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Abstract

Ribosomal subunit association is a key checkpoint in translation initiation, but its structural
dynamics are poorly understood. Here, we used a recently developed mixing-spraying, time-
resolved, cryogenic electron microscopy (cryo-EM) method to study ribosomal subunit association
in the sub-second time range. We have improved this method and increased the cryo-EM data
yield by tenfold. Pre-equilibrium states of the association reaction were captured by reacting the
mixture of ribosomal subunits for 60 ms and 140 ms. We also identified three distinct ribosome
conformations in the associated ribosomes. The observed proportions of these conformations are
the same in these two time points, suggesting that ribosomes equilibrate among the three
conformations within less than 60 ms upon formation. Our results demonstrate that the mixing-
spraying method can capture multiple states of macromolecules during a sub-second reaction.
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Other fast processes, such as translation initiation, decoding and ribosome recycling, are amenable
to study with this method.
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INTRODUCTION

Many biological processes occur on the millisecond scale. Example processes include tRNA
selection on the ribosome during protein synthesis (Blanchard et al., 2004) (reviewed in
(Johansson et al., 2008; Rodnina et al., 2005)), acetylcholine receptor desensitization (Dilger
and Brett, 1990; Matsubara et al., 1992), and subunit rotation of FoF{-ATP synthase (Diez et
al., 2004). Visualizing the biological molecules engaged in these processes under
physiologically relevant conditions can greatly help us understand the underlying molecular
mechanisms. We used time-resolved cryogenic electron microscopy (cryo-EM) (Lu et al.,
2009) to achieve this goal.

Cryo-EM is able to reveal the structures of biological macromolecules in vitro under close to
physiological conditions, and free from the intermolecular packing interactions that are
inherent to X-ray crystallographic approaches. In cryo-EM, the solution containing the
molecules is applied to a grid, then excess liquid is removed by controlled blotting, and the
grid is quickly plunged into the cryogen (i.e., liquid ethane at liquid nitrogen temperature)
(Lepault et al., 1983). As a result, the molecules are embedded in a thin (~1000 A) layer of
vitreous ice. Since the fast freezing of the biological specimen takes only a fraction of a
millisecond (Cyrklaff et al., 1990), cryo-EM is able, in principle, to capture a pre-
equilibrium reaction system as it evolves over a short period of time (e.g., during the span of
a second).

The reason why time resolution in the millisecond range is not achievable with the
conventional method is that the time for application of the specimen to the grid and the
blotting alone takes at least a second. Fast time-resolved cryo-EM techniques (in the range
of milliseconds), first developed by Berriman and Unwin (Berriman and Unwin, 1994),
overcome this limitation of conventional methods by spraying one reagent directly onto a
grid that has been covered with another reagent, and plunging the grid into the cryogen
within a short, controlled time. Relatively slow biological processes (over minutes or hours),
on the other hand, can be easily studied by conventional EM methods. For example, Mulder
and coworkers studied assembly of the small ribosomal subunit by negative staining EM,
with time points collected in a range of 1 min to 120 min (Mulder et al., 2010). Likewise,
Fischer and coworkers studied reverse translocation of the ribosome by cryo-EM in which
specimens with various reaction times from 1 min to 20 min were prepared by the
conventional blotting-plunging method (Fischer et al., 2010).

The purpose of the current study was to explore the performance of a novel method of time-
resolved cryo-EM (Lu et al., 2009), in which two components are mixed in a microfluidic
device, allowed to react for a defined period of time, and then sprayed onto the EM grid as
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the latter is being plunged into the cryogen (Figure 1). With this device, reactions within the
time frame of a second can be studied at time resolutions reaching 10 ms. The advantage of
this mixing-spraying method over the method of Berriman and Unwin (Berriman and
Unwin, 1994) is its capability to study a reaction involving two macromolecules that are
completely mixed in solution. The spraying-freezing method of Berriman and Unwin relies
on fast diffusion of one of the reagents after spraying to encounter the other reagents already
on the grid for starting the reaction. In contrast, the mixing-spraying method that we use in
this work allows the reagents to first be completely mixed and the reaction to proceed in a
microfluidic channel, where the mixture of reagents is freely drifting and diffusing.

We have applied the mixing-spraying method to study a relatively fast process, the
association of the small (30S) and large (50S) ribosomal subunits as they form the 70S
ribosome of E. coli. This process is a simplified version of the biologically relevant
translation initiation process, as it omits mMRNA, initiator aminoacyl-tRNA, and all three
initiation factors. When the two ribosomal subunits associate, they form several connections,
called intersubunit bridges (Frank et al., 1995; Schuwirth et al., 2005; Valle et al., 2003b).
The bridges are important for ribosome dynamics and function. For example, some of the
bridges break and reform during ribosomal intersubunit rotation, an essential process in the
translocation of the mMRNA and tRNAs (Valle et al., 2003b). The subunit association process
has been characterized by previous biochemical kinetic studies (Antoun et al., 2004;
Hennelly et al., 2005; Nguyenle et al., 2006; Wishnia et al., 1975), one of which proposed
that the subunits associate via structural intermediates (Hennelly et al., 2005). Nonetheless,
the structures of the ribosome that form in the process remain poorly understood.

