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ABSTRACT. EF-G catalyzes translocation of mMRNA and tRNAs within the ribosome during protein synthesis.
Detection of structural states in the reaction sequence that are not highly populated can be facilitated by
studying the process one molecule at a time. Here we present single-molecule studies of translocation
showing that, for ribosomes engaged in poly(Phe) synthesis, fluorescence resonance energy transfer (FRET)
between the Gdomain of EF-G and the N-terminal domain of ribosomal protein L11 occurs within two
rapidly interconverting states, having FRET efficiencies of 0.3 and 0.6. The antibiotic fusidic acid increases
the population of the 0.6 state, indicating that it traps the ribosBf& complex in a preexisting
conformation formed during translation. Only the 0.3 state is observed when poly(Phe) synthesis is prevented
by omission of EF-Tu, or in studies on vacant ribosomes. These results suggest that the 0.6 state results
from the conformational lability of unlocked ribosomes formed during translocation. An idling state, possibly
pertinent to regulation of protein synthesis, is detected in some ribosomes in the poly(Phe) system.

Protein synthesis by mRNA-programmed bacterial ribo- phase are not known in sufficient detail to fully understand
somes proceeds in four distinct phases: initiation, peptide its mechanism.

elongation, termination, and recycling. Each cycle of the  Formation of the pretranslocation complex places dis-
elongation phase is a multistep process, including binding charged tRNA at the P-site and results in a conformationally
of aminoacyl-tRNA (aa-tRNA)as a ternary complex with  |apjle ribosome structure that undergoes a ratchetlike rotation
elongation factor EF-Tu and GTP, accommodation of aa- of the 30S subunit relative to the 50S subunit on EF-G
tRNA into the A-site of a ribosome containing peptidyl-tRNA  GTp binding and GTP hydrolysidQ, 11). This rotation is

in the P-site, transfer of the peptidyl moiety to the aa-tRNA, accompanied by movements of the L1 stalk and motion of
lengthening the nascent peptide chain by one amino acid antthe G domain of EF-G toward the N-terminal domain (NTD)
forming the pretranslocation complex, and, finally, translo- of .11, a component of the GTPase activation center (GAC)
cation of the two tRNAs into the P-site and exit site (E- (12—-15). These large-scale conformational changes are
site), with corresponding movement of the two cognate rapidly propagated to the tRNA binding siteg1( 16),
MRNA triplet codons. Translocation is catalyzed by elonga- facilitating the tRNA movements that are required for
tion factor EF-G, complexed with GTP. X-ray and cryo- translocation. Exactly how the energy liberated by GTP
EM structural studiesl{-8) have revolutionized our under-  hydrolysis induces the conformational changes within the
standing of elongation at the molecular and atomic level, rihosomeEF-G complex, leading to translocation, remains
showing, for example, that factors EF-Tu and EF-G bind to ynclear, although the hydrolysis step is known to be
a common location within the ri_bosome, but to different important both catalytically and thermodynamicallp(17).
intermediate states of the elongation cydp tHowever, the Single-molecule studies have the potential to help elucidate
dynamics that connect the intermediates in the elongatlonthe reaction sequence of translocation by identifying mecha-

nistically important intermediates that may be too short-lived
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intermediate state that exhibits a FRET efficiency higher than min. Biotinylation was carried out with 5 mM biotin-XX

that previously seen in ensemble experimeh8,(@nd they
elucidate the mechanism of inhibition of elongation by the
antibiotic fusidic acid. A nontranslocating idling state that
may play a role in regulating ribosome activity in the cell
was identified. The results have been briefly reported in
abstract form Z1).

MATERIALS AND METHODS

Buffers.Solutions were prepared and adjusted to their final
pH at 25°C. TAMyo buffer: 20 mM Tris (pH 7.5), 30 mM
NH,CI, 70 mM KCI, 10 mM MgAg, and 1 mM DTT.
MonoS FPLC column gradient buffer for L11 purification:
20 mM Tris (pH 7.1), 1 mM EDTA6 M urea, and 100
800 mM NH,CI. L11 storage buffer: 20 mM Hepes (pH
7.6), 400 mM NHCI, 20 mM MgCh, 1 mM EDTA, and 4
mM g-mercaptoethanol (BME). L11 labeling buffer: 50 mM
Tris (pH 7.5) and 400 mM NgCI. AM77 storage buffer:
20 mM Hepes (pH 7.6), 30 mM NA&I, and 6 mM MgC}.

