3-GTP (Fig. 1F).

Association of eRF3 with eRF1— eRF3 and eRF1 form a stable
complex by interaction of their C-terminal domains (8, 12, 13).
The cooperation between eRF1 and eRF3 in accelerating pepti-
dyl-tRNA hydrolysis and the stimulation of eRF3 ribosome-de-
pendent GTPase activity by eRF1 both require the eRF3-bind-
ing C-terminal domain (CTD) of eRF1 (5,11, 17). To investigate
the potential influence of eRF1 on the kinetics of binding of
guanine nucleotides to eRF3, we first studied the interaction
between eRF1 and eRF3 in the presence or absence of GTP or
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GDP using gel filtration on Superdex 75. The concentrations of
eRF3, eRF1, and guanine nucleotides were 2, 10, and 100 um,
respectively. During gel filtration, samples are usually diluted
about 5-fold, and the concentrations of eRF3 and eRF1 in the
eluate were therefore reduced to ~0.4 and 2 um, respectively.
Guanine nucleotides were present in gel filtration buffers at a
constant concentration throughout the procedure. At the
eRF1 and eRF3 concentrations used in the gel filtration
assay, the majority of eRF3 was associated with eRF1 in-
dependent of the nucleotide (Fig. 1G). Similar results were
obtained in the absence of Mg>* (data not shown). To ensure
that the majority of eRF3 formed a complex with eRF1 in the
kinetic experiments described below, factors were used at
concentrations above those used during gel filtration.
Kinetics of Interaction of eRF3 with GDP—The kinetics of
binding of mant-GDP to eRF3 was measured by fluorescence
stopped flow (Fig. 2, A—C). Both approaches, i.e. excitation of
the mant-group either directly, or by FRET from tryptophan
residues, gave identical values for the rate constants in all cases
studied. Kinetics was measured under pseudo-first-order con-
ditions at 0.5 uM eRF3, and concentrations of mant-GDP from
1.5to 5 um. Time courses (Fig. 2A and data not shown) could be
fitted by a single-exponential term, yielding pseudo-first-order
rate constants, k., which depended linearly on the mant-GDP
concentration (Fig. 2C and data not shown). This behavior is
consistent with a one-step binding model in Equation 7.

ki
eRF3 + mant-GDP <— eRF3-mant-GDP
k-

(Eq.7)

Association and dissociation rate constants k., ; and k_; can be
determined from the linear concentration dependence of k,,,,
using Equation 8.

Kapp = kis[mant-GDP] + k_, (Eq. 8)

The slope of the straight line fitted to the data points defines the
association rate constant, k, , (M~ ' s '), and the intercept with
the y-axis yields the dissociation rate constant, k_; (s~ '). The
value of k_; was also determined more accurately in a displace-
ment experiment in which a 50-fold molar excess of unlabeled
GDP was used to displace mant-GDP from its complex with
eRF3. The time courses of mant-GDP dissociation from the
binary complex indicated by a decrease in the fluorescence sig-
nal (Fig. 2B and data not shown) were also fitted by a single-
exponential term yielding the dissociation rate constants k_;.
From the concentration dependence of k,,,, the values were
ki =31um ts tandk_, = 2.4 s, for the association and
dissociation rate constants, respectively, yielding a value of
~0.8 uM for the equilibrium dissociation constant, K, (Table 1
and Fig. 7A).

To investigate the potential influence of eRF1 on the interac-
tion of mant-GDP with eRF3, eRF3 was preincubated with a
10-fold molar excess of eRF1 to form the eRF3-eRF1 complex.
Time courses of the binding of mant-GDP to eRF3-eRF1 were
measured by monitoring mant fluorescence upon direct exci-
tation (data not shown) or FRET (Fig. 2, D-F) as above. The
apparent rate constants of binding were linearly dependent on
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FIGURE 1. Formation of eRF3 complexes with mant-GDP/mant-GTP and eRF1. A, emission spectra of mant-GDP (3 um) in the absence (blue) and in the
presence of eRF3 (0.4 um) (red) upon excitation at 349 nm; emission spectrum of eRF3 (0.4 um) (black) at the same excitation wavelength. B, same as in A with
mant-GTP. C, emission spectra of eRF3 (0.4 um) (black) and mant-GDP (3 um) in the absence (blue) and in the presence of eRF3 (0.4 um) (red) upon excitation at
290 nm (FRET). D, same as in C with mant-GTP. E, ribbon diagram of yeast eRF3 (18) (gray) with bound GMPPNP (red). Blue spheres represent the positions of
Trp*>® and Trp*®” of human eRF3 mapped onto the crystal structure of yeast eRF3; the unstructured switch | region that in human eRF3 contains Trp?*° and
Trp?**is also colored blue. F, kinetics of [PHIMVHL peptide release from pre-TCs in the presence of eRF1 and eRF3 (green squares), eRF1, eRF3, and GTP (blue
circles), eRF1, eRF3, and mant-GTP (red circles), and in the absence of eRFs (black triangles). G, elution profiles from Superdex 75 of eRF1 (red), eRF3 (black), eRF1,
and eRF3 incubated in the presence of 100 um GTP (green) or GDP (blue), or in the absence of guanine nucleotides (magenta). The stained SDS-PAAG panels

show the presence of eRF1 and eRF3 in the corresponding elution peaks as indicated.

the mant-GDP concentration (Fig. 2F and data not shown). The
values of k_; were determined in displacement experiments
(Fig. 2E and data not shown). The association and dissociation
rate constants (Table 1 and Fig. 74) determined from the linear
plots and the calculated K, = 1.1 uM for the complex of mant-
GDP with eRF3:eRF1 were very similar to those obtained for
binding of mant-GDP to eRF3 alone (Table 1 and Fig. 7A).

