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The unique advantage of the single molecule approach is to reveal the inhomogeneous subpopulations in an en-
semble. For example, smFRET (single molecule fluorescence resonance energy transfer) can identify multiple sub-
populations based on the FRET efficiency histograms. However, identifying multiple FRET states with overlapping
average values remains challenging. Here, we report a new concept and method to analyze the single molecule
FRET data of a ribosome system. The main results are as follows: 1. based on a hierarchic concept, multiple ribo-
some subpopulations are identified. 2. The subpopulations are self-identified via the cross-correlation analysis of
the FRET histogram profiles. The dynamic heterogeneity is tracked after 2 min intervals on the same ribosomes
individually. 3. The major ribosome subpopulations exchange with each other with a certain pattern, indicating
some correlations among the motions of the tRNAs and the ribosomal components. Experiments under the
conditions of 20% glycerol or 1 mM viomycin supported this conclusion.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Single molecule methods track individual molecules in single reac-
tion trajectories. Therefore, inhomogeneous subpopulations and rare
reaction pathways can be observed in complex and out of phased biolog-
ical systems, such as the ribosome system [1]. However, due to intrinsic
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extract kinetics and conformational information from a single molecule
data. For example, in the single molecule fluorescence resonance energy
transfer (smFRET), the subpopulations can be sorted by the FRET
efficiency histograms or via the hidden Markov analysis for kinetic infor-
mation [2]. Both methods are model-dependent and adding more states
always helps them fit the data better. When the distributions of multiple
FRET states are overlapped, the fitting becomes more biased by the
initial parameters. Consequently, the kinetic information will not be
reliable because it depends on the identification of FRET states. Here,
we report a new model-free sorting method to identify the ribosome
subpopulations.

The ribosome moves processively on the mRNA to assemble poly-
peptide. The aminoacyl tRNA pairs with the mRNA codon at the A-site
and accommodates into the ribosome. Then, the elongating peptide
chain on the P-site tRNA is transferred to the A-site tRNA via the new
amide bond between the peptide chain and the aminoacyl tRNA. After-
ward, the tRNAs move from the A- and P-sites to the P- and E-sites, re-
spectively, which moves the next codon into the A-site for a new
elongation cycle. The cycles continue until a stop codon moves into
the A-site to finish the nascent peptide synthesis. Multiple ribosomal
components and the tRNAs undergo large conformational changes dur-
ing these processes [3,4]. The two subunits (30S and 50S) ratchet rela-
tive to each other; the 30S head swivels, and the tRNAs fluctuate
between classical and hybrid binding positions in the 50S [5-9]. A
cryo-EM study has identified more than 30 different subpopulations in
the ribosome pre-translocation complex with different combinations
of these movements, implying that the ribosome allosteric motions
are not strongly correlated. On the other hand, it appears that more ex-
tensive inter-subunit ratcheting enables the tRNAs sample more confor-
mations near their binding pockets, suggesting that the ribosome
scaffolds dictate the tRNA dynamics [10]. In the meantime, we reported
single molecule FRET studies on the ribosome that probed the distance
between the A- or P-site tRNAs and the ribosomal protein L27. Three
FRET states were observed at values of approximately 0.2, 0.47 and
0.68. However, the ribosomes cannot be simply assigned to only three
states because individual ribosomes sample the three FRET states differ-
ently. Considering both values and dynamics of the FRET states, at least
seven ribosome subpopulations can be identified: three subpopulations
sample only one of the FRET states; three subpopulations sample only
two of the three FRET states; and one subpopulation samples all three
FRET states [11,12]. Therefore, more heterogeneity can be deduced, al-
though not directly observable. This analysis method sorts the ribosome
subpopulation based on a series of FRET data points instead of just one
data point, therefore, the subpopulations identified are at a higher
level of heterogeneity than the FRET values, which we have named
the hierarchic model. The main difference between this hierarchic
model and other methods is that both FRET values and dynamics are
considered to define a subpopulation, whereas most other research re-
ports define subpopulations only by the FRET values [13]. The hierarchic
model agrees with the above-mentioned cryo-EM study that shows that
the ribosome inter-subunit ratcheting conformations affect the tRNA
dynamics. Similarly, the subpopulations identified by the hierarchic
model are ribosomes with different conformations that allow different
tRNA dynamics. However, our previous analysis still defines the FRET
states via Gaussian fittings to the FRET efficiency histograms, which
are biased by the initial guess values. In this report, the subpopulations
are self-identified via cross-correlation analysis of the FRET efficiency
histogram profiles. This analysis, therefore, eliminated the model-
fitting of FRET states.