W buffer: 50 mM Tris (pH 7.6), 30 mM NE&CI, 70 mM
KCI, 7 mM MgCl,, and 1 mM DTT. Cy5-labeled 50S storage
buffer: 20 mM Tris (pH 7.5), 15 mM MgAg 30 mM NH,-
Cl, 70 mM KCI, 0.5 mM EDTA, and 7 mM BME. 70S
mixing buffer: 20 mM Tris (pH 7.5), 10 mM MgGJ 100
mM NH,4CI, and 1 mM BME. EF-G labeling buffer: 50 mM
Hepes (pH 7.5), 100 mM NaCl, and 1 mM MgCEF-G
storage buffer: 50 mM Tris (pH 8.0), 200 mM NacCl, 20%
glycerol, and 1 mM DTT.

Ribosomes Lacking L11, Cy5-L11, and Labeled Ribo-
somes Mutant ribosomes lacking L11 were isolated from
Escherichia colistrain AM77 as described previous|22)
except that tightly coupled ribosomes were purified by
ultracentrifugation in buffer containing 8 mM Mg 50S and
30S subunits were prepared from these tightly coupled
ribosomes by zonal centrifugation in a buffer containing 2
mM Mg?" and 200 mM NHCI. His-tagged L11 was purified
as described previousht®) except that, following chroma-
tography on a Ni-NTA column (Qiagen), an additional
chromatographic step on a MonoS FPLC column was
employed to remove a contaminating protein with a higher
molecular weight. For labeling with Cy5, L11 was concen-
trated (Centricon YM-10), exchanged into L11 labeling
buffer using a Nap-5 column (Amersham Biosciences, 0.9
cm x 2.8 cm), and adjusted to 1 mg/mL. Fifty microliters
of ~10 mM Cy5-maleimide (Amersham Biosciences) in
DMF was added dropwise with stirring to 1 mL of protein
solution and the mixture incubated rfol h at
37°C. The reaction was quenched witlB of 14 M BME.

hydrazide [6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic
acid, hydrazide, Molecular Probes, B-2600] with gentle
stirring for 2 h atroom temperature. The volume of the final
reaction solution was reduced #800uL by centrifugation
(Centricon YM-10), and unreacted biotin-XX hydrazide was
removed by chromatography on a Sephadex G25 column (1
cm x 25 cm).

The percentage of biotinylation of the 50S subunits was
estimated by a bead binding assay, in which 50S subunits
(0.5 Ageo unit) in TAMyq buffer (200uL) were shaken gently
with 0.5 mg of streptavidin-coated magnetic beadsui
diameter, Roche) for 15 min. The beads were then separated
from the ribosome loading buffer and washed twice with
TAM 40 buffer. The percentage of ribosomal subunits bound
to the beads, typically 70%, was determined from the
difference inAggp units in the original solution and in the
sum of the first supernatant and two washes.

Cyb-labeled 50S subunits were formed by incubating
biotinylated AM77 50S (1 nmol) with a slight excess of Cy5-
L11 (as measured by the 652 nm Cy5 absorbance) in 1 mL
of W buffer for 15 min at 37°C. Excess dye was removed
by centrifugation (56 600 rpm; Ti 70.1 rotor; 18 h) through
a sucrose cushion (1.1 M sucrose in W buffer), yielding a
50S pellet which was taken up in Cy5-labeled 50S storage
buffer. The Cy5:50S ratio was 09 0.1. Cy5-labeled 70S
ribosomes were obtained by mixing Cy5-labeled 50S sub-
units with a 1.5-fold excess of 30S subunits in 70S mixing
buffer.

EF-G Mutants and LabelingA cysteine-free mutant of
E. coli EF-G in vector pET24b was obtained from K. S.
Wilson (University of Alberta, Edmonton, AB). Giét was
mutated to Cys using the QuikChange site-directed mutagen-
esis kit (Stratagene). The EF-G E231C mutant protein was
overexpressed i&. coli BL21 pLysS cells and purified on
a Ni-NTA column (Qiagen) with EF-G storage buffer.

