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F
luorescence technology is widely ap-
plicable in biological research and
medical/clinical diagnostics.1,2 In the

past decade, single-molecule fluorescence

(SMF) detection has been developed to se-

lectively address individual molecules in or-

der to detect events that are hidden in en-

semble measurements and to avoid

averaging effects.3�8 SMF has been used to

study biologically important processes such

as the motions of molecular motors,9�13

transcription,14,15 and translation.16�18 In

single-molecule fluorescence studies of lo-

calization or orientation, the target macro-

molecule is labeled with an organic fluoro-

phore, such as rhodamine, cyanine dye, or a

semiconductor quantum dot (QD), or li-

gated to a variant of green fluorescent

protein.19�21 For distance measurements

and dynamics, these probes are often used

in pairs (e.g., Cy3 and Cy5) that exhibit

distance-dependent fluorescence reso-

nance energy transfer (FRET).

However, low emission intensity, fluctua-

tions, and photobleaching of organic fluo-

rophores and fluorescent proteins often

limit the signal-to-noise ratios achievable

in SMF measurements.22,23 The local envi-

ronment of the probe on the macromol-

ecule, the imaging buffer and its oxygen

content, and the illumination intensity all

strongly influence photostability. Stronger

illumination increases fluorescence inten-

sity but typically with a proportional wors-

ening of the photobleaching rate. Other

characteristics also need to be taken into

consideration. For instance, quantum dots

are very bright and resistant to photo-
bleaching, but they are physically larger
(2�10 nm diameter) than organic fluoro-
phores and they blink extensively.24

Many approaches have been used to im-
prove signal-to-noise ratios in SMF mea-
surements, including advanced confocal
microscopy, total internal reflection fluores-
cence (TIRF), and zero-mode waveguides
(ZMWs) recently used for real-time DNA se-
quencing.25 A common characteristic of
these approaches is that they limit the vol-
ume from which fluorescence signals are
acquired. An attractive alternative is ad-
dressed in this paper, an enhancement of
fluorescence due to the presence of a metal
nanoparticle in the immediate vicinity of
the fluorophore. The method relies on us-
ing surface plasmons of noble metals to
modify the spectral properties of fluoro-
phores so as to enhance their fluores-
cence.26 Coupling between the fluorophore
dipole and plasmon resonance oscillations
in the nearby metal particles increases the
radiative rate of fluorescence.27�29
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ABSTRACT Metal-enhanced fluorescence (MEF) increased total photon emission of Cy3- and Cy5-labeled

ribosomal initiation complexes near 50 nm silver particles 4- and 5.5-fold, respectively. Fluorescence intensity

fluctuations above shot noise, at 0.1�5 Hz, were greater on silver particles. Overall signal-to-noise ratio was

similar or slightly improved near the particles. Proximity to silver particles did not compromise ribosome function,

as measured by codon-dependent binding of fluorescent tRNA, dynamics of fluorescence resonance energy transfer

between adjacent tRNAs in the ribosome, and tRNA translocation induced by elongation factor G.

KEYWORDS: single-molecule fluorescence · metal-enhanced fluorescence · silver
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This phenomenon is termed metal-enhanced fluores-
cence (MEF). Increasing the rate of fluorescence emis-
sion increases brightness, while also improving photo-
stability and reducing blinking.30,31 In addition, as the
fluorescence is enhanced only in a small region sur-
rounding the metallic particle, MEF can effectively limit
the volume from which fluorescence is collected or,
equivalently, greatly limit the contribution of back-
ground fluorescence originating from freely diffusing
molecules in the sample. Importantly, the application
of MEF does not exclude using many of the above-
mentioned techniques that limit the volume from
which the fluorescence is acquired, greatly enhancing
the choice of techniques available to improve signal-to-
noise in SMF.