2. Results
2.1. Single molecule FRET experimental conditions

The FRET-paired dyes (Cy3-Cy5) are tethered on the C53 residue of
the ribosomal protein L27 and the D-loop of the tRNA (D16/17),

respectively, as described previously [11,14] (Fig. S1 and sample prepa-
ration description in the Supplemental material). In the pre-
translocation complex, the dye-labeled tRNA™ carrying the fMet-Phe
dipeptidyl chain is at the A-site, while the vacant tRNA™¢ is at the P-
site (Fig. S1). The complex is tethered to the surface via the surface-
streptavidin-biotin-mRNA interaction. A 532 nm laser is directed
through a TIRF objective (Nikon Instruments) to illuminate the sample
above the total internal reflection angle and generates an evanescent
wave to excite the donor dye. The fluorescence emitted from the dyes
are collected by the same objective and imaged on the CCD camera
(Cascade II, Photometrics). The FRET efficiencies are calculated according
t0 E = Lrcceptor / (Idonor + Iacceptor)- TO remove signals with photophysical
flickering, the fluctuation of the total fluorescent intensity
(Iaonor + Iacceptor) has to obey the Poisson distribution to warrant
no donor photophysical flickering [15]. The acceptor physical flick-
ering is tolerated because it occurs at a much lower frequency than
the observed inhomogeneity [ 15]. Meanwhile, the signal noise level
is set to less than 20%. For every ribosome, the fluorescence intensi-
ties are collected for 3 segments at 2 min intervals. Every segment
contains 200 data points at 100 ms time resolution (Fig. 1, top
panel). The FRET efficiencies are calculated (Fig. 1, second panel)
and binned in 20 intervals between 0.02 and 1.02 to generate the
histogram (Fig. 1, third panel). In the 2 min intervals, we have
observed subpopulation transitions, which means that these con-
formational changes occur at the order of minutes. This time scale
is slow compared with the 10-20 s~ ! peptide elongation with
elongation factors, but is fast compared with a factor-free sponta-
neous protein synthesis (<0.03 min~ ') [16,17].

2.2. Identify the subpopulations

The FRET efficiency histograms obtained from individual ribosomes
exhibit large heterogeneity. Fig. 2 displays 6 ribosome traces of the
first time segment. The traces in the top panel prefer the low FRET
state and sample the other FRET states much less frequently; the traces
in the bottom panel sample the high FRET states most of the time. In a
conventional analysis, these traces are pooled together, and an overall
Gaussian-fitting of the total FRET efficiency histogram will generate sev-
eral FRET states (Fig. S2). This analysis method is model-dependent and
has ignored the heterogeneity of every trace. On the other hand, al-
though no two traces are exactly the same, it is obvious that traces
can be grouped based on the similarity of the FRET histogram profiles,
such as the two panels in Fig. 2. This is reasonable because the FRET sig-
nal reflects the dynamics of the A-site tRNA that are dependent on the
ribosome scaffolds. Therefore, similar FRET histogram profiles imply
similar ribosome scaffolds. For example, in the ratcheted and non-
ratcheted ribosome, the tRNA prefers the hybrid (high FRET state) and
classical (low FRET state) binding sites respectively (Fig. S1 shows the
expected FRET values and the tRNA configurations based on X-ray infor-
mation [11]). Accordingly, ribosomes generating similar FRET histo-
gram profiles are grouped as one subpopulation. Here, the definition
of a subpopulation is not only the FRET values, but also the sampling
frequencies among the states that indicate the relative energy gaps.
The FRET dynamics are measured at 100 ms interval for 20 s (200 data
points). Therefore, the subpopulations defined here are at a higher
level than the FRET states only, and include the heterogeneity of single
traces.

