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ABSTRACT. Ribosome recycling factor (RRF) and elongation factor-G (EF-G) are jointly essential for
recycling bacterial ribosomes following termination of protein synthesis. Here we present equilibrium
and rapid kinetic measurements permitting formulation of a minimal kinetic scheme that accounts
guantitatively for RRF and EF-G interaction on tBecherichia coliribosome. RRF and EF-G (a) each
form a binary complex on binding to a bare ribosome which undergoes isomerization to a more stable
complex, (b) form mixed ternary complexes on the ribosome in which the affinity for each factor is
considerably lower than its affinity for binding to a bare ribosome, and (c) each bind to two sites per
ribosome, with EF-G having considerably higher second-site affinity than RRF. Addition of EF-G to the
ribosome-RRF complex induces rapid RRF dissociation, at a rate compatible with the rate of ribosome
recyclingin vivo, but added RRF does not increase the lability of ribosome-bound EF-G. Added thiostrepton
slows the initial binding of EF-G, and prevents both formation of the more stable EF-G complex and
EF-G-induced RRF dissociation. These findings are relevant for the mechanism of post-termination complex
disassembly.

Current progress in the structural elucidation of bacterial measured on a bare ribosome or in a model termination
ribosomes1—5) has spurred renewed interest in determining complex containing both discharged tRNA and mRNA, and
the precise mechanisms by which the ribosome catalyzeswas largely prevented by added thiostrepton. These and other
protein synthesis@). Disassembly of the post-termination results were then used to propose a model for EFR&F
complex, the last step in protein synthesis, is unique in interaction on the ribosome during the recycling process.
requiring the simultaneous presence of two soluble factors, Here we utilize fully functional fluorescent derivatives of
ribosome recycling factor (RRFand elongation factor-G  both RRF and EF-G to carry out the first kinetically resolved
(EF-G). The interaction of these two factors on the ribosome study of RRF, EF-G, and thiostrepton interactions on the
has previously been studied by a variety of approachesribosome. These measurements, along with related equilib-
(7—17), but the precise mechanism of the disassembly rium measurements, permit formulation of a minimal kinetic
process remains uncledd, (14, 18, 19). scheme that accounts quantitatively for such interactions. Our

Recently, Kielet al. (15) exploited a Millipore filtration ~ results lead to the following principal conclusions. (1) RRF
technique to investigate RREF-G interactions on the —and EF-G*GDPCP each form binary complexes with the
ribosome. They found that in the presence of either GTP, ribosome in two-step reactions, in which an initially formed
GDPCP (a GTP analogue in which theandy-phosphates ~ complex is followed by a more stable complex. (2) Added

are bndged by a Cngoup), or GDP, added EF-G induces EF-G*GDPCP both destabilizes and labilizes blnd|ng of
the release of RRF from the ribosome by weakening its RRF to the ribosome via formation and breakdown of mixed

affinity. This effect was essentially the same whether it was ternary complexes. (3) Added thiostrepton slows initial
binding of EF-G, and prevents both formation of the more

stable EF-G complex and EF-G-induced RRF dissociation.
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1 Abbreviations: CPM, 7-(diethylamino)-3‘(naleimidylphenyl)-
4-methylcoumarin; CPS, 7-(diethylamino)-3-&uccinimidylphenyl)-
4-methylcoumarin; EF-G, elongation factor-G; GDPCP, GTP analogue .
in which the- andy-phosphates are bridged by a Ctoup; RRF, Buffers and Materials
ribosome recycling factor; ThS, thiostrepton; EF-G*GDPCP, elongation - . . .
factor-G bound to GDPCP; EF-G-216-CPS*GDPCP, EF-G-216-cPS  Binding and kinetics experiments were conducted in FB
bound to GDPCP. buffer, 50 mM Tris-HCI (pH 7.5 at 25C), 30 mM KClI,
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and 10 mM MgC}, unless otherwise specified. Storage buffer Tris-HCI (pH 7.5, 25°C), 70 mM NH,CI, 30 mM KClI, 7
consists of 50 mM Tris-HCI (pH 7.6), 100 mM KCI, 10 mM  mM MgCl,, and 1 mM dithiothreitol were as follows: 0.8
MgCl,, 1 mM dithiothreitol, and 15% glycerol. Tightly u«M EF-G (or EF-G derivative), 0.&M ribosomes, and 5
coupled ribosomes were prepared frdbscherichia coli uM GTP.

MREG600 cells as described previousBOj, except in the o

last step ribosome pellets were resuspended in FB buffer.Equilibrium Fluorescence Measurements

E. coli RRF was prepared as described previous).(The Fluorescence spectra at 25 were acquired using SPEX
RRF concentration was determined by the Bradford assay rjyorolog-3, Instrument S.A., Inc.) with excitation at 395
(21) using a bovine serum albumin standard and multiplying ,m. Solutions were incubated at 3C for 5 min and at 25

by a correction factor (0.73) for the color yield, which was o for 30 min before spectra were recorded. All spectra were
determined by quantitative amino acid analysis of RRF total ¢qrrected for small contributions from fluorescence and/or
hydrolysate. Clones for C-terminally His-taggédcoli EF-G light scattering of ribosomes and, as appropriate, unlabeled
and for its triple variant (C113D/C265A/C397S) were nroteins and thiostrepton. Inner filter effect corrections were
provided by K. Wilson and H. Noller (University of  nade as described previouslgs. Equilibrium constants
California, Santa Cruz, CA). The C16S-RRF variant was also \yere obtained by fitting equilibrium fluorescence measure-
provided by H. Noller. The quadruple EF-G variant (C113D/ \ents using IGOR Pro (WaveMetrics, In&)z, the apparent

C265A/C397S/E216C) was provided by J. van Dijk and Y. Kq for the 1:1 ribosomeRRF-CPS complex (Figure 1A),
Goldman (University of Pennsylvania). EF-G proteins were 55 determined by fitting of eq 1

purified on a Ni-NTA (Qiagen) column as described
previously 2). Eluted protein was concentrated and buffer- [F], =
exchanged with storage buffer using a Centricon-30 con- P
centrator (Millipore). The EF-G concentration was deter- [Fl; + [R]; + Kig — \/([F]t + [R]; + Kip)” — 4[F]{[R];
mined by the Bradford assayl) using a bovine serum 2

albumin standard, which gave values virtually identical to (1)
those obtained whempg is set to 62 200 M* cm™? (23).
7-Diethylamino-3-(4-maleimidylphenyl)-4-methylcou-
marin (CPM) was obtained from Molecular Probes.

where [R] is the total ribosome concentration, {f§ the
total RRF-CPS concentration, and {R$ the ribosome
RRF-CPS concentration.