We recently reported on MEF for a series of the indi-
vidual molecular components of protein synthesis.32 Al-
though excellent applications have been found for
MEF in various other biomedical assays, such as DNA
hybridization1,2,26 and cellular imaging,33 MEF has not
yet been used extensively for determining biological
mechanisms involving supramolecular complexes. This
may partly be due to alterations of biological activity of
macromolecules within the enhancement distance of
these noble metals. For instance, chemical energy pro-
duction in a photosynthetic reaction center is strongly
altered in the presence of metal nanoparticles.34

Here we tested aspects of metal-enhanced fluores-
cence of organic fluorophores bound to components
of a supramolecular complex of the ribosome and
tRNAs, parts of the protein synthesis machinery. A 4�7-
fold MEF enhancement in fluorescence intensity is ac-

companied by only minor alterations in photobleach-
ing rate, leading to increased photon collection. The
enhancement in intensity is achieved with maintenance
of ribosome functionality. These results demonstrate
that MEF is a promising technology for improving
single-molecule fluorescence and FRET monitoring in
functional studies of biomacromolecular complexes
such as the ribosome.

RESULTS
Characterization of Colloidal Silver Nanoparticles. Colloidal

silver particles, prepared by reducing silver nitrate with
sodium citrate, were attached to glass microscope
slides as described in Methods. Two sizes of particles
were made by varying the rate of reduction. The size
of the silver particles was measured using AFM, giving
average diameters of 50 � 16 and 85 � 18 nm (mean �

standard deviation, n � 463 and 789) from the heights
of the small and large particles, respectively (Figure 1).
Some of the particles aggregated into larger spherical
or rod-shaped structures, which are evident in the AFM
images. Surfaces coated with colloidal particles and illu-
minated by visible (e.g., green 532 nm) laser light ap-
peared as discrete, focused spots in images recorded at
longer wavelengths (e.g., yellow-orange, 560�620 nm,
and red, 660�720 nm, Table S1, Supporting Informa-
tion).

As such background emission might interfere with
detection of single fluorophores on a biological sample,
we further characterized its relationship to the size of
the silver particles and its spectral characteristics (Sup-
porting Information text and Figures S1 and S2). The

Figure 1. AFM 3D rendering of large (a) and small (b) colloidal silver particles and their corresponding size distributions (c,d).
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emission was colocalized with the silver particles de-
tected either by AFM or by backscattered visible light,
and the intensity from the larger particles was greater
and extended to longer wavelengths than that from the
smaller particles. Fluorescence of silver clusters has
been described before35�37 but commonly after oxida-
tion or higher intensity illumination than used here.
Other possible causes of this background may be
surface-enhanced Raman scattering of adsorbed ma-
terial or fluorescence from other optical components,
although the sharp focus of the red-shifted lumines-
cence (Figure S1 in Supporting Information) renders the
latter explanation unlikely.

The background from silver particles either does
not photobleach or else bleaches slowly and gradually,
whereas single organic fluorophores used for biological
labeling photobleach in a single step. As a result, step-
wise photobleaching to a steady background enables
fluorophores to be identified at the site of a colloidal
particle or on plain glass.

Cy3 and Cy5 Fluorescence Enhancement near Colloidal Silver
Nanoparticles. The smaller, 50 nm silver particles pro-
duced less background, so this material was used to
characterize the enhancement of fluorescence from Cy3
and Cy5 probes. Fluorescently labeled ribosomes were
attached to the microscope slides through a short bioti-
nylated test mRNA linked to a layer of polyethylene gly-
col (PEG) covering sparsely distributed colloidal par-
ticles (Methods). Ribosomal initiation complexes (ICs)
were labeled specifically with Cy3 or Cy5 on the large
subunit protein L11,18 or pretranslocation complexes
contained Cy5-labeled arginine tRNA bound to the
A-site. The labeled ribosomes attached to the surface
via a biotinylated mRNA, in positions that were random
with respect to the silver particles. The Cy3- or Cy5-

labeled complexes were excited in TIRF mode by green
(532 nm) or red (640 nm) lasers, respectively. Single
molecules were selected on the basis of single-step
photobleaching to avoid interference from colloidal
background, as described above, and intensities were
calculated by fitting 2D Gaussian profiles to the inten-
sity distributions as described in Methods.