For labeling with Cy3 at the single native Cys residue at
position 38, TCEP [1,2,3-tris(2-cyanoethoxy)propane, Sigma],
50 uM, was added to the EF-G mutant protein (@) in
the labeling buffer and the solution was incubated at room
temperature for 40 min. A 5-fold excess of the Cy3-
maleimide (Amersham Biosciences) was added, and the
reaction mixture was incubatedrfa h atroom temperature
in the dark. After the reaction had been quenched with BME,
the reaction mixture was passed through a Nap-10 column
(Amersham Biosciences) to remove unreacted dye. The
labeled protein was further purified, and unlabeled protein
was removed via FPLC using a TSK phenyl-Sepharose

Unreacted Cy5 was removed by a combination of Sephadexcolumn (Tosoh Bioscience, 5SPW) with a gradient from high-

G-25 gel chromatography (1 cm 35 cm) and Centricon
YM-10 filtration. The Cy5:protein ratio was 0.9, measured
by Cy5 absorbanceeds, = 250 000 Mt cm™Y) and the
Bradford assay (0.6g of L11 yields the same color increase
as 1.0ug of bovine serum albumin). AM77 50S subunits
were biotinylated as follows: 40@.g units in TAMjg
(300uL) was exchanged into 100 mM sodium acetate (NaAc,
pH 7.0) using a Nap-5 column. The resulting 1 mL of 50S
subunit in NaAc was oxidized by Nak@2 mM) on ice for

10 min in the dark. The reaction was then quenched by
incubation with 5 mM NagSQO; and 10 mM MgAg for 10

salt buffer [20 mM Hepes (pH 7.0) and 3.5 M NaCl] to low-
salt buffer [20 mM Hepes (pH 7.0) and 100 mM NaCl]. The
labeled protein was stored &80 °C in EF-G storage buffer.
The dye:protein ratio was 1:1 in the final purified solution.
The labeled EF-G is fully active compared to the wild type
(Supporting Information, Figure S1).

Other ReagentsPlasmids for expression of EF-Tu, with
a C-terminal His tag, were a gift from M. Sassanfar (Harvard
University, Cambridge, MA), and EF-Ts with an intein
chitin-binding domain at the C-terminus was a gift from H.
Karring (Aarhus University, Aarhus, Denmark). The EF-Tu
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protein was purified on Ni-NTA columns. The EF-Ts protein the donor and acceptor separately onto two halves of the
was purified on chitin columns from New England Biolabs, camera CCD chip.

Inc. tRNAP"®was purchased from Chemblodk-Acetylphe- The sample flow chamber (1) was formed from two
nylalanine-tRNA was prepared essentially as described glass coverslips (Fisher Scientific), spin-coated with 2 mg/

previously 3). Purified tRNA"®aminoacyl synthetase was

a gift from Y. Hou (Thomas Jefferson University, Philadel-
phia, PA). All the other reagents were purchased from Sigma-
Aldrich.

Poly(Phe) Assayln a typical poly(Phe) assay, three
mixtures were made: (1) the ribosome mixture containing
1 uM ribosomes, 1 mg/mL poly(U) (Sigma), and /M
N-acetylphenylalanine-tRNA in TAM buffer; (2) the factor
mixture containing 4M EF-Tu, 6uM EF-Ts, 2uM EF-G,

0.5 mM GTP, 0.5 mM PEP, and 0.006 mg/mL pyruvate
kinase in TAMy buffer; and (3) the aminoacylation mixture
containing 100 mM Tris (pH 7.5), 20 mM MgA¢c1 mM
EDTA, 4 mM ATP, 7 mM BME, 33 mg/mL purified
tRNAPre aminoacyl synthetase, 50 mMC-labeled pheny-
lalanine, and 5 mM tRNA. All three mixtures were incubated
separately at 37C for 10 min. Then 1QcL of the ribosome
mixture, 20uL of the factor mixture, and 2@L of the
aminoacylation mixture were mixed together gently to form
the poly(Phe) assay solution. Ten microliters of the poly-
(Phe) assay solution was sampled at 10 s, 20 s, 30 s, 1 min
and 2 min and added to 5QQ. of cold TCA with 0.6 mM

mL PMMA (Aldrich Chemical) in methylene chloride, and
held together by double-sided adhesive tape that served as
spacers and borders of the flow chamisaf) ( Biotinylated
ribosomes were bound to the surface PMMA through
biotinylated BSA and streptavidir24g). All of the buffers
used in the single-molecule experiments contained 0.05%
Tween 20 detergent (Aldrich) to minimize nonspecific
binding of ribosomes to the surfaces. Solution changes were
carried out by passing several sample volumes through the
flow chamber and wicking the outflow away with filter paper.
For observations on vacant ribosomes, the flow chamber
was filled with 0.25 mM GTP and 10 nM Cy3-EF-G in
TAM 44 buffer. For measurements during elongation [poly-
(Phe) system], kM ribosomes were preincubated with 1
mg/mL poly(U) mRNA (Sigma) and kM N-acetylpheny-
lalanine-tRNA before binding to the surface. The flow
chamber was then filled with the following solution: 0.1
mg/mL poly(U), 0.25 mM GTP, 0.25 mM phosphoenolpyru-
vate, 0.01 mg/mL pyruvate kinase, 20 mM Tris buffer (pH
7.5), 10 mM MgAg, 0.5 mM EDTA, 2 mM ATP, 1 mM
DTT, 0.8 uM tRNAP" 32 ug/mL tRNAPre synthetase, 30