The FRET histogram profile similarity is quantified by the Pearson's
cross-correlation coefficients among traces as shown in Fig. 2. Fig. 3 dis-
plays plots of the coefficient matrices of ribosomes under three experi-
mental conditions: (a) in aqueous buffer solution (3519 traces); (b) in
20% glycerol buffer solution (1908 traces); (c) in the presence of viomy-
cin in aqueous buffer (673 traces). For example, Fig. 3a is a matrix of
3519 x 3519 elements. For each element M;j, the value is the Pearson's
correlation between the “ith” and “jth” traces. Therefore, the matrix is
symmetric along the diagonal line because Mj; equals Mj;, and the values
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Fig. 1. Single molecule FRET data and generation of the FRET efficiency histogram. (a) The fluorescence intensities of the donor and the acceptor in three segments of 20s acquisition win-
dows. The time interval between consecutive segments is 2 min. In each segment, the data is collected at 100 ms/frame. (b) The calculated FRET efficiency from the fluorescence intensities
by E = Iicceptor / (Iaonor + Tacceptor)- (€) The FRET efficiency histograms of the FRET efficiency traces in (b). The range of the histogram is 0.02-1.02. The total counts are normalized to 1.

on the diagonal line are “1” because the correlations between the same
traces are 100%. The coefficient matrices are then color-coded. The sub-
populations are identified by the self-separated blocks on the plots. The
red-colored blocks off the diagonal show high correlation coefficients
among subpopulations. This means that there are traces correlated
with both groups above the threshold that can be clustered in either
one. As the kinetic simulations show in the Supplementary material,
the lifetimes of the subpopulations are on the order of the acquisition
window. Therefore, some ribosomes may transit from one subpopula-
tion to another during the acquisition, which makes their traces corre-
late with both groups.

The data analysis to arrange the traces into clusters is as follows.
First, traces are grouped in small clusters such that any two traces in
the same cluster correlate with a coefficient larger than 0.9. Then, the
average FRET histogram profiles from each cluster are used to generate
a coefficient matrix. The matrix is re-organized similar to the dendro-
gram [18]. Afterward, the average traces are replaced by the original
traces at the re-organized positions. Finally, the subpopulation groups
are re-ordered by their average FRET histogram profiles' peak positions
from low to high. The subpopulations are identified by the naturally
formed interfaces between different blocks in Fig. 3. The threshold to
be in the same subpopulation is set to be >0.85. Higher or lower

thresholds will identify more or fewer subpopulations. The averaged
FRET histograms of the major subpopulations are displayed at the bot-
tom of each correlation matrix in Fig. 3 and overlaid together in Fig. 4.
There are in total 6 significant subpopulations (marked G1-G6). Com-
pared with the overall-fitting method (fitting results shown in
Fig. S2), more FRET states can be identified without prior-set models.

2.3. Track exchanges among subpopulations

The subpopulations at the first 20 s (to) observation window are
tracked after 2 min for another 20 s observation (t;). For example, the
correlation matrix of the 556 ribosomes of G2 group at t, (Fig. 5a)
changes into multiple subpopulations as shown in Fig. 5b. The major
subpopulations that count for 66% of the original G2 group are shown
in Fig. 5¢ (11% of G1, 35% of G2, 17% of G3, and 3% of G4). Approximately
12% of the ribosomes form small-numbered groups as shown in Fig. 5d
(2.2% of Gx1, 3.2% of Gx2, 3.2% of Gx3, and 3.4% of Gx4). These groups
may be the short-lived intermediate states between the major subpop-
ulations because the FRET histograms exhibit more than one well-
separated peak, while the major groups in Fig. 4 exhibit mostly one
major peak. Approximately 10% of the ribosomes cannot cluster with
any group, Fig. 5d shows some examples. In addition, the rest of the

e 0.4 08 0.4 0.8
- ! )L 1
€ 041 i Tl .
]

0 L _ L -
FRET FRET FRET
0.2
0.4 0.8 0.4 0.8 0.4 0.8
o [k I |
€ 0.1f al IF il 1
=]
O - ~ - B - -
FRET FRET FRET

Fig. 2. Examples of diverse ribosome FRET efficiency histograms. Each plot represents one ribosome FRET histogram in 20 s acquisition window. The examples in the top and the bottom

panels are different to each other. But within each panel, the histograms are similar.
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Fig. 3. The correlation matrices of the FRET histograms in three conditions: (a) plain buff-
er; (b) 20% glycerol; and (c) plain buffer + 1 mM viomycin. The subpopulations are iden-
tified by the self-assembled blocks. The dashed lines indicate the borders of
subpopulations. The average FRET histogram profiles of each subpopulation are displayed
at the bottom of each subpopulation block (labeled as a1-3, b1-3 and c1-4, respectively).
In plots a1 and c1, two FRET histogram curves (G1 and G2) are displayed together to
distinguish them more obviously. The subpopulations are re-plotted in Fig. 4.