Comparison of fluorescence micrographs of Cy3-
labeled initiation complexes bound to PEG-coated glass
slides without and with silver particles (Figure 2a,b, re-
spectively) shows marked enhancement of fluores-
cence intensity by the colloidal particles. The median in-
tensity on plain glass was 3900 camera intensity units,
with very few spots having intensities higher than
10 000 units (Figure 2c). In contrast, a large proportion
of the single-molecule complexes had intensities of
�10 000 units on slides containing silver particles (Fig-
ure 2d). As determined from the quantum yield of the
camera and its gain (measured as described in Meth-
ods), 10 000 intensity units correspond to �160 pho-
tons striking a camera pixel during each 100 ms record-
ing period. The higher intensity spots in the presence
of the colloidal particles are not aggregates of more
than one labeled ribosome because the fluorescence
bleaches to the background level in a single step (inten-
sity traces, Figure 2e,f). As expected, quite similar re-
sults were found for Cy5-labeled initiation complexes
(Figure S3 in Supporting Information).

The higher fluorescence on the colloidal particles of-
ten displayed 0.1�5 Hz fluctuations above photon
counting shot noise, as in Figures 2f and S3. Noise in
the traces on plain glass was slightly higher than ex-
pected from photon counting statistics, presumably
due to excess noise of the camera gain multiplier and
the fluorophores’ photochemical processes. For ICs

Figure 2. Comparison of Cy3-labeled initiation complexes (ICs) on the plain glass surface and small silver particle coated
glass surface. Fluorescence images (a,b), intensity histograms (c,d), and single-molecule traces (e,f) on plain glass (a,c,e) and
on silver particle coated glass (b,d,f).
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colocalized with 50 nm silver particles, the noise above

the expected shot noise was higher, 2�3-fold above

shot noise (Table S2 in Supporting Information). After

photobleaching of both Cy3 and Cy5 high intensity

spots, the background intensity was slightly higher

(�500 intensity units) than on plain glass, presumably

due to background emission of the nearby colloid

particle.

To confirm that enhancement of the fluorescence

was due to the proximity of the ribosomes to the silver

particles, we captured images of backscattered light

from the silver particles and fluorescence from labeled

ribosomes in the same area, registered the images to

each other using Matlab and ImageJ scripts, and sorted

the spots according to colocalization with a silver par-

ticle, within one pixel. For Cy3-labeled ICs, this analysis

showed that 83% of the molecules that were colocal-

ized with a silver particle had high (�10 000) intensity

compared to 1% of the spots on plain glass (Figure 3a,b,

respectively). The corresponding values for Cy5-labeled

ICs were 72 and 2% (Figure 3c,d, respectively). Median

intensities for the fluorophores colocalized with colloids

(Table S2 in Supporting Information) were enhanced

6.7- and 4.7-fold for Cy3 and Cy5, respectively, relative

to values on plain glass.

Assuming that binding of ribosome ICs to the PEG-

coated surface was random, irrespective of whether a

colloidal particle was nearby, the density of colloidal

particles and the proportion of fluorophores with en-

hanced fluorescence allow an estimate of the area

around a particle that leads to enhancement. The den-

sity of colloidal particles on the surface, detected by

AFM, was 2.3 � 0.3 per �m2. Fifty-two percent of Cy5-

labeled complexes on the silver-treated slides exhibited

high intensity (�10 000 camera units). These values

lead to an area with apparent radius of 270 nm sur-

rounding each particle that gave fluorescent enhance-

ment. This value is very approximate because the den-

sity of colloids was measured by AFM on separate slides

from those used for fluorescence measurements. In ad-

dition, fewer particles, presumably only the larger ones,

were identified by optical backscattering (Figure S1 in

Supporting Information).

For the fluorescence enhancement to be of practi-

cal benefit in a dynamic biophysical experiment, the to-

tal number of photons collected from the fluorophore

before it photobleaches must be enhanced. Recording

times before photobleaching of the fluorescence-

enhanced Cy3- and Cy5-labeled ICs close to silver par-

ticles were compared to ones bound to plain glass. The

product of the recording time (determined by the rate

of photobleaching) and the intensity gives a relative

measure of the total number of photons captured. Un-

der the present recording conditions, the average re-

cording times for Cy3- and Cy5-labeled initiation com-

plexes were unchanged or slightly increased by the

presence of silver particles (31 s for Cy3 near particles

vs 30 s on plain glass and 43 s for Cy5 near particles vs

33 s on glass) (Table S2, Figure S4 in Supporting Infor-

mation). The total number of photons emitted by Cy3-

and Cy5-labeled initiation complexes (the products of

intensity and recording time) were 4.2- and 5.5-fold

higher on average, respectively, near silver particles

compared to plain glass (Table S2 in Supporting Infor-

mation and Figure 3).

