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The rapid kinetics of biological processes and associated short-lived
conformational changes pose a significant challenge in attempts to structurally
visualize biomolecules during a reaction in real time. Conventionally, on-
pathway intermediates have been trapped using chemical modifications or
reduced temperature, giving limited insights. Here we introduce a novel time-
resolved cryo-EM method using a reusable PDMS-based microfluidic chip
assembly with high reactant mixing efficiency. Coating of PDMS walls with
Si0, wvirtually eliminates non-specific sample adsorption and ensures
maintenance of the stoichiometry of the reaction, rendering it highly
reproducible. In an operating range from 10 to 1000 ms, the device allows us
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to follow 1n vitro reactions of biological molecules at resolution levels in the
range of 3 A. By employing this method, we show for the first time the
mechanism of progressive HIfX-mediated splitting of the 70S E. coli ribosome
in the presence of the GTP, via capture of three high-resolution reaction

intermediates within 140 ms.

Introduction

To comprehend the fundamentals of any biological process, one requires
insights into the underlying molecular mechanisms. It is often possible to study
a reaction in vitro, outside the context of the cell. However, interactions among
reactants and concurrent conformational changes of the molecules are too fast
to be captured structurally using standard methods of biophysical imaging. In
single-particle cryo-EM, the conventional pipetting-blotting method of sample
deposition on the grid requires several seconds at least -- too long to capture
reaction intermediates of molecular machines, which are in the range of tens
or hundreds of milliseconds. In the past, some of such intermediates have been
trapped by the use of non-hydrolysable analogs (such as GMP-PNP'?
antibiotics®, or cross-linking*), but the insights gained in this way are limited
and often burdened with presumptions.

Time-resolved cryo-EM (TRCEM) opens a way for obtaining structural
and kinetic information on reaction systems that are not in equilibrium but
change over time until equilibrium is reached®. In TRCEM studies, the
biological reaction is started by mixing reactants, then stopped at a selected

time point by fast-freezing, and the so trapped reaction intermediates are
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visualized by single-particle cryo-EM. By means of multiple experiments with
different time points, TRCEM is able to capture the time course of a reaction,
leading to a ‘movie’ of intermediates on the path to the state in equilibrium®.

Over the years, a variety of TRCEM methods have been developed’
showing the potential for obtaining key insights into the mechanism of action
of molecules and molecular machines on the time scale of tens to hundreds of
milliseconds. These methods can be divided into two categories:
spraying/mixing'> and mixing/spraying'®. In the first category, a specialized
sprayer'® or dispenser system’ is employed to deposit one reactant onto a grid
already covered with another reactant. Both mixing and reacting occur on the
grid immediately prior to vitrification. Questions have been raised over the
uniformity of a diffusion-dependent reaction on the grid®. In addition, electron
tomography has shown that molecules are frequently observed to congregate
at the top and bottom of the ice layer?’, raising concerns about artifacts
stemming from their extended exposure to the air-water interface in
spraying/mixing or dispensing/mixing methods. In the second category, a
microfluidic chip is used for mixing and reacting two reactants and for
subsequent rapid spraying to deposit the reaction product onto the grid,
followed immediately by plunging of the grid into the cryogen®'%!%141¢ Tn that
case, mixing and reacting can be efficiently controlled, and the time during
which the reaction product is exposed to the air-water interface is kept
minimal.

There are still some key issues among the existing methods which need
to be resolved. One problem is sample adsorption on the walls of the chip.

Polymers such as PDMS, IP-S, IP-Q are now commonly used as a cost-
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77  effective material to fabricate microfluidic chips!>!*!®1° but as a rule, the
78 surfaces of these materials are intrinsically hydrophobic and adsorb a
79  substantial amount of protein. In this case, the contact between the sample and
80 the polymer microchannel can degrade the quality of the reaction, casting
81 doubt over the accuracy of the kinetic information. This problem is avoided

82  with silicon-based microfluidic chips'®!”

which are by nature hydrophilic, but
83 they are quite impractical as it takes several weeks and on average hundreds of
84  dollars to manufacture a chip of a specific design (i.e., in multiple copies; with
85 production steps including the etching and dicing of a silicon wafer and
86  bonding it with glass). Another problem is insufficient initiation of a reaction,
87  which may result from ineffective mixing of fluids due to limited micromixer

1214 in the laminar flow regime.