40228 JOURNAL OF BIOLOGICAL CHEMISTRY

To examine whether 80 S ribosomes influenced the binding
of mant-GDP to the eRF3-eRF1 complex, eRF3 was first prein-
cubated with eRF1 and 80 S ribosomes in the ratio 1:3.5:3.75.
The concentration of ribosomes used in this experiment was
saturating at least for the eRF1-eRF3:GTP complex, as will be
shown in the next section (Fig. 4G). The kinetics of mant-GDP
binding to the complex was monitored by mant-GDP fluores-
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FIGURE 2. Binding of GDP and mant-GDP to eRF3 alone, to eRF3 and eRF1,
and to eRF3, eRF1 and 80 S ribosomes at 2.5 mm Mg?*. A, time course of
the association of mant-GDP (3 um) with eRF3 (0.5 um). B, dissociation of the
mant-GDP-eRF3 complex (0.5 um eRF3 and 3 um mant-GDP) in the presence
of GDP (150 um). The smooth lines represent single-exponential fits that
yielded the respective rate constants k,,,. C, concentration dependence of

values for eRF3/mant-GDP association. D, time course of the association
o#)mant GDP (3 um) with eRF3 (0.5 um) in the presence of eRF1 (5 um).
E, dissociation of the mant-GDP-eRF3-eRF1 complex (0.5 um eRF3, 5 um eRF1,
and 3 um mant-GDP) in the presence of GDP (150 um). F, concentration
dependence of k,,, values for eRF3/mant-GDP association in the presence of
eRF1. G, time course of the association of mant-GDP (4 um) with eRF3 (0.4 um)
inthe presence of eRF1 (1.4 um) and 80 S ribosomes (1.5 uM). H, concentration
dependence of k,,, values for eRF3/mant-GDP association in the presence of
eRF1 and 80 S rlgosomes. |, time courses of dissociation of the mant-
GDP-eRF3-eRF1 complex (0.4 um eRF3, 1.4 um eRF1, and 5 um mant-GDP) in
the presence of GTP alone (250 um) (curve a) or in the presence of GTP (250
um) and 80 S ribosomes (1.5 um) (curve b). Mant fluorescence was excited
either by FRET at 290 nm (A, B, D, E) or directly at 349 nm (G and /). J and
K, chase titration of eRF3-mant-GDP (0.4 um eRF3 and 3 um mant-GDP) and
eRF1-eRF3:mant-GTP (0.8 um eRF3, 8 um eRF1, and 3 um mant-GTP) com-
plexes, respectively, with GDP. Solid lines represent the results of the fits, as
described under “Experimental Procedures.”

TABLE 1

Interaction of eRF3 with Guanine Nucleotides

cence upon direct excitation (Fig. 2G). The association and dis-
sociation rate constants (Table 1 and Fig. 7A), determined from
the linear plot (Fig. 2H), and the calculated constant K, value
(~1 um) for binding of mant-GDP to the eRF3-eRF1-80S com-
plex were very similar to those obtained for binding of mant-
GDP both to eRF3 alone and to the eRF3-eRF1 complex (Table
1 and Fig. 7A). In direct displacement experiments, the pres-
ence of 80 S ribosomes did not influence the dissociation rate of
mant-GDP from its complex with eRF3-eRF1 (Fig. 21, curves a
and b).

The K;values of 1.3 and 1.1 uM for binding of unlabeled GDP
to eRF3 alone and to the eRF3-eRF1 complex, respectively
(Table 2), were determined by titrating eRF3:mant-GDP and
eRF3-eRF1‘mant-GTP complexes with unlabeled GDP (Fig. 2,/
and K) and were very similar to the values for its mant- deriva-
tive (Table 1).

These results indicate that eRF1 does not influence binding
of GDP to eRF3, and that the addition of 80 S ribosomes under
conditions when the majority of eRF3 was bound to eRF1 also
did not influence the binding affinity of GDP to eRF3 or the
exchange of GDP by GTP on the eRF3-eRF1 complex.