The kinetics of subunit association has been studied using ensemble chemical protection
assays Yielding two conflicting interpretations (Hennelly et al., 2005; Nguyenle et al., 2006).
Hennelly and coworkers proposed that the subunit association is a multi-step process
(Hennelly et al., 2005): Initially, core bridges B2c and B2a form, followed rapidly by
formation of bridge B5, after which the peripheral bridges, such as B7a, are gradually
established. According to their model, there should be intermediate conformations of the
ribosome in which only subsets of the bridges have formed in the early phase of the reaction.
However, Nguyenle and coworkers (Nguyenle et al., 2006) challenged Hennelly and
coworkers’ interpretation. They asserted that all the eight bridges they studied, including
bridges B5 and B7a, exhibit the same rates of formation, implying that subunit association is
a simple one-step reaction. It should be noted that both studies are in the time range of
between 25 ms — 50 ms and several seconds. With the capability of capturing time-
dependent structural changes and resolving multiple structures of a molecule in one sample,
our time-resolved cryo-EM studies of the subunit association reaction can contribute to a
resolution of this controversy.

Initial insights into the structural dynamics of subunit association have come from a recent
time-resolved cryo-EM study by Shaikh and coworkers (Shaikh et al., 2014), which favors
the interpretation of Hennelly and coworkers (Hennelly et al., 2005). The authors concluded
that bridges B2c, B4, B5, and B6 were missing in the 70S reconstruction from time-resolved
cryo-EM data collected at both 9.4 ms and 43 ms. They proposed a kinetic model of subunit
association according to which the conserved central bridges (e.g., B2a, B3, and B7b) form
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first, followed by the formation of nonconserved peripheral bridges (Bla, B1b, and B8), and
lastly, by the stabilization of the peripheral end of helix 44. A limitation of this study was
the small size of single-particle datasets, resulting in low-resolution reconstructions. In the
current work, we have studied this process more extensively, sampling different time points,
increasing the resolution by improving the data collection efficiency by a factor of ten, and
taking advantage of a new particle classification program (see Results — Strategy for
classification).

In this work, we first improved the mixing-spraying method of Lu and coworkers (Lu et al.,
2009) by designing an environmental chamber (Figure 1c) and optimizing the yield of
droplets on the EM grid. We also improved the data collection efficiency by using
automated data collection with the Leginon software (Suloway et al., 2005), and employed
3D classification and reconstruction of single particles by the Bayesian approach as
implemented in the RELION computer program (Scheres, 2011). By mixing the two
subunits and reacting for 60 ms and 140 ms, we were able to capture the subunit association
reaction in two stages of the reaction before equilibrium and detected three distinct
conformations of the 70S ribosome. Our results show that all bridges are formed within a 60
ms time frame in the nonrotated form of the ribosome.

Thus, this work demonstrates the capability of the mixing-spraying method to capture the
states of macromolecules in a reaction within a sub-second time frame.

RESULTS and DISCUSSION

Determination of reaction time window

To choose the proper reaction time for studying ribosome subunit association, we first
performed a kinetic simulation of the association reaction 30S + 50S <=> 70S. We assumed
an association rate constant of k, = 13.9 uM~1 s71 based on previous light-scattering assays
(Hennelly et al., 2005), and a negligible dissociation rate constant (Wishnia et al., 1975). We
chose the concentration of subunits to be 1.2 uM for 30S subunits and 0.6 uM for 50S
subunits (after mixing). The choice was made to balance particle density on the grid
(favoring higher concentration for more particles per micrograph and thereby higher data
collection efficiency) against sample consumption rate (favoring lower concentration). The
simulation results (Figure 2a, k, = 13.9 uM~1 s71) indicated that, at the concentration we had
chosen, over 90% of the 50S subunits form 70S ribosome within 200 ms. To capture the
reaction in a pre-equilibrium system, and also have sufficient data yield for formed 70S
particles, we chose the total reaction times of 60 ms and 140 ms (see Supplemental
Experimental Procedures — Breakdown of reaction time) for our first and second time points
in the time-resolved cryo-EM experiment.