02 - ‘ -
015 '
0.10

0.05

0.2
0.15

0.10

0.05

Counts (%)

0.2
0.15+

0.101

0.05+ G2

0.3 055 08
FRET

Fig. 4. Subpopulations that are identified from the cluster analysis in Fig. 3: (a) plain
buffer; (b) 20% glycerol; and (c) plain buffer + 1 mM viomycin. The curves are normalized
to their relative abundance. Figure legends: (—) G1, (o) G2, (H) G3, (x) G4, ([]) G5, and
(@) G6.

ribosomes have bleached at t;. The transition matrices for all of the
major subpopulations are summarized in Table S1-3. In these tables,
the first column displays the subpopulations at ty and the same
row of the specific subpopulation displays the percentages of each
subpopulation formed at t;. Approximately 60-85% of the to subpop-
ulations is accounted for at ty, the rest transit to subpopulations that
are not statistically significant but may be short-lived intermediates,
such as those in Fig. 5d.

3. Discussion
3.1. A model of ribosome spontaneous exchange

The transition matrix of Table S1 suggests a sequential transition
from the low FRET (0.2-0.3) to the high FRET peaks (0.7) via the medi-
um (0.35-0.6) peaks. In the presence of glycerol or viomycin, the
transitions are biased toward the subpopulations favoring the low or
medium FRET states, respectively (Tables S2 and S3, Fig. S2). Fig. 6
summarizes the transition. The subpopulations can be correlated to
the ribosome structures because the FRET values reveal the tRNA
configurations. Fig. S1 shows that the FRET-paired dyes are tethered
on the L27 and the A-site tRNA, respectively. In the classical state, the
tRNAs are in the A/A and the P/P configurations, in which the letters be-
fore and after the slash stand for the tRNA binding sites in the small and
large subunits, respectively. In the putative hybrid state [19], the tRNAs
move in the large subunit but remain stable in the small subunit to form
the A/P and P/E configurations. Because the distance between the P-site
bound tRNA and the L27 is shorter than the distance between the A-site
bound tRNA and the L27, the A/P configuration generates a higher
FRET value. On the other hand, a second hybrid state can be formed in
which the tRNAs are in the A/A and P/E configurations. To assist the for-
mation of this state, the ribosome central protuberance swings toward
the E-site [10,20]. Because the L27 is in the central protuberance, this
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Fig. 5. An example of subpopulation transition. (a) The correlation matrix of G2 group at to. (b) The correlation matrix of G2 at t; after clustering analysis. The sum of G1-G4 accounts 66% of
the total ribosomes. (c¢) The profiles of the major subpopulations are shown: the legends are the same as in Fig. 4. (d) The profiles of the low-percentage subpopulations. (e) Examples of

traces that do not cluster with any groups.

hybrid state exhibits a lower FRET value than the classical state. The
schematic illustration of all three tRNA conformations is shown in
Fig. S1. Accordingly, we propose the assignment of the subpopulations
(G1-G2) that prefer the low FRET states to the ribosomes with the central
protuberance swinging toward the E-site. The subpopulations (G3-G5)
that refer the medium FRET states are assigned to the ribosome with nor-
mal central protuberance position and non-ratcheted inter-subunit ori-
entation. The subpopulation (G6) that prefers the high FRET states is
assigned to the ribosome with normal central protuberance position
and ratcheted inter-subunit orientation because ratcheted ribosome con-
formation is essential to form the tRNA hybrid states [5-7,21]. These as-
signments are consistent with the viomycin and glycerol experiments.
As shown in Fig. 4, the G6 subpopulation that prefers the high
FRET state is suppressed by viomycin, because in the presence of
viomycin, the ribosome is in the non-ratcheted conformation
[22]. On the other hand, 20% glycerol increases the buffer solution
viscosity approximately 2-fold, which is similar to the cytoplasm's
viscosity [23]. The high viscosity has been shown to slow down the
protein conformational change significantly [24]. The viscosity
may have a larger effect on ribosome inter-subunit ratcheting
than internal motions within a subunit because the larger scale
movements are during the inter-subunit ratcheting. Therefore, G1-3
subpopulations are favored but G6 is disfavored in 20% glycerol buffer
solution. These structural analyses suggest that the ribosome subpopula-
tions determine the tRNA dynamics. On the other hand, the transitions of
the subpopulations are correlated with the tRNA configurations from low
to high FRET values, which means that the tRNA motions also guide the
ribosome conformational change in a biased direction in contrast to an
entirely random walk.