Kinetics of Interaction of eRF3 with GTP—The kinetics of
binding of mant-GTP to eRF3 was monitored by FRET at 0.5
uM eRF3, with the concentration of mant-GTP varying from 2
to 25 um (Fig. 3, A-C). In contrast to mant-GDP binding to
eRF3, fitting of the stopped-flow traces required two exponen-
tial terms (Fig. 3A4). The apparent rate constants of the fast step
were increasing linearly with the mant-GTP concentration,
while the rate of the slow step was practically unchanged. A
two-exponential time course could reflect either a two-step
binding pathway or simply heterogeneity of mant-GTP or of
the protein preparation. The biphasic kinetics was not a conse-
quence of presence of mant-GDP in the mant-GTP prepara-
tion, because we did not detect any mant-GDP in mant-GTP
preparations using TLC or HPLC (26, 30) (data not shown), and
because the investigation of mant-GTP and eRF3 binding in the
presence of an energy pump (phosphoenolpyruvate and pyru-
vate kinase) did not yield a single-exponential curve. Mant-
GTP is a mixture of the 2" and 3’ isomers present in an ~1:1
ratio (producer’s information); however, double exponential
kinetics could not be explained by isomerization of the mant-
group from 2’ to 3’ positions of the ribose moiety and subse-
quent preferential binding of eRF3 to one isomer either,
because double exponential transients were also observed using

Rate constants and equilibrium dissociation constants of the interaction between mant-guanine nucleotides and eRF3 alone or its complexes
with eRF1 and 80 S ribosomes determined by fluorescence stopped-flow

Complex Nucleotide k. k_, k., k_, K,
p,M”s” st st st M

eRF3 mant-GDP 3.1*0.1 24 *02 0.8 = 0.1
eRF3-eRF1 mant-GDP 22*0.1 24 * 0.6 1.1+0.3
eRF3-eRF1-80S mant-GDP 23 %02 23 1.1 1£05
eRF3 mant-GTP 0.7 £0.1 13*+1 25 *02 33*1 23 £3(11 49
eRF3-eRF1 mant-GTP 0.50 = 0.03 0.14 = 0.03 0.3 +0.1(0.3*0.19
eRF3-eRF1-80S mant-GTP 0.27 = 0.03 0.17 = 0.13 0.6 = 0.2
eRF3 (—Mg*") mant-GDP 6.7+02 14+ 0.6 0.2+ 0.1
eRF3-eRF1 (—Mg>") mant-GDP 7.6 £0.3 28 1.3 04 *0.2
eRF3 (—Mg>") mant-GTP 31*02 27 +3 3803 3+1 7+2(6=*0.19
eRF3-eRF1 (—Mg>") mant-GTP 35*04 13+1 25*0.3 1.7 0.5 24+ 0.9 (1.6 =029

“ Determined at equilibrium by fluorescence titration.
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TABLE 2

Equilibrium dissociation constants of the interaction between
guanine nucleotides and eRF3 alone or its complex with eRF1

Nucleotide K, K,-Mg>*

Complex

M M
1.3*+0.1 0.13 = 0.01
1.1 £0.1 0.45 £ 0.1
69 =7 47 =5
0.7 0.2 25+ 3
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FIGURE 3. Binding of GTP and mant-GTP to eRF3 at 2.5 mm Mg?™. A, time
course of the association of mant-GTP (4 um) with eRF3 (0.5 uMm). B, dissocia-
tion of the mant-GTP-eRF3 complex (0.5 um eRF3 and 4 um mant-GTP) in the
presence of GTP (200 um). The smooth lines represent double-exponential fits
to the data that yielded the respective rate constants k,,,; and k,,,,,, for the
first and second steps, respectively. C, concentration dependence of k,,,,
and k,,,,,. Smooth lines represent theoretical curves for the first (filled circres)
and second (open circles) step generated using the values of the elemental
rate constants in Table 1. D, time course of the association of mant-dGTP (4
um) with eRF3 (0.5 um). The smooth red and blue lines represent double-expo-
nential and single-exponential fits, respectively. Mant fluorescence was
excited either by FRET at 290 nm (A and B) or directly at 349 nm (D). £, titration
of eRF3 (0.5 um) with mant-GTP. The solid line shows the fit to the data using a
one-site binding model. F, chase titration of the eRF3-mant-GTP complex (0.8
um eRF3 and 3 um mant-GTP) with GTP. Solid line represents the result of the
fit, as described under “Experimental Procedures.”

mant-dGTP, which is unable to undergo isomerization (Fig.
3D). Heterogeneity of eRF3 is unlikely because biphasic kinetics
was not observed in the experiments with mant-GDP, and
because the same results with mant-GTP were obtained with
different eRF3 preparations. A two-step binding mechanism
involving isomerization of eRF3 prior to binding of mant-GTP
is also unlikely because it would be expected to cause two-ex-
ponential time courses for binding of mant-GDP as well, which
was not observed. The double exponential transients therefore
most likely reflect a two-step binding mechanism (which is not
uncommon for nucleotide-binding proteins) in which an initial
complex formed between eRF3 and mant-GTP undergoes sub-
sequent conformational change in Equation 9.

k. ki,
eRF3 + mant-GTP «<— eRF3-mant-GTP «<— eRF3-mant-GTP
k_, k_,

(Eq.9)