We also showed that the purified ribosome subunits are pure and active in peptide synthesis
assays (Figure S1, S2, Supplemental Experimental Procedures — Purity and activity of
ribosome subunits).
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Optimization of data yield and quality

Strategy for

Low data yield is a major challenge for time-resolved cryo-EM by the mixing-spraying
method, because only a small fraction of the EM grid is covered with ice that is thin enough
for collecting high-quality images. We were able to improve the data yield by optimizing the
protocols for preparing time-resolved cryo-EM specimens and EM data collection.
Specifically, we first optimized the size of the droplets and their spreading, to increase the
area on the EM grid that is suitable for collecting data. We optimized the pressure of the
nitrogen gas to yield a dense distribution of small droplets from the spray (Figure 1b). We
also plasma-cleaned the EM grids immediately before use to ensure that the surface of the
carbon-coated grid is hydrophilic, so that the droplets can spread thinly on the grid. As a
result, the majority of the droplets on the EM grid had a diameter smaller than 50 um and
spread thinly on the EM grids, with a thickness suitable for collecting high-magnification
images (Figure S3a). Second, the high yield of suitable droplets enabled us to use the
program Leginon (Suloway et al., 2005) for data collection.

The quality of time-resolved cryo-EM high-magnification images is comparable to that of
images collected from a control experiment performed by incubating the subunits for 15
min, then preparing the cryo-EM grids using the conventional blotting-plunging method
(referred to hereafter as the Ctrl 15 min sample). The time-resolved cryo-EM images are
affected negligibly by the ramping effect due to uneven ice thickness, which produces
uneven brightness of the images (Figure S3c). As a result, for the 140 ms dataset, we
collected 2,586 high-quality micrographs out of a total of 8,797 micrographs from 8 time-
resolved cryo-EM grids in a total of about 120 hours, and selected 85,880 particles (50S
subunits or 70S ribosomes), using the automatic particle selection program Autopicker
(Langlois et al., 2014). Similarly, we collected 816 high-quality micrographs for the 60 ms
dataset.

classification

At every stage in its time course, a pre-equilibrium system is intrinsically heterogeneous,
i.e., it contains molecules differing in composition and conformation, so there is a need for
computational classification to disentangle the different subpopulations, as an essential
prerequisite of time-resolved methods of visualization. In order to determine the changes in
composition (quantified as 50S subunits versus 70S ribosomes, with 30S subunits in
stoichiometric abundance) over time, we pooled the time-resolved 60 ms, time-resolved 140
ms, and Ctrl 15 min datasets into one single dataset (Figure S4a). The purpose of pooling is
to ensure that all the data are classified using the same criterion, so that the proportions of
subpopulations in the three time points are strictly comparable.

After classification, we tracked the particles corresponding to the associated 70S ribosomes
and the 50S subunits back to the individual experiments, and calculated the proportion of the
total number of 50S subunits that are found in associated 70S ribosomes (referred to
hereafter as the proportion of 70S ribosomes) in each dataset. This proportion is zero at time
point 0 and should reach 1 once all 50S subunits are consumed in forming 70S ribosomes.
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Time course of the subunit association reaction

To confirm that the time-resolved cryo-EM method can capture the subunit association
reaction in the pre-equilibrium states, we quantified the proportion of 70S ribosomes in the
total 50S-containing particles (i.e., 50S subunits and 70S ribosomes) in each dataset. The
observed proportions of 70S ribosomes are 33% at 60 ms, 42% at 140 ms, and 85% at 15
min (Ctrl 15 min) (Figure 2b, Table S1). The errors, in the range of 2% — 4%, are estimated
by comparing the results from four runs of RELION classification, and represent the errors
in reproducing the proportion of 70S ribosomes with random seeds (i.e., the random
assignment of particles into several classes at the start of each classification). Single-tailed t-
tests show that the increase in the proportion of 70S ribosomes as a function of time is
significant (p = 3x1073 for 60 ms vs. 140 ms data, p = 5x1078 for 140 ms vs. 15 min data,
using 0.05 as the level of significance). In comparing the time-resolved datasets with the
Ctrl 15 min dataset, however, we must note that the Ctrl 15 min sample was diluted ~20x
with buffer after the prolonged 15 min incubation time and prior to grid preparation using
the blotting-plunging method. This dilution will shift the 30S + 50S <=> 70S equilibrium
toward the free 30S and 50S subunits, lowering the equilibrium concentration of the 70S
ribosomes. Nonetheless, assuming that all of the subunits are competent to associate into
70S ribosomes and that the Ctrl 15 min sample has reached equilibrium, we can use the
proportion of 70S ribosomes in the Ctrl 15 min dataset to estimate the equilibrium
dissociation constant (Kp) of the subunit association reaction. Performing this calculation
yields a Kp of 6x107% M, which is within the same order of magnitude as that estimated
previously (Kp of ~1x107% M — 4x107% M at 3 mM Mg?* — 4 mM Mg?*, with Kp
presumably leveling off at higher Mg2* concentrations than 4 mM) (Wishnia et al., 1975).
Using this estimated Kp and the initial concentrations of 30S and 50S subunits in the 60 ms
and 140 ms time-resolved experiments, we could then estimate that, had the time-resolved
experiments reached equilibrium, we would expect 99% of the 50S subunits to have
associated into 70S ribosomes (see Supplemental Experimental Procedures — Estimation of
the dissociation constant and the equilibrium concentration of 70S ribosome). Thus, the fact
that we observe only 33% and 42% of the 50S subunits in the 60 ms and 140 ms datasets,
respectively, to have associated into 70S ribosomes demonstrates that the time-resolved 60
ms and 140 ms samples indeed represent pre-equilibrium states of the subunit association
reaction.