phenylalanine on ige. The TCA solutio.ns were then boiled uM phenylalanine, 50 nM EF-TU/EF-Ts, 10 nM Cy3-EF-G,
at 90 °C for 10 min and cooled on ice for at least an and 0.05% Tween 20.Adeoxygenation enzyme Sys%)'](

additional 10 min before being filtered onto nitrocellulose

of 3 mg/mL glucose, 10@g/mL glucose oxidase, and 48

filters so that precipitated poly(Phe) could be retained. Each ,g/mL catalase was present in the final single-molecule

filter was washed with 6 mL of cold TCA solution and air-
dried. The radioactivity of the synthesized polyphenylalanine
on each filter was counted by liquid scintillation.

Ensemble FRET Measuremeniuorescence emission
spectra of ensemble FRET between Cy3-EF-G E231C
(donor) and Cy5-L11-C38 ribosomes (acceptor) were re-
corded using a Photon Technology International Quanta-
master Fluorometer at an excitation wavelength of 514 nm.
Fluorescence emission spectra were collected with a FRET
donor only (the solution contained labeled EF-G and
unlabeled ribosomes), an acceptor only, a donor and an
acceptor (labeled EF-G and labeled ribosomes), and a donol
and an acceptor in the presence of 100fusidic acid. The
solutions contained 0.36M ribosomes and 0.kM EF-G
in TAM 1o buffer in the presence of 1 mM GTP. As the
ribosomes (FRET acceptors) were present in excess to ensur
the efficient FRET from most of the donors, FRET efficiency
values were calculated from the decrease in donor fluores-
cence intensities rather than from the sensitized acceptor
emission.

TIRF Measurements on Immobilized Ribosoriias. setup
was built on a modified Olympus IX70 microscope. A-10
20 mW, 514 nm laser beam (Melles Griot) was projected
into the sample chamber through a 60 1.45 NA oil
emersion objective (Olympus) and index-matching liquid at
a glancing angle relative to the microscope slide. Total
internal reflection generated evanescent waves near the
sample chamber surface. Fluorophores bound to the surface
(but not those in the bulk medium) were optically excited

and emitted fluorescence or transferred their energy to nearby.

fluorophores via FRET. A spectral wavelength separator
Dual View (Optical Insights Corp., Tucson, AZ), filtered out
scattered laser light and projected fluorescent images from

imaging solutions to diminish photobleaching. For the fusidic
acid experiments, 100M antibiotic was added to the final

A D
_h'ﬁ*-xlﬁ«q\d
SO CTNSR

‘T ? \ :\f.\,, {J\
- 2 QY'_ fj)
Py | o ‘*
K re

70S-EF-G-GDP-Fusidic acid

quartz slide

S

Ribosome biotinylated

at 3’ end of 50S rRNA
Ficure 1: (A) Relative positions of Cy§on the N-terminal domain
(NTD) of protein L11 and Cy®! on EF-G and labeling positions

in the ribosomeEF-G complex, adapted from r&8. (B) Schematic
illustration of the linkage for immobilizing ribosomes onto a surface.
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observation solution, incubated briefly at 3, and then
passed into the flow chamber.

RESULTS

SMFRET Experimental Desigiihe FRET pair consists
of a ribosome containing protein L11 labeled with Cy5 (the
FRET acceptor) at its unique native cysteine residue ys
and an EF-G variant (C113D/C265A/C397S/E231C), de-
noted E231C, labeled with Cy3 (FRET donor). The relative
positions of the labeling sites on the ribosome, deduced from
X-ray crystal structures docked into cryo-EM maps, are
shown in Figure 1A.

We immobilize Cy5-containing ribosomes, which are also
labeled with biotin, on glass coverslips coated with strepta-
vidin (Figure 1B). Such attachment is almost completely
dependent on the streptavieibiotin interaction (Figure
2A,B and R. Stapulionis et al., manuscript in preparation),
yielding ribosomes that retain almost full activity in poly(U)-
dependent poly(Phe) synthesis. In the assay that is shown
(Figure 2C), ribosomes are attached to streptavidin-coated
polystyrene beads, which give more surface area per unit
sample volume than a flat microscope coverslip. The bead
surface is a good approximation for the glass coverslip, since
the ribosomes are surface-attached by the same linkage in
both cases and the remainder of the glass surface is

via biotin and streptavidin. The ribosomes are labeled with CyS at passivated by Tween 20. Similar results are obtained with

protein L11: (A) without streptavidin and (B) with streptavidin.
(C) Polyphenylalanine assay for unmodified ribosomes (not bioti-
nylated ribosomes) in solution and for surface-immobilized ribo-

somes. The background was measured in the absence of EF-G.