In a displacement experiment (Fig. 3B), the dissociation of
mant-GTP was also biphasic. By calculation (see “Experimental
Procedures”), the association rate constant for the first step was
k., = 0.7 um ' s, the rate constant of the following rear-
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eRF1 (5 um). B, dissociation of the mant-GTP-eRF3-eRF1 complex (0.25 um
eRF3,5 um eRF1, and 1T um mant-GTP) in the presence of GTP (50 um). The
smooth lines represent exponential fits that yielded the respective rate
constants k. C, concentration dependence of k.. D, titration of the
eRF3-eRF1 complex (0.1 um eRF3 and 2 um eRF1) Witﬁ mant-GTP. The solid
line shows the fit to the data using a one-site binding model. E, time
courses of the association of mant-GTP (0.8 um) with eRF3 (0.25 um) (curve
a), with eRF3 in the presence of eRF1(NM) (0.75 um) (curve b), and with
eRF3 in the presence of eRF1 (0.75 um) (curve c). F, chase titration of the
eRF1-eRF3:mant-GTP complex (0.8 um eRF3, 8 um eRF1, and 3 um mant-
GTP) with GTP. Solid line represents the result of the fit, as described under
“Experimental Procedures.” G, time courses of multiple turnover hydroly-
sis of GTP (10 uM) in the presence of 0.4 um eRF3, 1.4 um eRF1, and increas-
ing concentrations of 80 S ribosomes (0.1 um, black triangles; 0.4 um, black
squares; 1 um, black closed circles; 1.5 um, red closed circles; and 2 um, black
open circles). H, time course of hydrolysis of GTP (10 um) in the presence of
0.4 umeRF3, 1.4 umeRF1,and 1.5 um 80 S ribosomes shown as pmol of GTP
hydrolyzed by 1 pmol of eRF3. /, time course of the association of mant-
GTP (4 um) with eRF3 (0.4 um) in the presence of eRF1 (1.4 um) and 80 S
ribosomes (1.5 um). The smooth line represents a single-exponential fit.
J, concentration dependence of k,,,. Mant fluorescence was excited
either by FRET at 290 nm (A, B, and E) or directly at 349 nm (/).
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rangement was k,, = 2.5 s ', and the dissociation rate con-
stants k_, and k_, were 13 and 3.3 s~ ', respectively (Table 1
and Fig. 7A). The resulting calculated K, value of 23 um (Table
1) agreed well with the K, value obtained by equilibrium titra-
tion (Fig. 3E and Table 1). The K, value of 69 um for binding of
unlabeled GTP to eRF3 (Table 2) was estimated by titrating the
eRF3'mant-GTP complex with unlabeled GTP (Fig. 3F). In con-
clusion, these data indicate that the affinity of eRF3 for GTP is
more than one order of magnitude lower than for GDP, and that
mant-GTP dissociates from eRF3 at least as rapidly as mant-
GDP, because the slowest step for mant-GTP dissociation has a
rate constant of 3.3 s~ ', which is very similar to the dissociation
rate constant observed with mant-GDP, 2.4 s .

To examine whether eRF1 influenced the binding of mant-
GTP to eRF3, eRF3 was preincubated with a 20-fold excess of
eRF1 to form the eRF3-eRF1 complex. The time courses for
mant-GTP association (Fig. 4A) and dissociation (Fig. 4B)
showed a dominant step, the k,,, of which depended linearly on
the mant-GTP concentration (Fig. 4C). The association and
dissociation rate constants (0.5 uM~ ' s~ ' and 0.14's™ !, respec-
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tively) yielded a K, value of 0.3 um (Table 1 and Fig. 7A), which
was identical to the K, value obtained by equilibrium titration
(Fig. 4D and Table 1). Thus, in contrast to the binding of mant-
GDP to eRF3, which was not influenced by eRF1, the associa-
tion of eRF3 with eRF1 stabilized the binding of mant-GTP to
eRF3 by more than one order of magnitude. The stabilizing
effect was mostly due to lowering the dissociation rate constant,
from 3.3 s~ ' in the absence of eRF1 to 0.14 s~ " in its presence.
The effect of eRF1 was specific, because the eRF1(NM) trunca-
tion mutant that lacks the eRF3-binding CTD did not influence
binding of mant-GTP to eRF3, and as shown in Fig. 4E, the
stopped-flow traces for mant-GTP and eRF3 in the absence of
eRF1 (curve a) and in the presence of eRF1(NM) (curve b) were
similar and both differed strongly from the trace observed in
the presence of full-length eRF1 (curve c). The K, value of 0.7
uMm for binding of unlabeled GTP to the eRF3:eRF1 complex
(Table 2) was determined by titrating the eRF3-eRF1-mant-
GTP complex with unlabeled GTP (Fig. 4F) and was very simi-
lar to that for its mant-derivative (Table 1).