Our observed proportions of 70S ribosomes at the three reaction time points follow the same
trend with, but are lower than, the values expected from the kinetic simulation (Figure 2a),
which are 58% at 60 ms, 83% at 140 ms, and 100% at 15 min. The proportions are more
compatible with a k, value between 4 uM~1 s71 and 5 uM~1 s71 than with the previously
reported k, of 13.9 pM~1 s71 (Hennelly et al., 2005) (Figure 2a), suggesting an
approximately three-fold lower value in the apparent association rate constant estimated
from our time-resolved cryo-EM experiments relative to that measured by light scattering
assays (Hennelly et al., 2005).

The difference in the apparent k, values may be attributable to two possible sources: (1)
Existence of a fraction of purified ribosomal subunits that cannot form 70S ribosomes
following the kinetics that was characterized by the light scattering assays in the time range
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of tens of seconds (Hennelly et al., 2005), but will eventually form 70S ribosomes after a
prolonged incubation time of 15 min; (2) The notable differences in the experimental
conditions (e.g. buffer composition, temperature), when comparing the light scattering
assays (Hennelly et al., 2005) with our time-resolved cryo-EM experiments. Specifically, the
previous light scattering assays used a Tris-based buffer system at 20°C (Hennelly et al.,
2005), while our time-resolved experiments used a HEPES-M12 buffer system at 24-26°C
(see Supplemental Experimental Procedures — Buffers, Environmental chamber). Indeed,
several research groups have reported different ribosomal subunit association rate constants
ranging from 1 uM~1 s71 all the way to 18 uM~1 s71, using E. coli ribosome subunits in the
absence of MRNA and tRNA under a variety of experimental conditions (Antoun et al.,
2004; Goerisch et al., 1976; Hennelly et al., 2005; Wishnia et al., 1975). In view of the
differences in experimental conditions and the large range of reported values for kj, the
second source of the discrepancy is likely to be more important.

Conformational differences of 70S ribosomes

Interestingly, we were able to identify three classes of 70S ribosomes, in addition to a single
class of 50S subunit, from the classification (Figure 3). The nonrotated 70S (NR) and rotated
70S (RT) conformations of ribosomes have been observed in previous cryo-EM studies (e.g.
(Agrawal et al., 1999; Frank and Agrawal, 2000; Valle et al., 2003b)). The 30S subunit in
the 70S RT conformation has undergone an ~8° counterclockwise rotation compared to the
70S NR conformation, as viewed from the 30S subunit side (Figure 3c, side view). The third
class of 70S ribosomes is termed “nonrotated 70S with 30S head swivel” (NRS 70S),
because the orientation of the 30S subunit body relative to the 50S subunit is identical to that
in the NR 70S conformation, while the 30S subunit head domain is swiveled (~4°)
counterclockwise when viewed from the top of the ribosome, compared to its position in the
NR 70S (Figure 3b, top view).

All of the intersubunit bridges are present in the NR 70S, and most of the bridges are present
in the NRS 70S and RT 70S (Figure 4, Table 1). To verify that all of the bridges have
formed in NR 70S as early as 60 ms, we performed 3D reconstruction on the 70S particles
corresponding to the NR 70S conformation from only the time-resolved 60 ms dataset
(5,499 particles). This reconstruction shows clear density for helix 44 in the 30S subunit, as
well as bridges B2a, B3, B5, B6a and B6b along helix 44 (Figure S5), indicating that all of
the intersubunit bridges are formed in NR 70S by the time 60 ms is reached. The NRS 70S
ribosome lacks bridge Bla and has weak density of B1b compared to NR 70S. On the other
hand, the RT 70S ribosome lacks bridges B1la and has weak density for B6b. The bridge
B1b in the RT 70S ribosome appears rearranged compared with the NR 70S ribosome.
Bridge B6b at the distal end of helix 44 of 30S subunit is likely disrupted and rearranged
during the intersubunit rotation in the RT 70S ribosome.

Our observation that the associated 70S ribosomes exist in three conformations suggests that
intersubunit rotation and 30S head swiveling represent intrinsic motions of associated 70S
ribosomes that lack any bound mRNA and/or tRNAs. In an attempt to elucidate the order in
which ribosomal conformational changes take place during subunit association, we
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compared the proportion of 70S ribosomes in different conformations as a function of the
reaction time.