Preparation of CPS-Labeled Proteins Values of [F}, were obtained from eq 2
RRF-CPSLabeling reactions were performed in subdued .
light. RRF (504M, 1 mg/mL) and CPM (50Q«M, added [FI, = (F¢ — fulFIp/(f, — f) (2)

from a 5 mMsolution in DMSO) were incubated in 50 mM
Tris-HCI (pH 7.5) and 50 mM KCI at room temperature for
12 h in a reaction vessel covered with aluminum foil.
Agitation was provided by an end-over-end mixer/shaker to
counter CPM precipitation. The reaction was terminated by
adding 2-mercaptoethanol to a final concentration of 10 mM.
Precipitated material was removed by filtration through a
0.1um membrane filter (Millipore). Excess dye was removed
by gel filtration (PD-10, Amersham) followed by several
cycles of concentration and exchange with FB buffer using
a Centricon-10 concentrator (Millipore). Labeled protein had
a stoichiometry of 1.03 CPS/protein, calculated using an
ngo,cpsOf 27 000 Mt cm™t (24).

wheref, andf, are the specific fluorescence intensities of
RRF-CPS in the unbound and bound states, respectively, and
Fc is the inner filter effect-corrected fluorescence measured
as [R}] is varied.

Values forKg, the appareniy for the 1:1 ribosome
EF-G-216-CPSGDPCP complex in the absence and pres-
ence of thiostrepton (Figure 3B) were obtained similarly.

Values ofKs—Kj; were determined by globally fitting the
results in Figure 4 to Scheme 3, using the valueKefK,
determined from the results presented in Figures 1, 3, 5, and
6 and the constraints imposed by three thermodynamic cycles
(egs 3a3c).

EF-G-216-CPS. Labeling of C113D/C265A/C397S/ Ky = Kg/K, (3a)
E216C-EF-G (14M, 1 mg/mL) with CPM (1 mM) in 50
mM Tris-HCI (pH 7.5), 100 mM KClI, and 10% DMSO Ky = KydK,y (3b)
proceeded similarly, except that reaction was more rapid (30
min, room temperature). The labeled protein, purified as K5K1_ KKq 3
described above, had a stoichiometry of 1.05 CPS/protein. KoK N K, (3¢)

Assays of RRF Actity

RRF and RRF-CPS hinding to 70S ribosomes following o
incubation for 5 min at 37C and for 30 min at 28C was Stopped-flow fluorescence emission traces atQsvere
quantified using Microcon 100 (Millipore) filtration, in which ~ @cquired using an Applied Photophysics SX.18MV stopped-
the amount of bound RRF was determined by Western flow spectrofluorometer with excitation at 395 nm. Emission

blotting as described previousl@)( RRF- or RRF-CPS- ~ Was monitored using a 455 nm long pass filter (Thermo
induced conversion of polysomes to monosomes was per_Oriel). All concentrations specified in the figure legends refer

Stopped-Flow Measurements

formed as described previouslg)( to final concentrations in the mixing chamber. At least five

} independent fluorescence traces were averaged for each
Single-Turneer GTPase reported result.

Quenched-flow experiments were carried out at°g€7 Analysis of Stopped-Flow Datén all fittings, the back-

using a Kintek apparatus. Final concentrations in 50 mM ground fluorescence and/or light scattering of ribosome alone
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o4 A (with or without unlabeled protein, with or without thiostrep-
v ton as appropriate) was measured separately in the stopped-
v flow instrument and subtracted from the experimental traces.
Binary SystemsApparent rate constants for the biphasic
binding of RRF-CPS or EF-G-216-CPS*GDPCP to the
ribosome (Figures 5 and 6) were determined by fitting
fluorescence data to eq 4 in whiétft) is the fluorescence
at timet, F., is the fluorescence at the end of the reaction,
and AF; and AF;, are the changes in fluorescence during
the first and second phases of the reaction, respectively. Fits
for monophasic binding of EF-G-216-CPS*GDPCP to the
ribosome in the presence of thiostrepton (Figures 6A and
T T | T T 7B) were performed settingF, equal to zero.

[RRF]ggyng (HM)

= —

[RIRF]TotaI (02r [RRF'CSS]TUINJ {H":"} ° Fit)=F, + AFle_kapplt 4 Aer—kappi 4)

Individual rate constantsk{—k_, and ks—k-;) were
calculated by globally fitting the results (Figures 5 and 6) to
the following two-step binding model, in which A is the
fluorescent factor and B is the ribosome, and are presented
in Table 1.

w

I
-
£
=

A+B=C=D

Relative fluorescence values for species C and D (i.e.;, RF
RF.2, RGny, and RGy,) were calculated setting the value for
A equal to 1, and are presented in Table 2.

Global Fitting to Scheme .3Mlicroscopic rate constants
were determined by globally fitting stopped-flow kinetic data
in Figures 7 and 8 to Scheme 3, using the independently
determined equilibriumi(s—Kj) and rate k;—k-4) constants
as constraints and the program Scientist (MicroMath Re-
! ! ! ! ' search, LC). Stopped-flow fluorescence traces were fit to

0.0 05 1.0 15
[RiboSOME]1gya(HM) eq 5
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C

where F; is the specific relative fluorescence of each
fluorescent species | in solution containing RRF-CPS or EF-
G-216-CPS and the relative fluorescence of RRF-CPS or of
EF-G-216-CPS*GDPCP is taken to be 1.0. Fittedalues

— for the various complexes relevant to Figures 7 and 8 are

RRF RRF-CPS presented in Table 2.
Net rate constants were calculated as described previously

(26).

RESULTS

Protein Labeling with CPMWild-type RRF was labeled
FiGURe 1: Functional activity of RRF-CPS. (A) Binding to ribo- 0N its unique Cys residue (Cys 16) to produce RRF-CPS.
somes as measured by the Microcon 100 method with @\25i- Proof that labeling occurred only on the Cys residue comes
bosomes. (B) Binding to ribosomes as measured by the change infrom the Ellman assay2{), which gave stoichiometries of
fluorescence of RRF-CPS at 470 nm. Results with a fixed ribosome g 94 and 0.013 Cys residue/RRF prior to and following
concentration of 1.@M (right and top axe®) represent the differ- R :
ence in fluorescence intensity due to binding of RRF-CPS to the derlva.ltlzatlon W_'th CPM, respectively, and from the lack of
ribosome and are fit with &4 of 0. 17 uM (—). Results with a CPM incorporation Wh_en the C16S-RRF variant was rea}Cted
fixed RRF-CPS concentration of 0.2 (left and bottom axes,  in a parallel fashion with CPM. The quadruple EF-G variant
0) represent the relative ratio of fluorescence intensity as a function containing a single cysteine at postion 216 was also labeled

of ribosome concentration, and are fit wittka of 0.13uM (**).  \vith CPM to a stoichiometry of 1.05 Cys/EF-G, yielding
(C) Breakdown of the polysome to monosomes. The reaction mix- _ .

ture contained 4.9M EF-G, 3634M GTP, 50xM puromycin EF-G-216-CPS. The Ellman assay gave stoichiometries of
8.2 mM magnesium sulfate, 0% unit of polysomes, and RRF~ 0.99 and 0.044 Cys residue/EF-G prior to and following
as indicated: (top) no RRF, (left) 3:M RRF, and (right) 3.6:M derivatization with CPM, respectively.