To examine whether ribosomes influence the binding of
mant-GTP to eRF3-eRF1, eRF3 was first preincubated with
eRF1 and 80 S ribosomes. To verify that the concentration of 80
S ribosomes was saturating, the time courses of multiple turn-
over GTP hydrolysis at fixed concentrations of eRF3 and eRF1
that were used for the mant-GTP binding assay and increasing
concentrations of 80 S ribosomes were measured (Fig. 4G). The
results of GTP hydrolysis confirmed that the concentration of
80 S ribosomes of 1.5 um used in the mant-GTP binding assay
was saturating for the eRF1-eRF3-GTP complex. The K, values
for binding of eRF1 and eRF3 individually to 80 S ribosomes
have been estimated as 1.8 um and 2.3 uMm, respectively (19).
The observation reported here that saturation was reached at
1.5 um 80 S ribosomes suggests that the affinity of the
eRF1-eRF3:GTP complex to 80 S ribosomes is higher than of the
individual factors. Although it would be preferable to investi-
gate the influence of ribosomes on binding of GTP to eRF3
using the non-hydrolyzable or slowly hydrolyzable GTP ana-
logs mant-GMPPNP or mant-GTP-vyS, neither of them
behaved like mant-GTP in binding to eRF3 or to eRF3+eRF1: the
affinity to eRF3 of mant-GMPPNP was lower, and the affinity of
mant-GTP-yS was noticeably higher than that of mant-GTP
(data not shown). However, consistent with prior data (16),
GTP hydrolysis by eRF3 was slow (Fig. 4H) and over the time
interval of the stopped-flow experiments (~6 s) constituted
~0.1 pmol of GTP per 1 pmol of eRF3. Consistently, kinetic
traces obtained with mant-GTP did not show behavior that
could be associated with GTP hydrolysis. The kinetics of mant-
GTP binding was monitored by the fluorescence of mant-GTP
upon direct excitation (Fig. 4/). The stopped-flow traces could
be fitted by a single-exponential term, and the apparent rate
constants were linearly dependent on the mant-GTP concen-
tration (Fig. 4/). The association and dissociation rate constants
(027 um s tand 0.17 s~ ', respectively), determined from the
linear plot, yielded the calculated K, = 0.6 um (Table 1 and Fig.
7A) for binding of mant-GTP to the eRF3-eRF1-80S complex,
which was very similar to the value for the binding of mant-
GTP to eRF3-eRF1 (Table 1). These results indicate that eRF1
strongly increases the affinity of GTP to eRF3, whereas 80 S
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FIGURE 5. Binding of GDP and mant-GDP to eRF3 alone, and to eRF3 and
eRF1in the absence of Mg?*. A, time course of the association of mant-GDP
(3 um) with eRF3 (0.5 um). B, dissociation of mant-GDP-eRF3 complex (0.5 um
eRF3 and 3 um mant-GDP) in the presence of GDP (150 um). The smooth lines
represent single-exponential fits. C, concentration dependence of k,, for
mant-GDP-eRF3 association. D, time course of the association of mant-GDP (5
uM) and 0.5 um eRF3 in the presence of eRF1 (5 um). E, dissociation of the
mant-GDP-eRF3-eRF1 complex (0.5 um eRF3, 5 um eRF1, 3 um mant-GDP) in

the presence of GDP (150 um). F, concentration dependence of k,,,,, for mant-

GDP-eRF3 association in the presence of eRF1. G and H, chase titration of
eRF3-mant-GDP (0.8 um eRF3 and 3 um mant-GDP) and eRF1-eRF3-mant-GDP
(0.8 um eRF3, 8 um eRF1 and 3 um mant-GDP) complexes, respectively, with
GDP. Solid lines represent the results of the fits, as described under “Experi-
mental Procedures.”

ribosomes do not appreciably influence the binding of GTP to
eRF3-eRF1.

Influence of Mg”" on Guanine Nucleotide Binding to eRF3—
Whereas GTP is usually bound to G proteins in a complex with
Mg>", and Mg>" contributes to the stability of GTP binding to
many G proteins, the requirement for Mg>™" to support binding
of GDP varies among G proteins (31). Although a Mg® " ion was
not found in eRF3 crystals into which GDP or GDPNP had been
soaked (18), we nevertheless examined the contribution of
Mg>" to the affinity of eRF3 for GDP and GTP by measuring the
binding of mant-GTP/GDP and unlabeled GTP/GDP to eRF3
and to eRF3-eRF1 in the absence of Mg>* and compared the
results with data from the experiments described above, which
were done in the presence of 2.5 mm Mg " In all kinetic exper-
iments, time courses were monitored by mant fluorescence
excited by FRET from tryptophan residues of eRF3.

In the case of mant-GDP and eRF3, the stopped-flow traces
could be fitted by a single-exponential term (Fig. 5, A and B),
yielding the k, , , values linearly increasing with mant-GDP con-
centrations (Fig. 5C). The association and dissociation rate con-
stants (6.7 um ' s~ ' and 1.4 s~ ', respectively) and the calcu-
lated K, value (0.2 um; Table 1 and Fig. 7B) indicate that in the
absence of Mg>" the affinity of mant-GDP to eRF3 is increased
about 4-fold because of both a small increase in the association
rate constant and a decrease in the dissociation rate constant.
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The K, = 0.13 uM for binding of unlabeled GDP to eRF3 (Table
2) was determined by titrating the eRF3-mant-GDP complex
with unlabeled GDP (Fig. 5G) and was very similar to that for its
mant-derivative (Table 1). In the case of mant-GDP and the
eRF3-eRF1 complex, the stopped-flow traces could also be fit-
ted by a single-exponential term (Fig. 5, D—F). The calculated
K, = 0.4 pum (Table 1) indicated that as in the case of eRF3
alone, the absence of Mg>" ions slightly increased the affinity of
mant-GDP to eRF3-eRF1, this time due to a slight increase in
the association rate constant k., = 7.6 um ' s~ ' (Table 1
and Fig. 7B). The K, = 0.45 um for binding of unlabeled GDP
to the eRF3-eRF1 complex (Table 2) was determined by
titrating the eRF3+-eRF1-mant-GDP complex with unlabeled
GDP (Fig. 5H) and again was very similar to that for its mant-
derivative (Table 1).