Due to higher scattering, large silver colloidal par-

ticles have been reported to produce greater enhance-

ment of fluorescence than small ones.1 Median intensity

Figure 3. Photostability�intensity plots of Cy3- and Cy5-labeled ICs on plain glass and small silver particle coated glass.
The number of photons emitted from each single spot before photobleaching is plotted vs intensity of Cy3-labeled ICs colo-
calized (within 1 pixel) with silver particles (a) and on plain glass (b), Cy5-labeled ICs colocalized silver particles (c) and on
plain glass (d). Intensity distributions for respective Cy3- and Cy5-labeled ICs are in the insets.
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was increased more (6.7-fold, Figure S5, Table S3 in Sup-
porting Information) on 85 nm particles than on 50
nm ones (4.7-fold, Figure 3, Table S2 in Supporting In-
formation). It is worth noting, however, that the aver-
age recording time before photobleaching was shorter
near the 85 nm particles than the 50 nm particles: 30 s
(Figure S6 in Supporting Information) and 43 s (Figure
S4 in Supporting Information), respectively. The en-
hancement of total number of photons collected from
Cy5 near colloidal particles, above those on plain glass,
was very similar on large particles (4.8-fold, Table S3 in
Supporting Information) to that on small ones (5.5-fold,
Table S2 in Supporting Information).

Activity Assays. The ribosome contains three tRNA
binding locations: the aminoacyl (A) site, the peptidyl
(P) site, and the exit (E) site. During polypeptide synthe-
sis, the state after formation of a peptide bond, but be-
fore translocation of the mRNA and two tRNAs along
the ribosome, is termed the pretranslocation complex.
This state (containing a deacylated tRNA in the P-site
and peptidyl tRNA in the A-site) has two conformational
states, denoted as the classic (A/A, P/P) and hybrid
(A/P, P/E) tRNA/ribosome pretranslocation states.38,39

The classic and hybrid states have been found to inter-
convert dynamically in single-molecule FRET (smFRET)
studies.40�42 In separate smFRET studies conducted on
plain glass and reported elsewhere,42 we found both
complexes in the second elongation cycle and contain-
ing tRNAArg(Cy5) and fMetArgPhe-tRNAPhe(Cy3) bound
to adjacent codons in the ribosome (termed PRE2-tt),43

and complexes in the first elongation cycle, containing
Cy3-labeled L11 and fMet-Arg-tRNAArg(Cy5) in the A-site
(termed PRE1-Lt), exhibited fluctuations between two
conformations consistent with the classic and hybrid
states. We also showed that addition of EF-G · GTP to
PRE1�Lt complexes leads to a large decrease in FRET
efficiency, consistent with the expected increase in
L11�tRNA distance that accompanies translocation of
A-site tRNA to the P-site.

Quite similar results were found here for ribosome
complexes bound close to silver particles, providing
strong evidence that such complexes retain functional
activity. Of �900 ribosomes prepared as PRE2-tt com-
plexes and containing colocalized Cy3 and Cy5 fluoro-
phores (collected from at least 6 different regions from
two different experiments, Methods), 65% gave high
Cy5 intensity (�10 000 counts for Cy5 upon direct exci-
tation, assumed to be close to the silver particles) and
35% gave lower Cy5 intensity (�10 000 counts, as-
sumed to be away from silver particles). Of the high in-
tensity colocalized spots, 21% showed FRET efficiency
�0.35 between the two adjacent tRNAs, compared to
30% for lower intensity ones, suggesting that slightly
fewer of the ribosomes are active in this assay near the
silver particles than on PEG-coated plain glass. Both the
high and low intensity traces showed two FRET compo-
nents (corresponding to the classic and hybrid states)