RRF-CPS. The reaction mixture was incubated at’G0for 15

min and then centrifuged through a 15 to 30% sucrose gradient in Equilibrium Binding Studies

a Beckman SW 50.1 rotor. Théaxis isAygo, and theX-axis is the o . .
fraction number. The horizontal arrow indicates the direction of ~ Binding (1:1) of RRF-CPS to the Ribosomealktiation
sedimentation. of Kir. As demonstrated using the filtration binding assay
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Ficure 2: Binding of RRF-CPS to ribosome®ll solutions 10

contained 0.1&M RRF-CPS (spectrum 1). The solutions for spectra
2—7 had the following additional components: (2)¥ ribosome,

(3) 1 uM ribosome and M EF-G, (4) 1uM ribosome, 3uM
EF-G, and 20uM GTP, (5) 1uM ribosome, 3uM EF-G, and
200 uM GDP, (6) 1uM ribosome, 3uM EF-G, and 200uM
GDPCP, and (7) 5.8M RRF and 1uM ribosome. RRF or EF-G
was added after addition of RRF-CPS.

O NoRRF
B RRF at 20 uM
VvV RRF at40 uM
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Ficure 4: Equilibrium measures of RRF and EF-G*GDPCP
interaction on the ribosome. (A) Binding of RRF-CPS to ribosomes
in the presence of EF-G*GDPCP. The fluorescence of RRF-CPS
(0.26uM) was measured at 470 nm. Measurements were performed
following successive addition of ribosomes and EF-G. The curve
in the absence of EF-G, repeated from Figure 1B, is shown for

0.6 —

0.4 —

Relative fluorescence

0.2

0.0 - | T , T T comparison. (B) Binding of EF-G-216-CPS*GDPCP to ribosomes
440 460 480 500 520 in the presence of RRF. The fluorescence of EF-G-216-CPS (0.4
Wavelength (nm) uM) was measured at 470 nm. Measurements were performed

following successive addition of ribosomes and RRF. The curve
in the absence of RRF is shown for comparison. In panels A and
B, the GDPCP concentration was 3@0. Solid lines through
experimental traces are the result of global fitting to Scheme 3,
yielding estimates foKs—K;;. Dashed lines are simulations based
solely on a competitive interaction between RRF and EF-G for
interaction with the ribosome, using the valueskaf (0.2 uM),

Kig (0.05uM), Fgre+ (1.6), andFge+ (0.88).

0.07 uM). These values are essentially identical to those
measured elsewherg, (L5, 28). RRF-CPS was also as active

% Decrease in Fluorescence

7 o T Thceon as RRF in disassembling a model post-termination polysome
2 complex (Figure 1C). These results demonstrate that, com-
0 pared to unmodified RRF, RRF-CPS binds with essentially
) T T T T T unaltered affinity to the high-affinity RRF site on the
0.0 0.5 1.0 1.5 20 25 .
[Ribosome],q,, (1M) ribosome.

o ) The fluorescence spectrum of RRF-CPS shows a small
Ficure 3: Binding of EF-G-216-CPS to ribosomes. (A) Fluores- e shift (from 476 to 468 nm) and a sizable increase (1.6-

cence of EF-G-216-CPS. All solutions contained AN EF-G- fold d at bindinga to rib Fi 5
216-CPS and 200M GDPCP (omission of GDPCP had no effect [0/d, measured atmag on binding to ribosomes (Figure 2).

on spectrum 1). The solutions for spectra 2 and 3 had the following Added unlabeled RRF competes with this binding, nearly
additional components: (2) 1,6M ribosomes and (3) 1.aM restoring the fluorescence spectrum of unbound RRF-CPS
ribosomes and 10M thiostrepton (- - -). (B) Fluorescence titration  (Figure 2). The fluorescence change allowed estimation of
of 0.3uM EF-G216-CPS and 200M GDPCP with ribosomes in 5 gjsgociation constant for binding of RRF-CPS to the
the presence and absence of thiostrepton #M). The data . . . .
represent the difference in fluorescence intensity due to binding of "iPosomes (Figure 1B) of 0.1 0.05uM. This value is
EF-G-216-CPS to the ribosome. indistinguishable from that determined by filtration (Table
1), when measured by titrating a fixed ribosome concentra-
(Figure 1A), RRF-CPS bhinds to 70S ribosomes with a tion with increasing RRF-CPS. A slightly lower value, 0.13
macroscopic dissociation constdt (0.18+ 0.03uM) that 4+ 0.03uM, is obtained when the titration is repeated at a
is virtually the same as that for unmodified RRF (026 fixed RRF-CPS concentration and an increasing ribosome
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Ficure 5: Kinetics of RRF-CPS interaction with ribosomes. (A)
RRF-CPS (0.22M) is rapidly mixed with ribosomes (top trace, 6
uM; bottom trace, 2«M). Each trace is fit to eq 4. As a control,
RRF-CPS is mixed with the binding buffer. (B) Dependence of
apparent rate constants on ribosome concentration.

concentration (Figure 1B). This is the more reliable value
for the 1:1 complex, since small amounts of the ribosome
(RRF) complex (see below) will be formed when RRF is
present in excess over ribosomes.

Binding (1:1) of EF-G-216-CPS to the Ribosomeaki-
ation of Kg. The fluorescence spectrum of EF-G-216-
CPS*GDPCP shows a small decrease in intensit§(q%o)
on binding to ribosomes (Figure 3A), permitting measure-
ment of a macroscopic dissociation constgatfor binding
of EF-G-216-CPS*GDPCP to ribosomes, 0.658.024uM
(Figure 3B), comparable to the value of 08 previously
reported for wild-type EF-G5DP 29). Furthermore, under
conditions in which virtually all added EF-G is ribosome-
bound, EF-G-216-CPS displays activity in single-turnover,
ribosome-dependent uncoupled GTPagg € 57.5+ 12.7
s 1) virtually identical to that of wild-type EF-Gkpp= 59.0
+ 14.7 sY (data not shown). The latter value is identical
to that reported previoush3(Q). These results demonstrate
that EF-G-216-CPS*GDPCP is functionally identical to
EF-G*GDPCP with respect to interaction with a high-affinity
site in the ribosome.