Acceptor

Ficure 3: Split fluorescence image of a microscope slide with Cy3 emission<{620 nm) on the right and Cy5 emission (64040 nm)
on the left. Numbered boxes identify examples of FRET pairs.

poly(Phe) synthesis directly measured on glass (not shown).
In both the solution and surface poly(Phe) assays, there is
an initial burst of synthesis and then a slower rate continuing



Single-Molecule Dynamics of EF-GRibosome Interaction Biochemistry, Vol. 46, No. 38, 20070771

A recurring Cy3/Cy5 emission intensities were detected.
3.0 — Donor Cy3 Donor and acceptor fluorescence intensities are quantified

> : = Acceptor Cy5 by fitting the paired Cy3 and Cy5 images with a 2D-Gaussian
N function, and the total intensity is calculated as 27Aq0,0y,
X € 201 whereA, is the fitted peak intensity above background and
%' 3 ox andoy are the 1/éwidths of the intensity peak, typically
S © 10- 1.5-2 pixels. During the bright intervals of EF-G binding,
€ FRET efficiency is calculated & = 1J/(l, + lg), wherel,

0.0 and |y are the fluorescence intensities of the acceptor and

T . - ¥ } donor, respectively. In Figure 4B, the FRET efficiency during
- the bright intervals is constant at0.3.

Control experiments using unlabeled ribosomes and
Cy3-labeled EF-G show that the microscope gives an optical
(/a*h) leakage of~10% from emission of Cy3 into the Cy5 channel
7 detector (Supporting Information, Figure S2). As a conse-
0.4 - . guence, we limit consideration to those states having

: FRET efficiencies 0f>0.2. As the rotational mobility of the
probes and relative sensitivities of the two detector channels
were not determined, the FRET values observed are inter-
0.0 preted as providing estimates of relative rather than absolute

0 20 40 60 80 distances in different states of the ribosome interacting
with EF-G.

Vacant Ribosome¥®Ve first assessed EF-GTP interac-
tion with surface-immobilized ribosomes in the absence of
MRNA and other components necessary for peptide synthe-
sis. Binding of EF-GGTP to vacant ribosomes in solution
for at least 30 min. These results closely parallel those results in rapid GTP hydrolysis and dissociation of EF-G,
reported previously26). either with or without GDP boundl{). With the surface-

In conducting smFRET experiments, we passed solutionsimmobilized ribosomes, the donor and acceptor fluorescence
containing Cy3-labeled EF-G past Cy5-labeled ribosomes traces repeatedly increased and decreased together (Figure
immobilized on a microscope coverslip (see Materials and 4A), resulting in a strong correlation between the two traces
Methods). The sample is illuminated by glancing 514 nm (correlation coefficient = +0.6). This behavior indicates
laser light which produces evanescent wave fluorescencemultiple turnovers of EF-G binding and dissociation from
excitation of Cy3-EF-G when it binds to the immobilized an individual ribosome. The FRET efficiency wa®.3, re-
ribosomes. Images of the fluorescence emission from bothpresenting the peak value of a single Gaussian-shaped com-
fluorophores are collected simultaneoudiyt & time intervals ponent in a population distribution of FRET efficiencies for
by splitting the emission into wavelength ranges of 550 EF-G molecules bound to vacant ribosomes (Figure 5A). This
620 nm for Cy3 and 640740 nm for Cy5 and projecting  value is consistent with the ensemble FRET efficiency mea-
the resulting images on an electron multiplying CCD camera sured in a standard fluorometer (Figure 6). As explained in
(Figure 3 and the Supporting Information movie). The 1 s Materials and Methods, ensemble FRET values are calculated
time interval for image collection and the illumination here from the decreases in donor fluorescence intensities.
intensity are set as a tradeoff between rapid photobleaching When EF-G binds and produces donor and acceptor
of the fluorophores at higher laser intensities and a reducedfluorescence, the two signals fluctuate with a standard
signal-to-noise ratio at lower intensities. High DTT concen- deviation relative to the mean intensity/[IC 0.18 (Figure
tration, often used to delay photobleaching, compromised 4A)], a value greater than would be expected purely from
ribosome activities. This time resolution is sufficient to the statistics of photon counting at the camera gain in use
determine binding and dissociation rates of EF-G at the low (see Figure S3 of the Supporting Information and related
factor concentrations used (see below) and fluctuations oftext). These fluctuations are most likely due to photophysical
intensity and FRET efficiency during poly-Phe synthesis. events that cause the fluorophores to enter a transient dark