(high intensity, efficiencies 0.65 and 0.36, Figure 4; low

intensity, efficiencies 0.66 and 0.43, Figure S7 in Sup-

porting Information), that were very similar to each

other and to the FRET components found on plain glass

(ref 42, 0.69 and 0.38). In many of the ribosomes, the

Cy5-tRNAArg and Cy3-tRNAPhe fluctuate between these

two states. Time courses of anticorrelated Cy3 donor

and Cy5 acceptor fluorescence intensities (Figures 4

and S7 in Supporting Information) show similar charac-

teristics except for the higher total intensity on silver

particles. Average dwell times at high and low FRET

were 2.2 � 0.2 and 1.5 � 0.2 s, respectively, for high in-

tensity traces (Figure 4d,e), 2.8 � 0.4 and 1.8 � 0.2 s, re-

spectively, for low intensity traces (Figure S7 in Support-

ing Information) similar to the values of 2.5 � 0.3 and

2.1 � 0.2 s on plain glass.42 Thus the FRET efficiency ra-

tios and dynamics are not affected markedly by proxim-

ity to colloidal particles.

Results obtained for ribosomes prepared as PRE�Lt

complexes also parallel those seen for experiments us-

ing plain glass.42 Many ribosomes oscillated back and

forth between high and low L11�tRNA FRET efficiency

values (assigned to classic and hybrid states), and some

of them remained at stable high or low FRET values.

The L11�tRNA FRET efficiencies for pretranslocation

complexes near silver particles averaged 0.82 and 0.48

with average dwell times of 2.2 � 0.3 and 2.0 � 0.2 s in

the high and low FRET states, respectively (Figure

5b�e). These values were similar to high and low FRET

values of 0.80 and 0.44 on plain glass and dwell times

of 2.1 � 0.1 and 1.9 � 0.2 s, respectively.42 Further, in-

fusion of EF-G · GTP onto surfaces containing the

PRE1�Lt complex led to a large decrease (92%) in the

number of molecules near silver colloidal particles con-

Figure 4. Time courses of fluorescence intensity of precomplex (PRE-
tt, having tRNAArg(Cy3) in the P-site and fMet-Arg-Phe-tRNAPhe(Cy5) in
the A-site) close to particles on a small silver particle coated surface (a).
Cy3 (green) and Cy5 (red) fluorescence intensity traces under 532 nm
laser illumination show fluctuation between high and low FRET and
photobleaching of the Cy5 at �5 s. FRET efficiency distributions from
fluctuating and nonfluctuating complexes are shown in (b) and (c), re-
spectively. Dwell time distributions for (d) high and (e) low FRET states.
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taining colocalized Cy3 and Cy5 with FRET efficiencies
greater than 0.2. As on the plain glass,42 this is consis-
tent with translocation of fMet-Arg-tRNAArg from the
A-site to the P-site.

DISCUSSION
We present here an application of metal-enhanced

fluorescence (MEF) for single-molecule studies of pro-
tein synthesis. Although MEF has previously been
shown for many fluorophores, including Cy3 and Cy5,
prior to the present work, it was unknown whether
proximity to colloidal silver particles affects the record-
ing time before photobleaching. Our results clearly
show a 4�7-fold enhancement of fluorescence inten-
sity of labeled ribosomal initiation complexes (ICs) near
silver colloidal particles compared to that seen with
PEG over plain glass. Changes in photobleaching rate
are minor. The enhancement of fluorescence intensity
leads to a 4- and 5-fold increase in total number of pho-
tons collected for Cy3- and Cy5-labeled ICSs, respec-
tively. Larger colloids enhance the fluorescence signal
more than smaller ones, as expected from earlier re-
ports,1 but in the size range of 50�85 nm tested here,
enhancement of total numbers of photons from Cy5
fluorescence does not depend on the particle size. De-
spite this large enhancement in fluorescence intensity,
a concomitant increase in 0.1�5 Hz fluctuations in fluo-
rescence intensity from surfaces coated with colloidal
silver particles led to an overall signal-to-noise ratio that
was either similar to or slightly enhanced relative to
fluorescent-labeled ICs on plain glass.

The recording time before photobleaching under la-
ser illumination is inversely proportional to laser inten-
sity.44 Therefore, we expect that the enhancement can
be used effectively to extend the recording time before

photobleaching. Our work represents the first applica-
tion of MEF to the study of a supramolecular complex,
in this case the ribosome. The similarities in the results
obtained for pretranslocation and post-translocation
complexes bound near silver colloidal particles com-
pared to those bound to plain glass strongly suggest
that MEF did not significantly compromise ribosome
function.