EF-G Effect on RRF BindingAs demonstrated in Figure
2, added EF-@uanosine nucleotide complexes induce

Seoet al
A
[Ribosome]
1007 0.8 uM
8y
8
c
@
[&]
o
§ 0.98 — 1.0 uM
o
o + TS
S 0.96 — 1.4 uM
o
0.94 20 1M

] I ] I | I
0.0 0.1 0.2 0.3 0.4 0.5
Time (s)

0.0 0.5 1.0 1.5 2.0
[Ribosome] (uM)

Ficure 6: Kinetics of EF-G-216-CPS interaction with ribo-
somes. (A) EF-G-216-CPS (0iM) and GDPCP (10@M) were
rapidly mixed with ribosomes (0-8.0 uM). The black trace

is for 1.0 uM ribosomes preincubated with 1M thiostrepton.
Others are shown in gray. Traces in the absence of thiostrepton
are fit to eq 4. The trace in the presence of thiostrepton was fit
to a single exponential. Traces were offset for clarity relative to
1.0uM ribosomes by 0.02,-0.02, and—0.04 for 0.8, 1.4, and 2.0
uM ribosomes, respectively. (B) Dependence on ribosome con-
centration of apparent rate constants for binding of EF-G-216-
CPS*GDPCP to ribosomes in the absen€e £) and presence
(@, a) of RRF.

release fall in the following order: GDPCP GDP~ GTP

> no added nucleotide [which agrees with the order
determined using the filtration binding assahb)]. These
results confirm that GTP hydrolysis is not required for
induction of RRF release.

A related set of results is presented in Figure 4A, which
also demonstrates that added EF-G*GDPCP decreases the
affinity of RRF-CPS for the ribosome. The results obtained
show fluorescent changes larger than those predicted by a

substantial reversal of the increase in fluorescence thatsimple competitive interaction of both factors for the
accompanies binding of RRF-CPS to ribosomes, which we ribosome, based on the values Kf and Kz determined
interpret as reflecting release of ribosome-bound RRF-CPS.above, providing evidence for formation of the mixed ternary
Measured at a single concentration of EF-G, the extents ofribosomeRRF-CPSEF-G-GDPCP complex (see below).
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Table 1: Rate and Equilibrium Constahts

rate constants equilibrium constants
kk=3.1£01)x 1M ts? Figure 5 Ky =0.61+ 0.04uM Figure 1A,B
k1=19+0.1s"? Kz =kok-,=3.7+ 0.6
ko=2.24+0.1 st Kig = Kl/(l+ Kz)
k,=0.6+01s"? =0.26+ 0.07uM RRP

0.18+ 0.03uM RRF-CP3
0.17+ 0.05uM RRF-CPS
= 0.13+ 0.03uM RRF-CPS

ks=(31+£3) x 1FM1s? Figure 6A,B Ks= 0.4+ 0.2uM Figure 3B
k73=12:|:63_1 Ka=kdks=6+2

ki=14.3+17s? Kie = Kg/(1 + Ke) = 0.053 0.024uM

k4=24+07s?

ks=(28+£3) x 1PM1s?! Figure 7

ks5=82+9s" Ks=2.9+1.0uM Figure 4
ke=2.3+£0.2s? Ke = ke/lk-6 = 1.8+ 0.7

ks=13+03s? K;=4.0+ 1.5uM

ky=(5.7+2.0)x 1° M~ts?

k;,=23+9s?

ks=(3.0£0.3)x 1P M~ts?t Figure 8A,B Kg=5.3+1.1uM Figure 4
kg=16+3s? Ko = 1.33+ 0.09uM

kg = (27:|: 01) x 1PM1st Kir=Kg+ Kg=6.7%+ ll/lM

k¢=36+02s"?

kio=(10.4£0.3)x 1P Mts?t Figure 8C Ki0=0.3+0.1uM Figure 4
k10=3.1+£09s? K11 =0.048+ 0.007uM

ki = (33:|: 03) x 1PM~1st Kic = Ko+ K11 =0.35+ Oll/,tM

k_11 =0.164+0.02 gl
2Values determined from fluorescence measurements, except as otherwise indibatedmined by a Microcon 100 filtration assay.

Table 2: Relative Fluorescence Valéi@s Equilibrium and Stopped-Flow Experiments

samplé equilibriun? stopped-flow samplé equilibriunf stopped-flow
Fer 1.00 1.00 Fer 1.00 1.00
Fre 1.56+ 0.06 Fre* 0.884+ 0.02
Fre*ths 0.83+ 0.02
Frera1 1.62+0.01 Fre*m1 0.961+ 0.009
Fremths 0.958+ 0.007
Frera2 1.34+0.01 Fre*m2 0.983+ 0.002
Frearb 1.67+0.01 Frermicmz 0.967+ 0.004
FRrFarb 1.47+0.01 Fremicrm2 0.996+ 0.001
Frec 2.0+ 0.30 Frrc+ 0.84+ 0.04
Freratemz 1.02+ 0.02 Frra1crm2 0.994+ 0.001
Freazemi 1.57+0.01 Frrazem1 0.909+ 0.003

a|ndicated byF; an asterisk indicates a fluorescently labeled fact®.is ribosome. F is RRF-CPS. G is EF-G*GDPCP. ThS is thiostrepton.
¢ Fluorescence measured with a monochrométBhuorescence measured using a 455 nm long pass filter.

RRF Effect on EF-G BindingAdditional evidence for fitting of these results to reactions 1 and 2 of Scheme 1, in
mixed ternary complex formation is provided by the results which the initially formed ribosom&RF,; complex is
presented in Figure 4B, showing that the affinity of EF-G- succeeded by the more stable riboseRRRF,, complex,
216-CPS*GDPCP for the ribosome is decreased in theyielded values for rate constanks—k_, (Table 1). The
presence of RRF, but again displaying fluorescent changesmacroscopic constant calculated from ke k_, values for
larger than what is predicted by a simple competitive 1 equiv of RRF binding to the ribosomié, is 0.13+ 0.03

interaction of both factors for the ribosome. uM, which agrees perfectly with the equilibrium value
determined by fluorescence change under the same conditions
Kinetic Studies (Figure 1B).

Kinetics of Binary RRFRibosome Complex Formation. scheme 1. Binding of RRF to the Ribosome
The increase in fluorescence intensity upon binding of RRF-

CPS to ribosomes provides a tool for following the kinetics R+F ki RE, o RE,  R=ribosome, F=RRF

of RRF interaction with the ribosome. Sample results, k. k,

obtained as a function of ribosome concentration§:M)

at a fixed RRF-CPS concentration (0.2®1), show clear Kinetics of Binary EF-G216-CPRibosome Complex

evidence of a biphasic reaction, especially marked @6 Formation. Kinetic studies of binding of EF-G-216-
ribosomes (Figure 5A), with a rapid large increase followed CPS*GDPCP to the ribosome gave results that are strongly
by a slower, small decrease. As seen in FigurelgR, for formally similar to those obtained with RRF-CPS. Rate
the fast phase increases linearly with ribosome concentrationmeasurements as a function of ribosome concentration
with a slope of 3.«M~1 571, whereadappofor the slow phase  (0.8-2 uM) at a fixed EF-G-216-CPS concentration (0.1
rate constant reaches a maximum value-@f5 s*. Global uM) (Figure 6A) show clear evidence of a biphasic reaction,
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A : with a rapid large decrease followed by a slower, small
No GDPCP