In single-molecule TIRF microscopy, fluorescent labels state [i.e., “probe flickering” 27, 28)]. Alternatively, the
diffusing in the solution, such as the free Cy3-labeled EF- fluctuations could be attributed to rapid EF-G dissociation
G, are not detected by the camera because they diffuse intaand/or rebinding events. However, this is unlikely, since the
and out of the~100-200 nm deep evanescent wave much probability of such events occurring during individual 1 s
faster than th 1 s camera integration time. There is little camera frames is only 0.05, based on measured average
direct excitation of Cy5-labeled ribosomes by 514 nm laser durations of 2.9 and 5.6 s for bright intervals, and dark states
light. When EF-G binds to a ribosome, fluorescence emission between bright intervals, respectively [ e Y291 —
is observed from Cy3 and, if the two fluorophores are e '*9]. The duration of the dark state is as expected for the
sufficiently close, from Cy5 as well, via FRET. Correlated free concentration (10 nM) of EF-G utilized, given the known
increases and decreases in fluorescence from both probesecond-order rate constant for binding of EF-G to the
(Figure 4) thus indicate binding and dissociation of EF-G ribosome 15).
from the surface-bound ribosomes. As expected, when the Addition of the antibiotic fusidic acid (FA, 100M), which
surface did not contain tethered ribosomes, no pairs of stabilizes binding of EF-&DP to the ribosome29, 30),

0.8 - E=

FRET

Ficure 4: Representative fluorescence intensities and FRET
efficiencies E = 1J/(la + lg)] as a function of time in a vacant
ribosome.
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Ficure 5: Population distributions of ribosome-bound EF-G intermediates: (A) vacant ribosome, (B) vacant ribosome in the presence of
100 uM fusidic acid, (C) ribosomes synthesizing poly(Phe), (D) poly(Phe) system in the absence of EF-Tu, (E) poly(Phe) system in the
presence of 10&M fusidic acid, and (F) idling poly(Phe) system ribosomes. FRET values®® are unreliable due to instrumental
crosstalk between the donor and acceptor detection channels.

0.

broadens the FRET efficiency distribution, which can be FRET efficiencies were quite broadly distributed over the
fitted with two Gaussian components, with peak values of range of 0.2-0.8 (Figure 5C), with discernible peaks &t
0.25 and 0.4 (Figure 5B). The higher overall FRET efficiency = 0.3 and 0.6. This distribution indicates that the N-terminal
in the presence of fusidic acid agrees with the results of domain of L11 can approach the’' Gomain of EF-G
parallel measurements on ensemble Samples of |abe|ed30nsiderab|y more C|ose|y in ribosomes engaged in p0|ypep_
ribosomes and EF-GTP, which show FRET efficiencies tjge synthesis than on vacant ribosomes. The linkage of high
(E) of ~0.26 in the absence of fusidic acid an0.38 inthe  FRET efficiency with actively translating ribosomes is
presence of 10@M fusidic acid (Figure 6). These FRET  confirmed by results obtained when EF-Tu is omitted, in

effic,iienciisoarlta?son&e(\;vggt higr;]er thban those c:jbtained pre\"1:which case the distribution of FRET efficiency values (Figure
ously € = 0.17 and 0.25) in the absence and presence o 5D) resembles that seen with vacant ribosomes. In the

fusidic acid, respectively, using ribosomes labeled with - ; N .
fluorescein at the same site (Gysn L11) and EF-G labeled presence of fu§|d|c acid, tiie~ 0'.6 state becomes qlommant
with coumarin at Cy&%. Coincidentally, this FRET pair has (Figure 5E), with a prolonged I|fe.t|me, qften Iasyng for at
the sameR, as Cy3-Cy5. The higher FRET efficiencies least the full ?Qqubs_eryatlon p?“Od' This pehavpr s_uggests
reported here are consistent with a structural model of EF-G that this antibiotic inhibits protein synthesis by binding to
bound to the ribosome, based on cryo-electron microscopy@"d stabilizing a normally transient intermediate that is
data [Figure 113, 14)], in which Cys$8 of L11 is closer to formed during the elongation cycle. Implicit in this sugges-
EF-G GI#3! than to GIy, tion is the assumption that binding of fusidic acid to EF-G