In the absence of Mg>" ions, the stopped-flow traces for
mant-GTP association/dissociation with/from eRF3 alone (Fig.
6, A and B) or eRF3-eRF1 (Fig. 6, Fand G) could only be fitted by
double exponential terms, which reflect a two-step binding
process. The k,,, values of the fast step increased linearly with
mant-GTP, whereas k,,, of the slow step was independent of
the concentration. For eRF3 alone, the association rate constant
for the first step was k,, = 3.1 um ' s %, the rate constant of
the following rearrangement k,, = 3.8 s~ !, and the dissocia-
tion rate constants k_, and k_,, were 27 and 3 s~ ', respectively
(Table 1 and Fig. 7B). The resulting K, value of 7 um (Table 1)
agreed well with the K, value obtained by equilibrium titration
(Fig. 6D and Table 1), and was lower than the respective value
measured at 2.5 mm Mg?" (Table 1). The K, value of 47 um for
the binding of unlabeled GTP to eRF3 in the absence of Mg>*
(Table 2), which was determined by titrating the eRF3-mant-
GTP complex with unlabeled GTP (Fig. 6E), was also somewhat
lower than the K, value for the binding of unlabeled GTP to
eRF3 in the presence of Mg>™ (Table 2). The absence of Mg>"
ions, however, had the opposite effect on binding of mant-GTP
to eRF3-eRF1. The association rate constant for the first step
was k,; = 3.5 um~ ' s7', the rate constant of the following
rearrangement step k., = 2.5 s~ ', and the dissociation rate
constants k_, and k_, were 13 and 1.7 s ', respectively (Table
1 and Fig. 7B). The resulting K, = 2.4 uM (Table 1) agreed well
with that obtained by equilibrium titration (Fig. 6/ and Table 1)
and was 5- 8-fold higher than the respective value measured at
2.5 mm Mg>* (Table 1). Thus, whereas the absence of Mg>™"
enhanced binding of mant-GTP/GDP to eRF3 alone and of
mant-GDP to eRF3-eRF1, binding of mant-GTP to eRF3-eRF1
was, on the contrary, stimulated by Mg?". The K, = 25 um for
binding of unlabeled GTP to the eRF3-eRF1 complex (Table 2),
which was determined by titrating the eRF3-eRF1-mant-GTP
complex with unlabeled GTP (Fig. 6/), was also substantially
higher than the K, value for the binding of unlabeled GTP to the
eRF3-eRF1 complex in the presence of Mg®>" (Table 2).

DISCUSSION

In this report we describe a kinetic and thermodynamic anal-
ysis of the interaction of eRF3 with guanine nucleotides in the
absence and in the presence of eRF1 and 80 S ribosomes. The
association and dissociation rate constants of guanine nucleo-
tide binding to eRF3 were measured using the fluorescent gua-
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FIGURE 6. Binding of GTP and mant-GTP to eRF3 alone, and to eRF3 and
eRF1inthe absence of Mg?*. A, time course of the association of mant-GTP
(4 um) with eRF3 (0.5 um). B, dissociation of mant-GTP-eRF3 complex (0.5 um
eRF3 and 6 um mant-GTP) in the presence of GTP (300 um). The smooth lines
represent double-exponential fits that yielded the respective rate constants
kaper and koo, for the first and second steps, respectively. C, concentration
dependence of k,,,; and k,,,,. Smooth lines represent theoretical curves for
the first (filled circﬁes) and the second (open circles) step generated using the
values of the elemental rate constants in Table 1. D, titration of eRF3 (0.5 um)
with mant-GTP. The solid line shows the fit to the data using a one-site binding
model. E, chase titration of the eRF3-mant-GTP complex (0.8 um eRF3 and 3
M mant-GTP) with GTP. Solid line represents the result of the fit, as described
under “Experimental Procedures.” F, time course of the association of mant-
GTP (5 um) and 0.5 um eRF3 in the presence of eRF1 (5 uMm). G, dissociation of
the mant-GTP-eRF3-eRF1 complex (0.5 umeRF3,5 umeRF1,5 um mant-GTP) in
the presence of GTP (250 um). The smooth lines represent double-exponential
fits. H, concentration dependence of k, ., and k,,,,. Smooth lines represent
theoretical curves for the first (filled circles) and the second (open circles) step
generated using the values of the elemental rate constants in Table 1./, titra-
tion of the eRF3-eRF1 complex (0.5 um eRF3, 5 um eRF1) with mant-GTP. The
solid line shows the fit to the data using a one-site binding model. J, chase
titration of the eRF1-eRF3-mant-GTP complex (0.8 um eRF3, 8 um eRF1,and 3
M mant-GTP) with GTP. Solid line represents the result of the fit, as described
under “Experimental Procedures.”
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nine nucleotide derivatives mant-GTP/GDP, and the equilib-
rium dissociation constants were determined both for
unlabeled GTP/GDP and for their mant-derivatives. In most
cases, very similar K, values were obtained for mant-labeled
and unmodified nucleotides, indicating that the nucleotide
binding properties of the factors were not affected by the mant
group; in three cases where the affinity was particularly low, it
was moderately increased by the presence of the mant group.
This suggests that the interactions of the mant group with the
protein are too weak to contribute to the affinity of tight com-
plexes, and may become apparent only when the complexes are
intrinsically unstable.
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FIGURE 7. The kinetic scheme of the interaction of eRF3 with guanine nucleotides. A, in the presence of 2.5

mm Mg?*. B, in the absence of Mg*™.