-
[s2]

increase. As seen in Figure 6By, increases linearly with
ribosome concentration, whereg,,, is independent of
ribosome concentration. Fitting the data to reactions 3 and
4 of Scheme 2, in which an initially formed ribosome
EF-G-216-CP&: complex isomerizes to a ribosome
EF-G-216-CPg&; complex, yielded values for the rate
124 R constantsks—k-4 (Table 1). The macroscopic constant
g Sy calculated from thés—k_4 values for 1 equiv of EF-G-216-
CPS binding to the ribosom&s (0.087 + 0.055uM), is
0 1 2 3 4 5 consistent with the equilibrium value determined from the
Time (s) data in Figure 3B.

sy py
. w
1 1

-y
w
|

Relative fluorescence

[Ribosolﬂe.RRFj Scheme 2. Binding of EF-G*GDPCP to the Ribosome
. k3 ky

RGml
ks K4

b 0.7 um

R+G RG,p R =ribosome, G = EF-G.GDPCP

1.4 uM

TS Kinetics of RRF and EF-GGDPCP Interaction on the

RibosomeAddition of increasing amounts of EF-G*GDPCP
11.4 M to a preformed 1:1 ribosorriRRF-CPS complex leads to
increasing rates of fluorescence decrease, corresponding to
the release of RRF-CPS from the ribosome (Figure 7A). A
related set of experiments was carried out by adding
EF-G216-CPS*GDPCP to increasing concentrations of a
1:1 ribosomeRRF complex and monitoring the rates of
EF-G216-CPSGDPCP binding by the decrease in fluores-
cence (Figure 7B). Paralleling the reaction carried out in the
absence of RRF (Figure 6A), the binding of EF-G216-
CPS*GDPCP in the presence of RRF occurs in a biphasic
reaction kapp1increases linearly with ribosome concentration,
whereakapp2is independent of ribosome concentration. The
two sets of results are compared in Figure 6B, which shows
that RRF has little effect orkappy but markedly reduces
Kappz 1IN a third experiment (Figure 7C), large excesses of
RRF were added to a 1:1 ribosotB&-G-216-CPS com-

Relative Fluorescence

fle 2.0 pM

(9]

Relative Fluorescence

e e plex, leading to a rapid increase in fluorescence, the rate of

which increases as a function of RRF concentration, from
of EF-G*GDPCP-induced release of RRF-CPS from the ribosome 64 + 11 s at 5uM RRF to 89+ 5 Sfl_at 10uM RRF to
RRF-CPS complex. The RRF-CRBosome complex, formed by 110 + 13 st at 15uM RRF. Strong kinetic evidence for
incubating RRF-CPS (0.37M) and ribosome (1.aM) in binding mixed ternary complex formation is provided by the much

Ficure 7: Kinetic measures of RRFEF-G interaction. (A) Rates

buffer for 5 min at 37°C followed by 20 min at 25C, was rapidly -
mixed with EF-G [5 (top), 7 (second), 10 (third), and 48 faster rates of fluorescence change observed in Figure7A

(bottom)] containing GDPCP (20&M). The top-most trace ~ When compared with rates predicted from kinetic path-
contained 1Q:M EF-G and no GDPCP. (B) Rates of binding of Wways in which the release or binding of RRF or of
EF-G-216-CPS*GDPCP to ribosomes in the presence of a varying EF-G*GDPCP proceeds solely via Scheme 1 or Scheme 2,
RRF concentration. EF-G-216-CPS (0,481) and GDPCP (100 respectively.

uM) were rapidly mixed with the ribosom@RF complex o . . .
(0.7-2.0 uM, as indicated), formed by preincubating a 1.1-fold  Kinetic Evidence for Formation of Riboson{&RF}) and
excess of RRF with ribosomes in FB buffer for 5 min at 7. RibosomgEF-G), ComplexesAdded unlabeled RRF dis-

The black trace is for 1.AM ribosomeRRF complex preincubated places RRF-CPS from the ribosome (Figure 2). This process,
with 10 uM thiostrepton. Others are shown in gray. Traces were

offset for clarity relative to 1.1:M ribosomes by 0.02:-0.02, and which re;ults in a decrease in f!uorescence, proceeds'much
—0.04 for 0.7, 1.4, and 2,6M ribosomes, respectively. (C) Rates MOre rapidly than WOU'q be predlqted from SChemell (Figure
of fluorescence change on addition of RRF to ribosome-bound 8A). In a related experiment, adding RRF-CPS to ribosomes
EF-G-216-CPS*GDPCP. EF-G216CPS (04¥) and ribosomes  \hich have been preincubated with RRF in excess leads to

were preincubated with GDPCP (1@M) and rapidly mixed with ; indi _ ; ;
various RRF concentrations. Ribosome concentrations wepeMd.5 partial binding of RRF-CPS that is also more rapid than

(5 and 15«M RRF) and 1.Q:M (10 uM RRF). Traces were offset pregli_cted solely from Scheme 1 (Figure 8B). S_imilarly,
for clarity relative to 1uM RRF by —0.01 and 0.01 for 5 and 15  addition of excess unlabeled EF-G*GDPCP to the ribosome
uM RRF, respectively. In panels-AC, solid lines in the absence  EF-G-216-CPSGDPCP complex leads to an increase in
gfottrt]é%s'l[irr?géogr: rgirgtutlgt%%r;egil?r#rg%nzg ter?gTeell;%se okrig).indingﬂuorescence (Figure 8C), but at a rate that is far more rapid
of RRF or EF-G*GDPCP proceeds solely via Scheme 1 or Scheme than.that predlcteql solely from Scheme 2. These observ_atlons
2, respectively. The trace in the presence of thiostrepton in panel Provide strong evidence that each of the factors can bind to
B was fit to a single exponential. a second site on the ribosome.
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Ficure 8: Kinetic evidence for the formation of ribosoni@RF), and ribosomgEF-G*GDPCP) complexes. (A) Rate of release of RRF-

CPS from ribosomes on addition of excess RRF. RRF-CPS (iMyAvas preincubated with ribosomes (M) and rapidly mixed with

unlabeled RRF (5.5 and 14M) in the stopped-flow apparatus. (B) Rate of binding of RRF-CPS to ribosomes in the presence of excess
RRF. RRF-CPS (0.3#zM) was rapidly mixed with preincubated ribosomes (M) and RRF (5.5«M). In panels A and B, solid lines

through experimental traces are the result of global fitting to Scheme 3, whereas solid lines that deviate from the experimental traces are
the results of simulation considering steps 1 and 2 only. (C) Release of ribosome-bound EF-G-216-CPS by added EF-G. EF-G-216-CPS
(0.1 uM) and ribosomes (1.@M) were preincubated with GDPCP (1001) and rapidly mixed with different concentrations of EF-G.

Traces were offset for clarity relative to 181 EF-G by—0.01 and 0.01 for 5 and 2éM EF-G, respectively. Solid lines through experimental

traces are the result of global fitting to Scheme 3. Dashed lines are the results of simulation considering steps 3 and 4 only.