Quantifying the percentages of ribosome in different conformations

We quantified the proportion of 70S ribosomes in each conformation in the total 70S
ribosomes for individual datasets (Figure 5, Table S2). In comparing the proportions of the
three conformations in the 60 ms and 140 ms data sets, we find that they are quite similar,
with approximately 60% NR 70S, 30% NRS 70S and 10% RT 70S. Single-tailed t-tests
yield p = 0.5 for NR 70S, p = 0.2 for NRS 70S, and p = 2x1073 for RT 70S conformations.
In contrast, comparing the proportions in the 140 ms with those in the Ctrl 15 min data set,
we find that they appear to differ for all three conformations, with NR 70S decreasing and
the other two conformations increasing with time. Single-tailed t-tests yield p = 5x1073 for
NR 70S, p = 6x1073 for NRS 70S, and p = 2x10~4 for RT 70S conformations. However, we
note that the 3D classification process may be less accurate in distinguishing among the
three 70S ribosome conformations than in distinguishing between 70S ribosomes and 50S
subunits, a fact that is reflected in the larger errors for the former relative to the latter
(Figure 2b, 5). This difference in accuracy is most likely attributable to the nature of the
differences among the reconstructions — the 70S ribosome and 50S subunit have a massive,
easily detectable compositional difference, whereas the various 70S ribosome conformations
present more subtle conformational differences that are primarily confined to the peripheral
region of the ribosome. Based on this limitation, we regard the change in the proportion of
RT 70S from 60 ms to 140 ms as within margins of error, in particular because the
proportion is rather small (~10%).

In addition to the potential inaccuracies associated with distinguishing among the three 70S
ribosome conformations, the differences in proportions of 70S conformations between the
time-resolved and 15 min datasets may be attributable to the different grid preparation
procedures for the time-resolved experiments relative to the Ctrl 15 min experiment (see
Experimental Procedures). Factors that may affect the kinetics of the transitions among the
70S conformations include the interactions of ribosomes with the carbon support film and/or
the air-water interface, as suggested in previous studies (Lu et al., 2009), and the ~20x
dilution of the ribosome sample required for the blotting-plunging method. The potential
effects of different grid preparation procedures on these possibly grid-specific transition
kinetics warrant further study. Regardless, based on the similarity of the proportions of 70S
ribosome conformations at 60 ms and 140 ms, we propose that the conformational changes
in the 70S ribosome (i.e., intersubunit rotation and 30S head swivel) are likely to have
reached equilibrium before the first time point in our experiment (60 ms). Future mixing-
spraying time-resolved cryo-EM experiments collected at earlier time points will be needed
to test this hypothesis and determine the relative timing with which these conformational
changes occur during the formation of 70S ribosomes from 30S and 50S subunits.

Model of the structural dynamics of ribosome subunit association

Our study unveils multiple conformations of the vacant (i.e., lacking bound mRNA and
tRNAs) 70S ribosome during the early phase (i.e., pre-equilibrium) of ribosome subunit
association and the proportions of ribosomes in these conformations. Based on these
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structural and quantitative observations, we propose a structural dynamic model of subunit
association: (1) Upon initial subunit association, the 70S ribosomes can rapidly interconvert
among the NR 70S, NRS 70S, and RT 70S conformations and reach equilibrium among
these three conformations earlier than the first time point we studied (60 ms). (2) The 30S
head is able to swivel in the nonrotated 70S ribosome conformation, which is indicated by
the observation that the 30S subunit body domains in the NR 70S and NRS 70S maps
overlap, but their 30S subunit head domains exhibit different conformations distinguishable
at the current resolution (9 A — 12 A). However, we did not observe different extents of 30S
head swiveling in the rotated 70S ribosome. The fact that we had only 11,000 particles
corresponding to RT 70S may have limited our ability to distinguish more subtle
differences, such as 30S head swiveling, in the RT 70S. Comparison of our observations on
the vacant ribosomes with the previous cryo-EM and crystallography studies in the presence
of mMRNA and tRNAs (Agirrezabala et al., 2012; Ratje et al., 2010; Valle et al., 2003b; Zhou
et al., 2013) highlights the importance of mMRNA and tRNAs in defining and modulating the
dynamics of the 30S head. (3) The rotated conformation of 70S ribosome, RT 70S, is likely
less energetically stable than the nonrotated conformations, which is indicated by the low
proportion of RT 70S in our studies (10% — 20% at each reaction time). Future studies are
needed to answer the questions how the buffer conditions, as well as the presence of mMRNA,
tRNAs and initiation factors during translation initiation, affect the distribution of the
intermediate conformations of the ribosome and the dynamics of interconversions among
these intermediates.

The model presented in the previous paragraph is consistent with observations from single-
molecule fluorescence resonance energy transfer (FRET) studies demonstrating that the
vacant 70S ribosomes strongly prefer to occupy the nonrotated state and rarely undergo
transient excursions to the rotated state (Cornish et al., 2008; Cornish et al., 2009; Ning et
al., 2014). Indeed, our conclusion that 70S ribosomes rapidly equilibrate between nonrotated
and rotated conformations is strongly supported by the fact that the proportion of rotated
70S at 60 ms reaction time in our study (11%) mirrors that in the fully equilibrated SMFRET
experiments (15% ~ 21%) (Cornish et al., 2008; Cornish et al., 2009; Ning et al., 2014).
Combining our time-resolved cryo-EM observations and SmFRET observations, it is likely
that the 70S ribosomes that initially associate in the rotated conformation will rapidly
convert to the lower-energy, more-stable nonrotated conformation (either NR or NRS)
within tens of milliseconds. In contrast, the 70S ribosomes that initially associate in the
nonrotated conformation will remain in the nonrotated conformation and rarely convert to
the rotated conformation.