Ribosomes Engaged in Polyphenylalanine Synth&Sis.  On the ribosome has no direct interaction with the covalently
bosomes were preincubated with poly(U), mRNA, and bound Cy3 that could modify its FRET efficiency with L11-
N-acetylphenylalanine-tRNA and then attached to the mi- Cy5, for example, by altering Cy3 mobility. This assumption
croscope slide surface. Other reaction components for poly-is reasonable, since none of the proposed sites for binding
(Phe) synthesis were delivered into the flow cell. In this case, of fusidic acid to EF-G are in the 'Glomain 31).
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Ficure 6: Fluorescence emission spectra of ensemble FRET 0.8 °
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contained labeled EF-G and unlabeled ribosomes). The red trace _ o o . * e
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labeled ribosomes). The blue trace represents the data from the 0.0 : hd : | —
donor and acceptor in the presence of 100 fusidic acid. All of 0 20 40 60 80 100
the traces are corrected for the background, including unlabeled .
ribosome light scattering and direct acceptor excitation. The Time (s)

solutions contained 0.3@M ribosomes and 0.AM EF-G in TAM;q

buffer in the presence of 1 mM GTP. FiGUrRe 7: Representative fluorescence intensities and FRET

efficiencies as a function of time when the ribosomes are synthesiz-
. . ing polyphenylalanine [poly(Phe) system].

The conditions of the single-molecule and ensemble poly-
(Phe) synthesis are different in several respects. In the single{E ~ 0.6) periods. A significant fraction of the observed
molecule experiments, the EF-G concentration has been keptibosomes {20%) exhibited both correlated and anticorre-
at a very low value (10 nM) to reduce background fluores- lated fluctuations at different times, showing that such
cence from unbound molecules and nonspecific surfacebehaviors are not an indication of different ribosome popula-
binding. The EF-Tu concentration is adjusted to 5-fold more tions. Rather, anticorrrelation most likely arises from con-
than that of EF-G. On the other hand, in the ensemble poly- formational changes that alter the |-2EF-G distance on
(Phe) assay, the EF-G and EF-Tu concentrations are muchime scales comparable to our observation window.

higher (0.5 and 1uM, respectively). Another important Idling Ribosomes during Polyphenylalanine Synthesis.
difference between our single-molecule experiments and theSome 2-3% of the observed ribosomes contained FRET
ensemble assay is the temperature (20 and@7respec-  pairs that were long-lived, lasting for the entire recording

tively). These differences in experimental conditions cause time of 200 s, even in the absence of fusidic acid. We denote
poly(Phe) synthesis to proceed more slowly under the single-these ribosomes as “idling”, since elongation must be arrested
molecule conditions than in the traditional ensemble assay.when EF-G is bound continuously for several minutes or
Ribosomes engaged in polyphenylalanine synthesis displaymore. Idling ribosomes exhibited strongly anticorrelated
time courses of fluorescence intensities and FRET efficien- donor and acceptor fluorescence intensities (Figure 8A,
cies (Figure 7) that fluctuate considerably more than those correlation coefficient= 0.6) and had a FRET efficiency
found for vacant ribosomes (typically/I= 0.4 as in Figure  distribution resembling that seen for ribosomes in the poly-
7, vs~0.18 in Figure 4). This result is consistent with the (Phe) translation system in the presence of fusidic acid, with
notion that active ribosomes are more flexible and dynamic ~14% in theE ~ 0.3 state and-86% in theE ~ 0.6 state
than vacant ones. Since the EF-G concentrations and thgFigure 5F). These two states have average lifetimes of 0.65
surrounding medium are the same in both experiments, theand 3 s, respectively.
probability of EF-G dissociating and rebinding during an
individual camera integration time is very small, as in the DISCUSSION