0.4 0.5

Thiostrepton Effects 16

Thiostrepton (1(«M) affects both the thermodynamics and 8 45 i I 4 e A A ;
kinetics of EF-G-GDPCP interaction with the ribosome. 8 y
Binding of EF-G-216-CPS*GDPCP to the ribosome in the ¢ 14 1
presence of thiostrepton leads to a somewhat larger de- 2 5
crease in fluorescence intensity14% vs 10%, Figure 3A) 2 13
and a 10-fold decrease in apparent affinity (Figure 3B). B 42
With respect to the kinetics of EF-G-216-CPGDPCP «
binding, preincubation of ribosomes with thiostrepton de- 1.1+ 1
creases the apparent rate constant of the first phase from 48 | | | ‘; é

+ 310 15.6+ 0.3 s and abolishes the second phase (Fig- 0 ! 2 (5)3
Ficure 9: Effect of thiostrepton on EF-G*GDPCP-induced release
of RRF-CPS from the ribosom@RF-CPS complex. Increasing

ure 6A). Thus, the effect of thiostrepton in weakening
binding of EF-G-216-CPS*GDPCP to the ribosome ap-
pears to be linked to its preventing conversion of an gmounts of thiostrepton (0, 0.5, 3, and 20/, traces L4,

initially formed complex, which we denote R{ENhS, intoa  respectively, gray) were preincubated with RRF-CPS (QuB1)
more stable complex. The essential identity in the values and ribosomes (1.2M) and then rapidly mixed with EF-G (10

of Ky and of the EF-G-GDPCP dissociation constant in 443 S8 CERCE (0B, Aty S0t o vee
the presence of thlostr(_apton [0 0.2 a.nd. 0‘.49i 0.14 Pnixed with RRF-CPS (0.3ZM) and ribosomes (1.2M). i
uM (Figure 3B), respectively], and the similarity &kgm1

andFgremths (Table 2), suggest that EF-G may be in a sim-  The effect of thiostrepton on the rate and extent of
ilar location in the RG; and RG,ThS complexes. Thios- RRF-CPS release induced by EF-G*GDPCP (Figure 9)
trepton has similar effects on the kinetics of binding of depends both on the thiostrepton:ribosome ratio (traceg 1
EF-G-216-CPS*GDPCP to ribosomes preincubated with 1 and on the order of addition (traces 4 and 5). Preincubation
equiv of RRF (Figure 7B), i.e., decreasing the apparent rate of the RRF-CPS8ibosome complex with thiostrepton at a
constant of the first phase from 39 1 to 10.5+ 0.2 s}, thiostrepton:ribosome ratio of1 led to an only partial
resulting in the formation of RIS, ThS, and abolishing the  release of RRF-CPS, although with a rate constant identical
second phase. to that seen in the absence of thiostrepton, whereas prein-
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cubation at a ratio of2 led to a complete blockage of re- Consistent with the choice of Rfem1 and RR,Gn; as the
lease. These results demonstrate that prebinding of thio-two ternary complexes are the similarities in the fitted rate
strepton to its 50S site prevents EF-G*GDPCP from binding constants fok; [(3.1+ 0.1) x 1®* M~ s} andk; [(5.7 +

in a manner inducing expulsion of RRF from the ribosome. 2.0) x 10° M~1 s71], both measuring initial binding of RRF
Further, simultaneous addition of EF-G*GDPCP and excessto the ribosome, and fde [(31 + 3) x 1 M~ s1] andks
thiostrepton to the ribosor@RF-CPS complex led to both  [(28 + 3) x 1(° M~ s7Y], both measuring initial binding of

a partial release of RRF and a decreased rate constant foEF-G*GDPCP to the ribosome.

such release, indicating that EF-G and thiostrepton compete A second feature of Scheme 3 is the strong inhibition of
kinetically for binding to an overlapping site on the ribosome. (eactions 4 and 6 by thiostrepton, indicated by the dotted

lines. Each of these reactions involves the conversion.gf G
DISCUSSION to Gmy, leading to the conclusion that the binding of
A Minimal Kinetic Scheme for RRF and EF-G Interaction thiostrepton to its site on the ribosome between ribosomal
on the Ribosome L11 and parts of 23S rRNA helix 48) directly interferes
o o ) o with this conversion. Furthermore, the results presented in
A minimal kinetic scheme accounting quantitatively for Figyre 9 indicate that EF-G and thiostrepton compete

the binding and rate data presented above must accommodatinetically for binding to an overlapping site on the ribosome.
the following observations and inferences from this work.

(1) RRF and EF-G*GDPCP weaken each other’s binding to
the ribosome and form at least one ternary complex with
the ribosome (Figures 4 and 7). (2) RRF and EF-G*GDPCP
each bind to the ribosome in two-step reactions (Figures 5
and 6). (3) Thiostrepton blocks both the second step of
EF-G*GDPCP binding and EF-G*GDPCP-induced release
1 *
of ribosome-bound RRF. (4) Both RRF and EF-G*GDPCP mimicry between domain IV of EF-G and tRN/84, 35),

can form 2:1 complexes with the ribosome (Figure 8). It ; . N
should also accommodate restrictions posed by relevantforma.t'(.)n of a .”bosomgF'G GDPCP3 complex was
unanticipated, given EF-G’s large volume and well-defined

results from other studies. Scheme 3, which incorporates

Schemes 1 and 2 and has a total of 11 reversible steps, meetkg'nd'.ng site, a_nd the ge”efa”y accepted valug of one EF-G
these criteria, as discussed below. per ribosome in the bacterial ceB&). However, it must be

emphasized that, given the paucity of available binding data
Scheme 3. Minimal Model for RRF (F), EF-G*GDPCP (G), for EF-G, there is absolutely no evidence in the literature

The third notable feature of Scheme 3 is the inclusion of
the 2:1 ribosom€RRF), and ribosomgEF-G*GDPCP)
complexes. For RRF, this is in accord with prior results of
Kiel et al. (15), demonstrating two ribosome binding sites
for this factor. Moreover, there is clear structural mimicry
between tRNA and RRR3R) and tRNA can bind to at least
three sites on the ribosome. Notwithstanding the similar

and Thiostrepton (ThS) Interaction on the Ribosome (R) ruling out a 2:1 EF-G complex, and the EF-G:ribosome ratio
RF,F, has been reported to increase to a value of 2 during the
i/ \\\f transition from the exponential to stationary pha8&).(

2 Furthermore, the evidence for formation of both 2:1 com-
RF RFaZ\\\E plexes from our present results is rather strong. We have

l//’ RF,,G,y, already noted the kinetic evidence (Figure 8). The binding

p results displayed in panels A and B of Figure 4 also support

R Th§----o=smmemey 1 l this notion, as it was not possible to fit these results solely
\ : RF, Gy on the basis of the complexes depicted in the central loop

3 4 i Z (reactions 17) of Scheme 3. By contrast, excellent fits were
RGy =—=== RGp ' obtained when the 2:1 complexes were included. It is