Our model is also in good agreement with that proposed from ensemble kinetic studies by
Noller group (Nguyenle et al., 2006), and provides more microscopic details since we were
able to resolve multiple conformations. We did not observe that the intersubunit bridges
form in a stepwise manner, as proposed by Hennelly and coworkers (Hennelly et al., 2005).
Instead, the 70S NR conformation has all the bridges formed, and the missing bridges in
NRS and RT conformations are readily explained by the large-scale changes in the subunit-
subunit interactions accompanying intersubunit rotation and/or 30S head swiveling.
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Our observations and the proposed model exhibit several differences compared with the
results of a previous time-resolved cryo-EM study of subunit association (Shaikh et al.,
2014), despite the fact that both studies used the same buffer composition, similar ribosomal
subunit purification procedures, and the same mixing-spraying chip design (for our 60 ms
experiment and their 43 ms experiment). The only difference in the experimental setup is the
addition of an environmental chamber in our experiments and, consequently, our plunging
time (18 ms) is longer than theirs (5 ms) (see Supplemental Information for additional
comparison).

While Shaikh and coworkers concluded that bridges B2c, B4, B5, and B6 form later than 43
ms, our 60 ms dataset yielded an NR 70S ribosome containing all the bridges, including
these four. One possible reason for the difference between our observations and theirs may
be the different activities of the ribosome samples. A second possible reason may be the
difference in plunging time. A drastic climate change happens to the ribosome sample
during the plunging, from room-temperature, humid air to near-liquid-nitrogen-temperature,
dry air, and the effects of such climate change on the kinetics of 70S ribosome formation
from 30S and 50S subunits are not well understood. However, a third possible reason is the
difference in the resolution of the maps, with 23-33A in their study versus 9-12A in ours
(Figure S4b-S4d). The higher resolution of our maps stems from our improved data yield,
and allows us to detect the intersubunit bridges with more confidence. Future time-resolved
cryo-EM studies of ribosome subunit association containing additional time points at
sufficiently high resolution will be needed to resolve this discrepancy.

To sum up, in this study we used the mixing-spraying method of time-resolved cryo-EM to
study ribosomal subunit association within tens of millisecond time scale, and were able to
capture pre-equilibrium states of this association reaction. In addition, we revealed three
conformations of the 70S ribosome formed in the early phase (i.e., pre-equilibrium) of the
association reaction. Quantification of the proportions of 70S ribosomes in these
conformations suggested that, upon formation, the 70S ribosomes rapidly equilibrates
among these conformations on a timescale faster than 60 ms. The observed large-scale
conformational changes of the vacant ribosome (i.e., in the absence of tRNAs and mRNA),
namely the rotation of the 30S subunit and the swiveling of the 30S subunit head, likely
represent spontaneous thermal motions of the 70S ribosome (Frank and Gonzalez, 2010).

In the future, it will be interesting to study translation initiation using this method of time-
resolved cryo-EM, to shed light on the role of mMRNA, initiator tRNA and initiation factors
on the structural dynamics of the subunit association reaction. The mixing-spraying method
can also be applied to a wide variety of reactions involving ribosomes, including aminoacyl-
tRNA selection, translocation, termination, and ribosome recycling.

EXPERIMENTAL PROCEDURES

Mixing-spraying device

This device, developed by Lu and coworkers (Lu et al., 2009), is a small silicon chip
containing nano-fabricated channels, which combines the functionalities of mixing, reacting,
and spraying (Figure 1). The two solutions are injected into the chip by syringes, and mixed
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passively by turbulence (within 0.5ms at total flow rate of 6 yL/s). The mixture reacts for a
certain time while flowing through the channel, then it is made into spray at the outlet nozzle
where it meets the compressed nitrogen gas. In this work we used chips with 38 ms and 107
ms mean reaction time.

Environmental chamber

We designed an environmental chamber to monitor and maintain the temperature and
humidity during the time the time-resolved cryo-EM grid is sprayed and plunged (Figure
1c). The environmental chamber is connected to a water tank, which is equipped with a
sonicator and an air pump to generate humidified air. During the experiment, the ambient
conditions can be maintained at 24-26 °C and 80%-90% relative humidity (equivalent to
0.016 — 0.018 gram of water per gram of dry air).