Ribosomes bound randomly to the surface, either
near or far from the colloids. In principle, virtually all of
the labeled ribosomes that colocalize with the silver
particles should give MEF, while all those that do not
colocalize should not. In practice, we found that
70�80% of the colocalized labeled ribosomes had
high intensity, as compared with 20�30% of the non-
colocalized ribosomes. The higher than expected inten-
sities for some of the nonlocalized ribosomes (noncolo-
calized spots, Figure S6 in Supporting Information) are
most likely attributable to incomplete identification of
the colloidal particles by light scattering due to the
noise and limited sensitivity of the camera. This expla-
nation is supported by the very small number of high
intensity spots found on plain glass and the 3�4-fold
higher density of particles that were detected by AFM
than by light scattering. The low intensity observed for
some of the colocalized ribosomes most likely reflects
the limited resolution of colocalization (�250 nm), as
well as the expected quenching of fluorescence when
fluorophores are within 2 nm of colloids.45 The latter ef-
fect should be limited, however, since the 5000 Da
PEG coating the surface was approximately 10 nm thick.
In addition, the mRNA strand linking the ribosome to
the PEG was �5 nm long.

The estimate of the radius surrounding the colloi-
dal particles that provided fluorescence enhancement,

Figure 5. Time courses of fluorescence intensity of Cy3�L11-labeled precomplex (PRE�Lt, having tRNAfMet in the P-site and
fMet-Arg-tRNAArg(Cy5) in the A site) close to a particle on a small silver particle coated surface. Cy3 (green) and Cy5 (red) fluo-
rescence intensity traces of the PRE�Lt complex close to silver particles (a) under 532 nm laser illumination show photo-
bleaching of Cy5 at �25 s. FRET efficiency distributions from fluctuating and nonfluctuating complexes are shown in (b) and
(c), respectively. Dwell time distributions for (d) high and (e) low FRET states.
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according to the density of particles and the propor-
tion of enhanced fluorophores, �270 nm, would also
need to be adjusted if a central region is quenched,
rather than enhanced. An earlier study45 reported
smaller distances for enhancement, peak enhance-
ment at 5�9 nm between the particle and the fluores-
cent probe and extending to �50 nm. Differences be-
tween that study and ours are that the silver particles
were (�10-fold) smaller, more densely applied to the
surface to form a film, and the metal
particle�fluorophore distance was determined by an
intervening protein layer rather than nonspecific
attachment.

Another major issue in the use of MEF is background
intensity from bare colloids that overlaps the emission
spectra of the fluorophores, thereby potentially interfer-
ing with single-molecule measurements. For the
smFRET results reported in this study, we selected mol-
ecules that showed only single-step photobleaching to

a stable background. This criterion distinguishes fluo-
rescence emission of Cy3 and Cy5 from colloidal back-
ground intensity since the luminescence signal from
colloidal aggregates either does not bleach or bleaches
slowly and gradually, and never in a single step.

In conclusion, this study shows that metal-enhanced
fluorescence with 50�85 nm silver colloidal particles
could be successfully applied in studies of biological
processes involving supramolecular complexes. We
found that ribosomal complexes are fully active near
these particles. We observed long wavelength lumines-
cence background and excess noise associated with
many of the silver particles. The background could be
eliminated as a problem by using single-step photo-
bleaching to select organic fluorophores. These results
engender confidence that metal-enhanced fluores-
cence will be useful in further studies of ribosomes and,
quite possibly, of many other types of supramolecular
complexes.

METHODS
Small and Large Colloids. Small and large colloids were prepared

according to ref 46, with slight modifications. Trisodium citrate
(2 mL at 34 mM) was added dropwise to a stirred solution of Ag-
NO3 (100 mL at 1 mM) at 90 °C. The reaction mixture was heated
to 90�95 °C, and stirring was continued for 15 min or until the
reaction mixture turned pale yellow. For large colloids, the triso-
dium citrate was added in 4 aliquots of 0.5 mL each every 15
min. The resulting mixture was then incubated in an ice bath
for 15�20 min. The small and large colloids were then purified
by centrifugation three times at 8000 and 3500 rpm, respectively,
for 8 min each time; the precipitate was then suspended in 1
mL of 1 mM trisodium citrate.