case of the vacant ribosome. The rates of photophysical The results presented here, directed toward elucidating the
flickering and shot noise are also the same. motions of EF-G bound to the ribosome during the trans-
We observed periods with both positive and negative location step of the elongation cycle, are the first report of
correlation coefficients between donor and acceptor fluo- single-molecule fluorescence experiments during repetitive
rescence intensity signals, averagih@.3 and—0.3, respec-  cycles of protein synthesis.
tively, during binding of EF-G to ribosomes engaged in  Ribosomes are thought to alternate between “locked” and
poly(Phe) synthesis. A negative correlation, which can be “unlocked” conformations during elongation. Formation of
seen, for example, in the bright intervals of Figure 7, a pretranslocation complex containing uncharged tRNA in
corresponds to the fluctuation of donor and acceptor fluo- the P-site and peptidyl tRNA in the A-site is thought to result
rescence in opposite directions: an increase in donorin a conformationally labile or unlocked ribosome, predis-
fluorescence is accompanied by a decrease in acceptoposing the ribosome to major conformational changes upon
fluorescence and vice versa. FRET efficiencies for time EF-GGTP binding and rapid GTP hydrolysid@ 11).
periods showing positive or negative correlation were, in both Translocation is followed by a relocking step that may be
cases, quite broadly distributed, with the anticorrelated time rate-limiting for release of EF-&DP (1). When EF-Tu is
periods showing a somewhat higher proportion of high-FRET omitted, the pretranslocation complex does not form, and
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the presence ofN-AcPhe-tRNA in the P-site would be
expected to keep the ribosome in the locked conformation
even when EF-G5TP is bound and GTP is hydrolyzed.

Using smFRET, we demonstrate that both locked and
unlocked ribosomes, as well as vacant ribosomes, can form
a ribosomeEF-G-GDP complex having a FRET efficiency
of ~0.3. Only unlocked, translocating ribosomes can undergo
the further conformational change to Brof ~0.6 and even
higher (Figure 5C), consistent with the greater flexibility of
elongating ribosomes. The fraction of the riboselfeG
complex in theE ~ 0.6 state is enhanced in the presence of
added fusidic acid, providing strong evidence that the
antibiotic acts by preferentially binding to a preexisting
ribosomeEF-G complex, rather than by inducing a new
structure. Stabilization of thE ~ 0.6 state may inhibit the
relocking step that appears to be necessary for rapid releast
of EF-GGDP (11). Assuming that the attached fluorophores
have relatively free rotation (i.ex? = 2%3) and that
instrumental corrections are small, the knoRgvalue of
~50 A for the Cy3-Cy5 FRET pair allows conversion of
the FRET efficiencies of 0.3 and 0.6 into approximate
distances between C¥dn L11-NTD and Cy%!in the G
domain of EF-G of 58 and 47 A, respectively. The latter
value is consistent with the distance (33 A) between the
B-carbon atoms of L11-NTD-Cy%and G-Cys3?, estimated
from a cryo-EM-derived structure of the riboso&e-G
GDP-fusidic acid complex 13), taking into consideration
the uncertainty introduced by the linkers and the sizes of
the fluorophores themselves.

We also demonstrate a rare, long-lived, idling conforma-
tion in which theE ~ 0.6 state predominates over tBex
0.3 state (Figure 5F), opposite to the relationship between
these states during normal translocation and elongation
(Figure 5C). Ribosomes are known to pause or stall during
polypeptide synthesis, due to rare codod®),( mRNA
secondary structure83, 34), and pause-inducing nascent
peptides inside the ribosome exit tunndb,(36), possibly
providing time for nascent peptide folding, frame shifting,
skipping over secondary structur@7f, or mRNA de-
gradation 88, 39). It is tempting to speculate that the small
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Ficure 8: Representative fluorescence intensities and FRET
efficiencies as a function of time for the idling state.

Scheme 1: Translocation Scheme Including Idling States
and Inhibition by Fusidic Acid (FA)
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experiments 11, 15), nor has the mechanism of action of
fusidic acid been as clearly definety 29, 30). These new
findings thus provide a clear demonstration of the utility of
single-molecule fluorescence microscopy in elucidating
dynamical features of interaction of ribosome with protein
factors and antibiotics.

SUPPORTING INFORMATION AVAILABLE

number of idling ribosomes we observe may correspond Results from an activity assay of Cy3-labeled EF-G
to an intrinsic paused or stalled state of the ribosome, (Figure S1), optical leakage of emission of Cy3 into the Cy5
although we cannot rule out the less interesting possibility detector channel (Figure S2), a trace of a single-molecule
that they are simply ribosomes that are damaged in somefluorescence showing signal variation due to pure photo-
manner. Further work will be needed to resolve this physical fluctuations (Figure S3), and a sample movie of
issue. the surface-bound ribosomes in the poly(Phe) synthesis
Our results are most simply interpreted on the basis of System collectedtdl s per frame. This material is available
Scheme 1, which posits two ribosome conformations, free of charge via the Internet at http://pubs.acs.org.
elongating and idling (it is unclear whether the two confor-
mations are interconvertible and, if so, at what stages). REFERENCES
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