We found that at the physiological Mg?* concentration of
2.5 mMm, K, values for binding of GDP and GTP to eRF3 alone
were about 1 uM and 70 um, respectively. Thus, the affinity of
eRF3 for GTP is almost two orders of magnitude lower than for
GDP. The K, values obtained in the present study by equilib-
rium titration and kinetic methods agree well with recently
reported values (19), with the exception of the K, of the eRF3-
GTP complex, which was lower than that determined by nitro-
cellulose filtration (19). Most probably, the main reason for the
latter discrepancy is the use of a non-equilibrium detection
method (19), which could result in an artificially high dissocia-
tion constant for the labile complex. It was shown that filtra-
tion, being a nonequilibrium technique, tends to produce arti-
facts when rapid reactions and/or weak complexes are
investigated (32—35). Whereas the kinetics of mant-GDP bind-
ing to eRF3 was consistent with a one-step binding mechanism,
the interaction of eRF3 with mant-GTP was more complex, and
double-exponential time courses were indicative of a two-step
binding process in which the initial association of mant-GTP
and eRF3 is followed by a conformational change. Because the
k. values in all cases were much lower than the expected dif-
fusion-controlled association rate constants, an additional ini-
tial rapid equilibrium binding step cannot be excluded (36).
However, if it exists, this step must be readily reversible and
does not contribute appreciably to the affinity of the complexes.

Both mant-guanine nucleotides dissociated rapidly from
eRF3 with the rates of 2.4 s~ ! for mant-GDP and 3.3 s~ * for the
rate-limiting step for mant-GTP dissociation. Consistent with
the previously reported data (18), the affinity of GDP to eRF3
alone was higher in the absence of Mg>* (K, = 0.13 um). How-
ever, in contrast to the same report (18) but consistent with
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same degree, i.e. a factor of 100. At
high concentrations of proteins,
both the binary eRF1-eRF3 and ter-
nary eRF1:eRF3-GTP complexes are
stable and can be isolated by gel filtration; however, the differ-
ence in affinities may become apparent at low factor concen-
trations. This would explain the apparent requirement for GTP
of eRF1/eRF3 association reported when studied by immuno-
precipitation (37), which is a non-equilibrium method with a
strong bias toward isolating high affinity complexes.

In kinetic experiments, association of eRF3 with eRF1 in the
presence of 2.5 mm Mg>" lowered the dissociation rate con-
stant for mant-GTP ~24-fold. The stimulatory effect of eRF1
on binding of eRF3 to GTP strongly depended on the presence
of Mg>*. Thus, in the absence of Mg>", association of eRF3
with eRF1 resulted in only a 2-fold increase of the affinity of
eRF3 to GTP (K, ~ 25 um). 80 S ribosomes did not appreciably
influence either binding of guanine nucleotides to the
eRF1-eRF3 complex or GDP/GTP exchange on it, in notable
contrast to bacterial ribosomes, which were reported to accel-
erate GDP exchange on RF3 (15).

Taken together, our data therefore indicate that the mecha-
nism of guanine nucleotide exchange on eRF3 differs funda-
mentally from that on prokaryotic RF3 and that in addition to
inducing peptide release and GTP hydrolysis (17), the mutual
interdependence of eRF1 and eRF3 in termination also involves
guanine nucleotide binding to eRF3. Taking into consideration
that GTP is present in a ~10-fold molar excess over GDP in the
cytosol (38), but that eRF3 has a ~100-fold higher affinity to
GDP than to GTP, we suggest that in the cytoplasm, any eRF3
thatis not associated with eRF1 will exist in a GDP-bound form.
However, at physiological Mg>* concentrations, the affinity of
the eRF1-eRF3 complex to GTP is even slightly higher than to
GDP, and the dissociation of GTP from the complex is much
slower than of GDP, so that eRF3 will predominantly be bound
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to GTP in a relatively long-lived eRF1:eRF3-GTP ternary com-
plex. The important implication of this finding is that eRF1 and
eRF3 most likely bind to the ribosomal A site of pretermination
complexes as a ternary complex with GTP, in analogy to the
eEF1A-GTP-aminoacyl-tRNA complex, as first suggested by
Nakamura et al. (39). This proposal is consistent with the struc-
tural similarity between eRF3 and eEFla (9, 18, 40) and the
similar shapes of tRNA and eRF1 (41). According to a recent
model for translation termination in eukaryotes (17), hydrolysis
of GTP by eRF3 is required for, and therefore is likely to pre-
cede, the hydrolysis of peptidyl-tRNA. It is not known whether
eRF3-GDP dissociates from the ribosome after GTP hydrolysis
or whether it remains associated with the complex until pepti-
dyl-tRNA is hydrolyzed and then dissociates from the post-
termination complex as a complex with eRF1. However, even if
eRF3-GDP dissociates from the post-termination ribosome
alone, GDP/GTP exchange on eRF3 would occur readily as
soon as eRF3 binds again to eRF1.