3.2. The effect of time window of acquisition

To analyze whether the subpopulations and their exchange patterns
depend on the specific time window (20 s), we have analyzed the data
of plain buffer experiments with 5 and 10 s (Fig. S3). In this analysis, the
FRET histograms are generated as in Fig. 1, except only the first 50
or 100 points are used. Figs. S3b and S3c show the cross-correlation
matrices of the FRET histograms of 10 s or 5 s to that generated with
20 s. Fig. S3a is the auto-correlation matrix of the 20 s data. In addi-
tion, Figs. S3d and S3e are the autocorrelation matrices of the 10 s
and 5 s data, respectively. In all of Fig. S3b-e, the traces remain in
the same order as those in Fig. S3a without re-grouping and the
color codes are the same as in Fig. 3. The clusters are still obvious
in all these plots, although the correlation efficiencies are lower
for 5sand 10 s data. This is because the shorter acquisition window
decreases the probability of subpopulation transitions during the
data collection time. Meanwhile, fewer data points cause higher
shot-noises that decrease the correlation coefficients. Figs. S3f
and S3g are the correlation matrices of the 10 s and 5 s data after
allowing the traces to re-group, using the same clustering analysis
algorithm. The overall groups are consistent with those in Figs. 3a
and S3a. The average FRET histogram profiles are exactly the
same as those shown in Fig. 4a. Not surprisingly, fewer traces are
grouped in each cluster because of the shorter acquisition time,
which are shown in Tables S4 and S5. These tables also show the
subpopulation transition matrices using the 10 s and 5 s data,
which agree with the pattern shown in Table S1. These analyses in-
dicate that the length of the data window does not interfere with
the main conclusions here.
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Fig. 6. The transition pattern of the major subpopulations under the three experimental conditions. The solid arrows are transitions in aqueous buffer; the dashed arrow is the transition in
20% glycerol solutions; and the double-lined arrows are transitions in the presence of viomycin.

3.3. The effect of waiting time between acquisitions

The same ribosomes are tracked at 2 min and 4 min intervals (Fig. 1).
The subpopulation transition matrices are tabulated in Tables S1 and S6,
respectively. There is no dramatic difference in these two tables, which
suggests that the 2 min interval is sufficient to reach the exchange
equilibrium. Using the kinetic scheme in Fig. 6 and the transition matrix
in Tables S1 and 3, the kinetics of the subpopulation exchanges are
simulated (Supporting information and Fig. S4). The simulation step
(time unit dt) is set to be the interval of 1% decay of G1. Fig. S4 shows
that after approximately 1000 steps the subpopulations reach an equi-
librium. Assuming 2 min is the time of 1000 steps (1000 dt), the lifetime
of the subpopulations is calculated to be 12.5 s (k = 0.08 s~ !). This life-
time is comparable to the 20 s acquisition window, which may be a
reason for the high correlations between the neighboring subpopula-
tions. On the other hand, the transition rate cannot be too fast during
the 20's acquisition window. If the transitions are very fast, all of the
ribosomes will sample all of the subpopulations within 20 s. The corre-
lations of different ribosomes should be high to cluster to only one
population. Conversely, no static heterogeneity should be detected.
This is the opposite of what we have observed. Considering this obser-
vation and the reasonable consistency between the simulation and
experiments, the estimation of the subpopulation lifetimes are most
likely close to the true values.

4. Conclusion

We have analyzed the single molecule FRET data with a hierarchic
subpopulation concept and the clustering analysis tool. Using this meth-
od, we have identified more ribosome subpopulations without pre-set

models. The exchanges among these subpopulations after 2 min and
4 min are tracked and shown to follow a certain pattern. On the other
hand, the experiments with glycerol, which mimics the cell viscosity,
indicate that fewer ribosome subpopulations are sampled. This observa-
tion implies that solution viscosity has an impact on the ribosome con-
formational flexibility compared with the aqueous buffers in which
most in vitro experiments are conducted in the literature.
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