Preparation of time-resolved cryo-EM grids

The ribosome subunit association reaction was performed using the mixing-spraying device
as previously described (Lu et al., 2009), with some alterations. Specifically, Quantifoil
R2/2 300 mesh Cu EM grids were carbon-coated, then glow-discharged within 3 h before
grid preparation, using Gatan Solarus 950 with Hy at flow rate 6.4 Standard Cubic
Centimeters per Minute (sccm) and O, at flow rate 27.5 sccm, at 25 W for 25 sec. Equal
volume of 1.2 uM 30S and 0.6 uM 50S (final concentration after mixing) were injected into
the mixing-spraying device each at flow rate of 3 uL/s. Compressed nitrogen gas was kept at
3.4x10° Pa and humidified by passing through two consecutive water tanks. The computer-
controlled plunging device was purchased from Dr. Howard White (Eastern Virginia
Medical School, VA).

Collection of time-resolved cryo-EM data using the Leginon program

The cryo-EM data were collected, as previously described (Grassucci et al., 2008), in low-
dose mode on an FEI (Hillsboro, Oregon) Tecnai F20 TEM at 200-kV extraction voltage
with the automated image collection program Leginon (Suloway et al., 2005). Micrographs
were recorded on a Gatan (Warrendale, PA) UltraScan 4000 CCD camera with effective
CCD magnification of 66,813x and pixel size of 2.25 A on the object scale. For the time-
resolved cryo-EM specimens, only the holes close to the edge of an ice blot are suitable for
collecting high-magnification images.

3D classification by using RELION

In the classification of single particles to identify 70S ribosome in different conformations,
the datasets of time-resolved 60 ms, time-resolved 140 ms, and Ctrl 15 min were pooled
together for classification and 3D reconstructions, so that all the individual datasets were
classified using the same criteria, and therefore the classification results (i.e., the relative
proportion of each conformation) among the datasets were comparable. The 50S and 70S
particles were then traced back to each experiment, to quantify the proportion of 70S in 50S-
containing particles, and the proportion of each 70S conformation in the total 70S particles.
We used the RELION program (Scheres, 2012) in a stepwise hierarchical classification to
discard bad particles identified by the automatic particle-picking program, to separate the

Sructure. Author manuscript; available in PMC 2016 June 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 12

50S subunit from the 70S ribosome, and to sort out the various conformations of the 70S
ribosome assisted by visual examination of the reconstructions (Figure S4a). Specifically,
the reference volume for the initial alignment of the total set of putative particles was chosen
to be a 50S subunit density map (the cryo-EM map of empty 70S ribosome (Valle et al.,
2003a) with 30S subunit computationally removed) low-pass filtered to 60 A. We used the
particle data in un-decimated form in the 3D classification, as well as in the final steps of 3D
reconstruction and refinement.

In step (1), the datasets of time-resolved 60 ms (after discarding bad particles, 38,316
particles), time-resolved 140 ms (82,574 particles), and Ctrl 15 min (55,369 particles) were
combined to form the total dataset (176,259 particles) (Figure S4a). In step (2), the total
dataset was separated into 10 classes using RELION 3D classification. The classification
results were analyzed using a novel quantitative analysis method (Chen et al., 2014; Shen et
al., 2014), and the reconstructions from the different classes were visually examined by
using the UCSF Chimera program (Pettersen et al., 2004). The classes yielding a
reconstruction of 70S ribosome (94,860 particles) were kept for step (3) of the classification.
The classes yielding a reconstruction of 50S subunit (81,399 particles) were kept for
refinement in step (4). In step (3), the classes yielding 70S reconstructions (94,860 particles)
were classified into 8 classes. The classes resulting in bad reconstructions, likely due to
remaining unrecognizable particles, were discarded, keeping 75,254 particles of 70S
ribosomes. The remaining classes were visually examined by using UCSF Chimera and
regrouped based on the conformation of their resulting reconstructions: non-rotated 70S
(NR) (39,678 particles), non-rotated 70S with 30S-head swivel (NRS) (24,447 particles),
and rotated 70S (RT) (11,129 particles). In step (4), each class of 70S ribosomes or 50S
subunits was refined using RELION 3D auto-refinement (Scheres, 2012) with data in un-
decimated form. In step (5), the particles were traced back to each experiment, to quantify
the proportion of 70S and the proportion of 70S in each conformation. Steps (2) to (5) were
repeated three more times to estimate the error of the 3D classification process.

Resolution measurement

We assessed the resolutions of the reconstructions of 70S ribosomes in their different
conformations and the 50S subunit from step (4) using the gold-standard criterion (Scheres
and Chen, 2012). For each of the classes, we first performed RELION 3D auto-refinement
separately on two randomly split half datasets, following the gold-standard protocol,
yielding two unfiltered volumes. Then we multiplied these two unfiltered volumes with a
soft Gaussian mask having 0.5 fall-off at 5 pixels (11.2 A) outside the ribosome, to eliminate
peripheral noise. We then calculated the Fourier Shell Correlation (FSC) between the two
masked volumes (Figure S4b—S4d), and used the FSC = 0.143 criterion to determine the
gold-standard resolution as 9.7 A (70S NR), 11.1 A (70S NRS), 11.6 A (70S RT), 9.5 A
(50S).