Buffers. All single-molecule experiments were carried out in
TAM15 buffer (20 mM Tris-HCl (pH 7.5), 15 mM Mg(OAc)2, 30
mM NH4Cl, 70 mM KCl, 0.75 mM EDTA, 1 mM DTT, and 0.2%
(w/v) Tween 20). A deoxygenation enzyme system of 3 mg/mL
glucose, 100 �g/mL glucose oxidase (Sigma-Aldrich), 40 �g/mL
catalase (Roche), and 1.5 mM 6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox, Sigma-Aldrich),
initially dissolved at 150 mM in DMSO, was added during single-
molecule measurements to decrease photobleaching and
photoblinking.

Proteins, Ribosomes, and tRNAs. Proteins were prepared as de-
scribed in ref 42. The 70SCy3 ribosomes were prepared by incu-
bating a 2-fold molar excess of C38S/S87C-L11Cy3 with 2 �M
AM77 ribosomes lacking L11 as described,42 yielding a ribo-
some pellet with Cy3/ribosome ratio of 0.8. fMet-tRNAfMet(Cy5),
Arg-tRNAArg(Cy3), Arg-tRNAArg(Cy5), and Phe-tRNAPhe(Cy5) were
prepared using the reduction, charging, and labeling protocol as
described.42,43

mRNA. The mRNA was purchased from Dharmacon, Inc.: 5=-
biotin-labeled GGG AAU UCA AAA AUU UAA AAG UUA AUA
AGG AUA CAU ACU AUG CGU UUC UUC CGU UUC UAU CGU UUC.
The underlined sequence is a strong Shine�Dalgarno region and
italized sequence codes are for MRFFRFYRF (single letter amino
acid code).

Complex Formation. The 70S initiation complex was formed by
incubating 1 �M 70S ribosome, 4 �M 5=-biotinylated mRNA, 1.5
�M each of IF1, IF2, IF3 and fMet-tRNAfMet, and 1 mM GTP in
TAM15 buffer for 25 min at 37 °C. Ternary complex was formed
by incubating 4 �M EF-Tu, 2 �M dye-labeled and charged tRNA,
3 mM GTP, 1.3 mM phosphoenolpyruvate, and 5 mg/L pyruvate
kinase in TAM15 buffer for 15 min at 37 °C.

Immobilization Method. Precleaned glass coverslips (Fisher Sci-
entific) were aminosilanized by 3-aminopropyltriethoxysilane

(United Chemical Technologies, Inc.). Colloids were then re-
acted with the aminosilane surface for 3 h, followed by incuba-
tion with polyethylene glycol (PEG, Laysan Bio, mixture of 5000
MW PEG-succinimidyl valerate and biotin-PEG-succinimidyl val-
erate at a molar ratio of 100:1 unbiotinylated/biotinylated PEG)
for an additional 3 h. Initiation complexes were bound to the sur-
face by applying streptavidin solution (0.5 mg/mL) and biotiny-
lated initiation complex solution (1�10 nM) for 3 min each fol-
lowed by a wash with TAM15 buffer. To prepare immobilized
pretranslocation complexes, EF-Tu/tRNA ternary complex (10
nM) was applied for 3 min followed by a TAM15 buffer wash. The
translocation reaction was started by injecting 2 �M EF-G and 3
mM GTP into immobilized pretranslocation complexes. All
single-molecule studies were carried out at 21 °C.

Fluorescence intensity, FRET, and function of ribosomes
were compared on slides containing colloidal silver particles as
above with corresponding measurements on identically pre-
pared slides, except the colloids were not applied. In the text,
the slides without colloids are termed “plain glass” but all of the
layers (e.g., silane and PEG) except the colloids were the same.