1\}\\ '/’10 noteworthy that the initial slope in Figure 4A is near zero,

indicating that essentially no RRF-CPS is bound to the
ribosome when [EF-G]> [ribosome], i.e., when the

Scheme 3 includes two mixed ternary complexes basedribosor_ne_is _saturated with EF-G._ This _result provides_a
on our inability to fit the complete set of results presented strong indication that RRF cannot bind to ribosomes contain-

in Figure 7 if we included only a single complex. Since each INg two bound EF-Gs; i.e., the quaternary complex, ribosome
factor forms two 1:1 complexes with the ribosome, there RRF(EF-G*GDPCP, is not formed.

are potentially four mixed ternary complexes to consider. The inclusion of two-site factor binding in Scheme 3,
Results from cryoelectron microscopy and chemical cross- which describes interaction with bare ribosomes, raises the
linking studies 81) indicate that the positions of RRF within  question of whether second-site binding could have biological
its more stable binary complex (i.e., B Scheme 1) have  importance. On one hand, it is likely that bound tRNAs and
a direct steric overlap with EF-G*GDPCP in its more stable other factors that mimic tRNAs4} will strongly compete
binary complex (i.e., R in Scheme 2), effectively exclud- ~ for such secondary site RRF or EF-G binding, reducing its
ing a ternary complex of the form R¥m,. The ternary importance during elongation. On the other hand, part of the
complexes included in Scheme 3, &b and RRiGnp, €ach mechanism of ribosome recycling involves interaction of
have one of the factors binding in its more stable form. We RRF and EF-G with 70S ribosomes devoid of tRNA (Figure
excluded the complex RESm: from consideration both  10), where secondary site interaction could be important,
because only two ternary complexes were needed to fit theespecially since EF-G and RRF concentrations in the cell
data and because, with each of the factors binding in its lesscan excees [~40-fold (38)] and K, [~3-fold (39)],
stable form, it was unlikely to be present in large amounts. respectively.
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Ficure 10: Model for RRFEF-G interaction during ribosome recycling. ComplexesRRF.,Gm1, and RE;:Gm, correspond precisely to
complexes ac in the model of Kieket al. (15). Steps 57 refer to Scheme 3. Step 8 divided into two steps for physiological complexes
(see the Discussion). StepB6is inhibited by thiostrepton, as indicated by the blocking line.

An important ambiguity in Scheme 3 concerns the conclusions with respect to both the equilibria and kinetics
relationship, if any, between the two steps seen in the kineticsof RRF and EF-G interaction with the ribosome.
of factor binding experiments (Schemes 1 and 2) and the First, the presence of EF-G*GDPCP weakens binding of
two sites of binding invoked for each factor; i.e., RRR&d RRF to the ribosome by 20-fold, and vice versa. This is
RRF,; may correspond to two conformations of RRF bound demonstrated by comparing the apparent dissociation con-
to essentially the same site, or to RRF binding to two distinct stants from the 1:1:1 ribosoniRRFEF-G*GDPCP complex
sites, and similarly for EF-G*GDPGR and EF-G*GDPCR.. for RRF [K‘F3 = 3.0uM (eq 6a)] and EF-G*GDPCPK]Z =
The results presented in this work do not permit a clear 1.3 uM (eq 6b)] with the values oK (0.13 M) and Kig
choice between these possibilities. However, we favor a (0.055x4M), respectively. This conclusion is consistent with
model in which R, and RR, correspond to binding of RRF  results reported by Kieet al. (15), indicating a>10-fold
to two distinct sites (see ret5), and RGyu and RGy reduction in RRF affinity in the presence of EF-G.
correspond to two conformations of EF-G bound in two

locations that are strongly overlapping, based on cryoelectron K7(1 + i)

microscopy studies of binding of EF-G to the ribosor, ( F Ky,

41). =¥k, (62)

Scheme 3 also contains certain simplifications, which are

justified in the context of presenting a minimal model, but K (1 —i—i)

which are not necessarily correct in detail. Thus, the G ° K,

interconversion of the two mixed ternary complexes, which K = 1 (6b)
in Scheme 3 proceeds directly via reaction 6, may in fact 1 +E&

proceed via intermediates or via factor dissociation and

reassociation. In addition, Scheme 3 does not consider the gecond, the value of the equilibrium constant for inter-
quaternary complex RFyGmi, despite the lack of direct  conversion of the two ternary complexé, is just over 1
evidence against its formation, since it is not required to fit (1 8 1 0.7); i.e., the two complexes are essentially isoener-
the results that were obtained. However, itis likely that such getic,

a complex would form to at most a minor extent. Third, the dissociation constant for RRF from the ribosome
Quantitatie Conclusions from Scheme 3 and Tabl&He (RRF), complex K;r = 6.7 uM) is 20-fold higher than the
nine species in Scheme 3 are linked by 11 equilibrium dissociation constant for EF-G*GDPCP from the riboseme

constantsk;—Kji1), of which eight are independent, and 22 (EF-G*GDPCP) complex Ky = 0.354M). The compara-
rate constantsk(—k;; andk_;—k_13), values of which are  tively weak second site binding of RRF accounts for the
presented in Table 1. These values permit several quantitativdfailure of RRF added at 5.&M to remove all bound
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RRF-CPS from the ribosome (Figure 2); if there were only
a single, high-affinity site for RRF, virtually all of the
RRF-CPS would have been removed.

Seoet al

demonstration that EF-G*GDPCP binding alone induces
large conformational changes in the ribosome, @1). On
the other hand, the rate constant for .Bmi—RFaiGm2

Fourth, binding of EF-G*GDPCP to form the mixed equilibration is much slower (3.6'9, and it may be that
ternary complex not only destabilizes RRF binding in a GTP hydrolysis is required for comparatively rapid EF-G
thermodynamic sense, as discussed above, but also substagonformational change within a ribosome to which other
tially increases the lability of RRF binding. Thus, the net ligands are bound (i.e., RRF or tRNA/mRNA).
rate constant for EF-G-induced RRF release via steps 5 Post-Termination Complex Disassemb8teps 5-7 in
increases from 1.3 to 1.7% as the EF-G*GDPCP concen- Scheme 3 correspond to EF-G stimulation of RRF release,
tration is increased from 5 to 14M, which is 6-8 times which is an important part of the post-termination complex
faster than the net rate constant for RRF release via a reversaflisassembly process. The net rate constant for this process
of steps 1 and 2 (0.22°Y. As the estimatedn wivo at physiologically reasonable concentrations of EF-G1s5
concentration of EF-G is20uM (38), the pronounced effect ~ s™* at 25°C, which should correspond to a value of8
of added EF-G*GDPCP in increasing bound RRF lability is s™* at 37°C. This is compatible with an estimated overall
likely to be physiologically relevant. rate constant foin »ivo ribosome recycling of 0.7°3 at 37

Fifth, in contrast, although ribosome-bound RRF desta- “C (43, 44).
bilizes EF-G binding in a thermodynamic sense, it has little ~ Kiel et al (15) have proposed a model for EF-®RF
effect on the lability of bound EF-G*GDPCP. In the absence interactions during the disassembly process, using binding
of RRF, EF-G*GDPCP release proceeds by reversal of stepsdata obtained for post-termination ribosome complexes.
3 and 4, with a net rate constant of 1.0.sAddition of RRF  Importantly, they showed that such interactions on bare
provides an alternate route for EF-G*GDPCP dissociation ribosomes were similar. Moreover, the RRF binding site

via steps 7, 6, and 5, with a net rate constant of-0LD s appears to be similar in both bare ribosomes and ribosomes
with bound mMRNA and bound tRNA at the P/E sitgl(
45). These considerations make it both worthwhile and valid
to place the results of our work in the context of the Kael

as the RRF concentration is increased from 5 tqulh a
range which approximates vivo concentrations39).