The mechanism of nucleotide binding/exchange on eRF3
and the role of eRF1 are very distinct among GTP-binding pro-
teins. In most GTPases, such as small Ras-like GTPases, hetero-
trimeric G proteins, and EF-Tu, GTP/GDP binding is stabilized
by a Mg®" ion that is coordinated by elements of switch I and
switch II regions (31). The intrinsic GDP dissociation from
these proteins is very slow, limiting GTP binding, and specific
GEFs are therefore required to accelerate nucleotide exchange
to physiologically relevant rates. The structures of GEFs are
diverse, but they all involve disruption of the nucleotide binding
site by disturbing structural elements that interact with the
guanine base and the 3-phosphate and by opening the switch I
and switch II regions; this results in the destabilization of Mg*™
binding, which in turn promotes GDP dissociation (42). How-
ever, for a few proteins, such as the Fth component of the bac-
terial signal recognition particle (SRP), Mg " does not contrib-
ute significantly to the affinity of GTP/GDP binding, and
exchange of nucleotides is rapid and spontaneous (43). Similar
considerations may apply to translation factors such as IF2 and
EF-G for which no GEFs have been identified. Similarly, Mg**
does not stabilize GDP binding to eRF3 alone or to its complex
with eRF1, and a GEF is not required for rapid GDP dissociation
from any form of the factor. eRF1 clearly does not act like a
classical GEF, which increases the dissociation of GDP from a
GTPase, but rather shows characteristics reminiscent of
another group of GTPase regulatory proteins, GDP-dissocia-
tion inhibitors (GDIs), which stabilize the binding of GDP to
the Rho and Rab GTPase subfamilies (44). Crystallographic
analysis of Rac2-LyGDI and Cdc42-RhoGDI complexes (45, 46)
indicates that the regulatory domain of the GDI binds to the
switch I and switch II regions of the GTPase, competing with
GEF proteins but importantly also stabilizing precisely those
elements of the Mg>™ ion coordination network that are dis-
rupted by GEFs (47, 48). Consequently, RhoGDI likely inhibits
GDP dissociation from Rac2 and Cdc42 by stabilizing the
switch I-mediated binding of the Mg®" ion in the GDP confor-
mation of the proteins and possibly also by preventing confor-
mational changes in switch II that would disrupt the coordina-
tion of the Mg”* ion. Another example for guanine nucleotide
stabilization was found in the SRP-related GTPases, Ffth and
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FtsY, which interact via their GTP binding domains and recip-
rocally stimulate the GTPase activities of one another (49). In
analogy to what we have observed for the eRF3-eRF1 complex,
only the affinity for GTP was increased in the complex, whereas
the affinity for GDP remained unchanged (50). However, the
important difference between the Rho-RhoGDI and Fth-FtsY
complexes compared with eRF3-eRF1 is that in the former
cases the contacts and consequently the effects on nucleotide
binding are mediated by the G domains of these GTPases and
involve their respective nucleotide binding pockets (51-53). In
contrast, modulation by the eRF1 of eRF3 affinity for GTP is
indirect and is mediated through their respective interacting
C-terminal domains. However, direct contact of the G domain
of eRF3 with some other regions of eRF1 cannot be excluded at
present.

The crystal structure of yeast eRF3 (18) offers an attractive
hypothesis for the mechanism, by which eRF1 might stabilize
the binding of GTP to eRF3. The structures of the GTP binding
domain 1 and the B-barrel domains 2 and 3 of eRF3 are similar
to the respective domains of EF-Tu and eEF1q, but the orien-
tation of domain 1 relative to domains 2 and 3 in eRF3 and in
eEF1a/EF-Tu-GDP differ by 144° (40, 54). In contrast to EF-Tu,
Mg>" is not apparent in the eRF3 crystal structure and the
switch I and switch II elements that usually coordinate Mg?"
binding in G domains are either disordered (switch I) or, over
limited regions, oriented differently compared with equivalent
residues in EF-Tu, and are too far from the Mg>* binding site to
coordinate the ion (switch II). Sequence conservation and
mutational analyses suggest that eRF1 binds to eRF3 near the
domain 2/domain 3 interface, adjacent to domain 1 (18). We
suggest that the binding of eRF1 to eRF3 may influence the
position of domain 1 relative to domains 2/3 and induce a rear-
rangement of domain 1 that stabilizes the ordered conforma-
tion of the switch I and switch II elements such that they better
coordinate the Mg>" ion. Our observation that the stimulatory
effect of eRF1 on binding of eRF3 to GTP depends on the pres-
ence of Mg>" is consistent with this suggestion. If eRF1 indeed
stabilizes binding of Mg®" to eRF3, then such stabilization
could also be responsible for eRF1 activity in stimulating GTP
hydrolysis by eRF3 on the ribosome (10, 11), because Mg>™" is
essential for this process for many GTPases (31, 42). Atomic
structures of eRF1:eRF3 complexes with different guanine
nucleotides are required to identify structural changes in the
switch I and switch II regions of eRF3 caused by eRF1 that are
responsible for eRF1 stimulation of GTP binding to eRF3.
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