Identification of intersubunit bridges in the cryo-EM maps of the 70S ribosome

First, for comparison with each cryo-EM map of the 70S ribosome in this study, a simulated
density map of the 70S ribosome was generated from crystallographic structures (PDB ID:
2AVY, 2AW4, the non-rotated 70S ribosome, for comparison with both 70S NR and 70S
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NRS; PDB ID: 2AW?7, 2AWB, the rotated 70S ribosome, for comparison with 70S RT) and
low-pass filtered to 10 A resolution. Second, to bring the simulated density map and our
cryo-EM map of the 70S ribosome into register, the 50S portions of the two simulated maps
were fitted into the corresponding 50S subunit density map in this study using the Fit in Map
tool in USCF Chimera (Pettersen et al., 2004), the rationale being that the 50S subunit is
larger and more stable than the 30S subunit. Also, the surface regions around ribosomal
proteins L4, L15 and L21, which have pronounced features, were visually inspected to

check the alignment of the map from fitting results. Third, the threshold of the simulated
density map was adjusted to a level such that the contour of the simulated map just enclosed
all the atoms in the crystallographic structure, using default values in Chimera of Van der
Waals radii for atoms of C, O, N, P, and S. Specifically, the threshold level was adjusted
such that the surface regions around ribosomal proteins L4, L15 and L21 were enclosed
within the contour. Fourth, the cryo-EM map was segmented into 30S and 50S subunit
density maps. The segmentation reveals the boundaries of the subunits, and hence facilitates
locating the bridging contacts on the intersubunit interface. The locations of bridges
identified in cryo-EM (Gabashvili et al., 2000) and crystallographic structures (Dunkle et al.,
2011; Schuwirth et al., 2005; Yusupov et al., 2001) were marked in our segmented density
maps using the Volume Tracer tool in chimera, and connectivity of densities linking 30S and
50S subunits was inspected at each point.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Setup of the time-resolved cryo-EM apparatus. (a) Schematic view of the mixing-spraying
device. The EM grid moves perpendicular to the paper. (b) Photograph of the spray of
droplets, illuminated by a green laser at the point just before the grid passes through the
spray mist in the direction perpendicular to the paper. (¢c) Photograph of the mixing-spraying
chip situated inside the environmental chamber. See also Figure S3.
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Figure 2.

The proportions of 70S ribosomes from various data sets, and a comparison between the
observed proportions and the kinetic simulations of the subunit association reaction. (a)
Comparison between the experimentally observed proportions of 70S ribosomes (cross,
“70S exp™) and the kinetic simulations of the subunit association reaction (curves). The
numbers next to the individual curves indicate the values of association rate constants (k,
unit: pM~1 s71) used in each of the kinetic simulations. The k, was set to 3, 4, 5, 6, 7 uM~1
s~1 to estimate the value that is most compatible with the experimental results, and k, was
set to 13.9 pM~1 s71 based on previous light scattering assays (Hennelly et al., 2005). (b)
Proportions of 70S ribosomes and 50S subunits in the 60 ms, 140 ms, and Ctrl 15 min
datasets. The errors in the computational classification were estimated from four
independent restarts of RELION 3D classification. See also Figure S1, S2.
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Figure 3.
Cryo-EM maps of 70S in three conformations and 50S from the experiments. (a) Non-

rotated 70S ribosome (NR). (b) Non-rotated 70S ribosome with 30S head swivel (NRS). (c)
Rotated 70S ribosome (RT). (d) 50S ribosome subunit. See also Figure S4.
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Figure 4.
Intersubunit bridges in the 70S ribosomes. (a) Segmentation of the 70S NR map, showing

the bridges that are present in 70S NR map. (b) Segmentation of the 70S RT map, showing
the bridges that are present in 70S RT map. See also Figure S5 and Table 1.
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Figure 5.
Proportions of 70S ribosomes in different conformations from the various datasets. Three

conformations of 70S ribosomes were observed: rotated (RT), nonrotated with 30S head
swivel (NRS), and nonrotated (NR). The errors in the computational classification were
estimated from four independent restarts of RELION 3D classification. See also Tables S2.
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Presence of intersubunit bridges in different conformations of 70S ribosome. Related to Figure 4.

Table 1

Bridge &

NR NRS

RT

Bla
Bib
B2a
B2b
B2c
B3
B4
B5
B6a
B6b

B7a
B7b
B8a
B8b

+

+

+

+

aBridge assignment is based on (Dunkle et al., 2011; Gabashvili et al., 2000; Schuwirth et al., 2005; Yusupov et al., 2001).

bBridge B6b has weak density in the 70S RT conformation.

Sructure. Author manuscript; available in PMC 2016 June 02.

Page 22