TIRF Measurements on Immobilized Ribosomes. A custom-built
objective-type total internal reflection fluorescence (TIRF) micro-
scope was based on a commercial inverted microscope (Eclipse
Ti, Nikon) with a 1.49 NA 100� oil immersion objective (Apo TIRF;
Nikon, Tokyo, Japan). Direct excitation (for fluorescence en-
hancement experiments) or alternating-laser excitation (ALEX)47

(for FRET in activity assays) was used with a 532 nm laser (Crys-
taLaser, Inc.) and a 640 nm laser (Coherent, Inc.) to obtain Cy3
and Cy5 fluorescence intensities and the FRET signal between
Cy3 and Cy5. Fluorescence emission from Cy3 and Cy5 were
separated by a Quad View splitter (Photometrics, Tucson, AZ)
and recorded with an electron multiplying charge-coupled de-
vice (EM-CCD) camera (Cascade II, Photometrics) at 100 ms inte-
gration time as described.42

For recording, several areas of 50 � 50 �m each were
scanned from different slide chambers. Single molecules were
then selected on the basis of single-step photobleaching to
avoid colloidal luminescence, and intensities were calculated by
fitting the intensity distribution to 2D Gaussian profiles within a 9
� 9 pixel area

where A is the amplitude, x0, y0 is the center and �x, �y are the x
and y standard deviations of the intensity distribution. The total

f(x, y) ) Ae-( (x - x0)2

2σx
2

+
(y - y0)2

2σx
2 ) (1)
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number of camera digitizer units in the image (the intensity)
was calculated as I � 2	 A �x, �y; �x � �y � 1.15 and 1.2 for Cy3
and Cy5, respectively. For fluorescence enhancement studies, in-
tensities were then converted into number of photons using
camera gain measured for the EMCCD camera by the proce-
dure described in the next section. For FRET measurements, in-
tensity traces were directly used and the FRET efficiency was cal-
culated using eq 2

where ID is fluorescence intensity of donor, IA is fluorescence in-
tensity of acceptor, 
 is cross-talk of donor into acceptor channel,
and � accounts for the differences in quantum yield and detec-
tion efficiency between the donor and the acceptor; � is calcu-
lated as the ratio of change in the acceptor intensity, �IA, to
change in the donor intensity, �ID, upon acceptor photobleach-
ing or change of FRET efficiency (� ��IA /�ID).48,49

Camera Gain Measurement. The gain of the EM-CCD camera was
measured in order to calculate the conversion factor relating
the spot intensities to the number of collected photons. Mea-
sured pixel intensity A is related to the number of photons, N,
by A � QNC/B, where Q � quantum yield of the camera detec-
tor, C � gain (output current/input current) of the camera elec-
tron multiplier, and B � number of electrons (after the cascade
amplifier) converted to each digital intensity unit (ADUs). B is of-
ten termed “Gain” in EM-CCD camera literature. The variance (V)
of a pixel intensity is given by V � 2QNC2/B2, where the factor of
2 is an approximation of the excess noise introduced by the cas-
cade amplifier.50 Values of variance and intensities were ob-
tained by measuring pixel intensities over time with a stable
light source or from successive difference images. Plots of V ver-
sus A were linear with slope (V/A � 2C/B) corresponding to C/B �
70 at the experimental cascade amplifier setting. Taking Q as
0.9 from the camera specifications, the ratio of pixel output sig-
nal to number of collected photons is thus 63.

HaMMy. The hidden Markov model based software HaMMy51

was used to analyze the FRET traces. The software was set to
model two FRET states. Traces with only one FRET state were
considered to be stable traces, whereas the traces with two FRET
states were considered to be fluctuating traces. Dwell times of
high and low FRET of fluctuating traces were calculated by
HaMMy.

AFM. An atomic force microscope (MFP 3D-BIO Model, Asy-
lum Research, Inc.) was used to characterize the size of colloidal
silver particles. Silver particles were prepared and deposited as
described above, and dry sample imaging was performed in tap-
ping mode. An AC 240TS cantilever with resonant frequency of
�60 kHz was used. The AFM system was integrated with an in-
verted objective-type TIRF microscope similar to the instrument
described earlier, based on a Nikon Eclipse Ti platform and a 1.49
NA 100� (Apo TIRF; Nikon, Inc.) oil immersion objective. For
data analysis of the AFM images, we used Igor-based MFP 3D
and ARgyle Light software supplied by Asylum Research, Inc.
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