Sixth, the rapid increase in fluorescence seen upon addition

of either RRF (Figure 7C) or EF-G*GDPCP (Figure 8C) to al. model, as in Figure 10. In discussing Figure 10, we refer

a preformed ribosomeF-G-216-CPS*GDPCP complex is

to the known A, P, E, and hybrid (A/P, P/E) sites for tRNA

not due to release of bound EF-G-216-CPS but rather to thePinding (46), and note the use of primes to designate

formation of the mixed ternary ribosorRRFEF-G*GDPCP
complex or the 2:1 ribosom@EF-G*GDPCP) complex,
respectively. In these complexes, the fluorescence of boun
EF-G-216-CPS*GDPCP is similar to that of free EF-G-216-
CPS*GDPCP, so there is little change in fluorescence when
EF-G-216-CPS*GDPCP is released from the ribosome.

Relesance of These Results for Ribosome Function

EF-G Interaction with the RibosomaAlthoughks andk_3

complexes and reactions of post-termination ribosomes that
we are comparing to complexes and reactions of bare

dribosomes.

Beginning with the post-termination complex, the first step
in Figure 10 involves the binding of RRF to form the BF
complex. There is strong evidence that,Ri Scheme 3
corresponds to binding of RRF to the A/P si& 10, 28,

31, 45), and we speculate that RFeorresponds to binding
of RRF to the P/E- or E-site (see below). As this latter site
is blocked in the post-termination complex, we infer that

are the first reported direct measures of the rate constantsRRF uses an alternative route to form the,REomplex.

for the binding of an EF-G*GTP-like complex to a bare
ribosome, Savelsbergdt al. (42) have reported rate constants
for binding of EF-G*GTP and an EF-G*GTP analogue to
pretranslocation ribosomes containing fMetPhe-tRi¢An
the A-site. Their values for formation of the EF-G*GTP
complex, measured indirectly at 3T by a change in the
fluorescence of the tRNA, were 156 1B Mt st and 140
s %, 5-10 times faster in each direction than the rate
constants we report, measured af@5Thus, the equilibrium
constant for the initial binding of EF-G-216-CPS*GDPCP
to the bare ribosome (0.4 0.2 uM) is similar to the
corresponding constant for binding of EF-G*GTP to the
pretranslocation ribosome (0:M), but the corresponding
rate constants may be somewhat lower.

The rate constant for R to RGy, equilibration, 17 st
at 25°C, is much slower than the rate constant for ribosome-

The second step (step)Jroceeds in a manner that is an
exact analogy to step 5, resulting in formation of the mixed
ternary complex REGm:'.

Steps 6A and 6B correspond to a movement whereby
RF..Gmi' is converted to REGh;. Conversion of the
RF.:Gmi' complex to RE:Gr;' is depicted as taking place
in two steps (steps 6A&and 6B) via formation of intermediate
RF.Gn'. Step 6A corresponds to the release of tRNA, which
is almost unaffected by thiostrepton, whereas step 6B
corresponds to the conversion of,Gto Gy, which is
inhibited by thiostrepton(5), and the movement of RRF to
the Ry site, which is now available because of tRNA release.
We posit that REG,' has a structure analogous to that of
RF.GnThS, the ternary complex formed in the presence of
thiostrepton which is unable to proceed to i (Figure
7B). The existence of an intermediate Bk between

dependent EF-G*GTPase, but matches well the rate constanRF,;.Gn and RRiGn, that is stabilized by thiostrepton is

of 35 st at 37°C for the so-called “ribosomal unlocking”
step that is believed to limit release qffom EF-G as well

as tRNA-mRNA translocation42). This coincidence sug-
gests that unlocking could be an intrinsic consequence of
binding of the EF-G*G-nucleotide complex to the ribosome,
and not require GTP hydrolysis as such, consistent with the

consistent with the results of Rodnie# al. (30), showing
that while thiostrepton does not interfere with the rapid GTP
hydrolysis that follows initial EF-G*GTP binding it does
inhibit P, release, as well as with recent evidence from
binding studies 15). On the other hand, the thiostrepton
effects we observe here run counter to the conclusion of
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Cameronet al. (47) that thiostrepton prevents EF-G*GTP
from binding to the ribosome. However, it is worth pointing

out that the results of these latter workers could just as easily
have been represented as demonstrating that thiostrepton

alters and weakens such binding, which we do observe.
Step 7 corresponds to the release of RRF from, &,
in exact analogy with step 7 of Scheme 3. mRNA is depicted

as being released simultaneously with RRF, based on recent

results of V. S. Raj and A. Kaji (unpublished) and the
demonstration by Kieét al. (15) that mMRNA release follows

the

recycling of the bare ribosome. In Scheme 3, in the presence

translocation step. Last, EF-G dissociates prior to

of GDPCP, such dissociation takes place via JR®r
RGniFa2 but in the presence of GTP, it is possible that EF-G
could dissociate directly from R§' or even from RGiFar

as a consequence of GTP hydrolysis.

In summary, we present binding and rate results for RRF,
EF-G*GDPCP, and thiostrepton interaction with the ribo-
some that allow formulation of a minimal kinetic scheme
(Scheme 3) accounting quantitatively for these results. The
main features of Scheme 3 are (1) RRF and EF-G*GDPCP

each form binary complexes with the ribosome in two-step 14.

reactions, in which the initial binding step is followed by an
isomerization step, (2) RRF and EF-G*GDPCP form at
least two interconvertible mixed ternary complexes on the
ribosome, (3) the affinity of RRF for the ribosome is de-

creased and its rate of dissociation is substantially increased 16-

in the mixed ternary complex as opposed to the binary
complex, (4) EF-G*GDPCP-induced release of RRF is
linked to the isomerization step in binding of EF-G*GDPCP
to the ribosome, (5) thiostrepton slows initial binding of
EF-G*GDPCP and prevents both the isomerization step and
EF-G-induced RRF dissociation, (6) the rate constant for
EF-G*GDPCP-induced RRF dissociation is compatible with
overall rate constant fan zivo ribosome recycling, and (7)
both RRF and EF-G*GDPCP can form 2:1 complexes with
the ribosome which may be biologically relevant.
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