88  performance
89 In the following we describe our TRCEM setup utilizing a PDMS-based
90 microfluidics chip assembly of new design that overcomes these problems, as
91 it efficiently mixes the reactants for uniform initiation of a reaction, conducts
92 acontrolled reaction virtually unimpeded by protein adsorption, and sprays the
93  reaction product in a uniform three-dimensional cone onto the EM grid. We
94  have used this novel device successfully in several studies on translation. Here
95  we present the study of HflX-mediated recycling in detail to demonstrate the
96 efficacy of the novel TR device, and its capability to yield biologically
97  significant information.

98 High frequency of lysogenization X (HflX) is a universally conserved
99  protein for prokaryotes, a GTPase which acts as a ribosome-splitting factor in

100 response to heat shock or antibiotics>*'"?*. E. coli HfIX consists of four

101 domains: N-terminal domain (NTD), GTP binding domain (GBD), C-terminal
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102 domain (CTD), and helical linker domain (HLD)*?**. The cryo-EM structure of
103 the HflX-50S complex stalled in the presence of GMP-PNP, a non-
104  hydrolysable GTP analog, revealed that the HLD and NTD of HflX bind to the
105 peptidyl-transferase center, presumably causing rupture of the intersubunit
106 bridge B2a (h44:H69), thereby promoting the dissociation of the 70S
107  ribosome?. However, the molecular mechanism of these events and particularly
108 the interaction between HfIX and 70S have remained elusive. Using TRCEM,
109  we were able to capture three short-lived intermediate states, at resolutions in
110 the 3-A range, by starting the reaction between HfIX and the E. coli 708
111 ribosome in the presence of GTP and stopping it at 10, 25 and 140 ms. Atomic
112 models of these states allowed us to elucidate the mechanism of this process in
113 great detail.

114

115  Results

116 A novel microfluidic chip assembly for TRCEM

117  The complete setup for TRCEM grid preparation, originally based on an
118  apparatus built by Howard White®, is depicted in Figure S2. The heart of the
119 TR apparatus is the microfluidic chip assembly mounted next to the plunger
120 (Figure 1A), which are both accommodated in an environmental chamber that
121 maintains the temperature and humidity at controllable levels. The plunger,
122 which is pneumatically operated, holds the tweezers on which the EM grid is
123 mounted for fast plunging into liquid ethane after passing the spray cone. In
124 addition, the apparatus contains the pumping system for introducing the

125  solutions into the micro-mixer and the nitrogen gas into the gas inlets of the
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126  micro-sprayer. Finally it also houses the computer for controlling both the
127 pumping system and the plunger.

128 We designed and successfully tested the modular TR chip assembly
129 shown in Figure 1B, which is composed of three elements/modules: 1) a S102-
130  coated, PDMS-based splitting-and-recombination (SAR) micro-mixer with 3D
131  self-crossing channels (Figure 1C), which is able to mix the solutions with the
132 effectiveness of > 90% at working flowrate of 6 uL/s (Figures 1E and S3, and
133 Methods section in Supplemental Information(SI)); 2) a micro-capillary glass
134 tubing serving as the micro-reactor for stable (i.e., unchanged under conditions
135 of high pressure drop) reaction time control (Figure S4, and Methods section
136  in SI); 3) a PDMS-based micro-sprayer with inner capillary tubing for spraying
137 out the reaction product under the action of pressurized nitrogen gas (Figure
138 1F, Methods section in SI, and supplemental video 1).

139 To prevent adsorption of molecules, plasma-enhanced chemical vapor
140  deposition (PECVD) is used to coat the inside walls of the PDMS micro-mixer
141 channels with a thin SiO» layer. We tested the sample adsorption with the E.
142 coli 70S ribosome to compare the chips without coating to those with DDM or
143 Si10; coating. The sample concentration in buffer is measured before and after
144 passing the devices with different types of coatings by our Nanodrop UV-Vis
145 Spectrophotometer (see Methods section in SI). In this experiment, 94% of the
146  initial concentration was retained using the SiO»-coated chip (Figure 1H and
147  Table S2), while only 54% and 60% were retained after the sample was passed
148  through the chip assembly without coating or with DDM coating, respectively.
149 These findings demonstrate that the Si02 coating can effectively mitigate the

150 sample adsorption for ribosomes. After one month, the SiO>-coated chip
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151 assembly was tested again with 70S ribosome and HflX protein, and 92% of
152 the 70S and 93% of HfIX were shown to be still retained, respectively (Figure
153 1I). These results demonstrate that the hydrophilicity of the internal surface is
154  virtually undiminished after a substantial period of time.

155 Thus it is apparent that the solutions introduced from the glass-capillary
156 liquid inlets will pass through the entire microfluidic device (SiO:-coated
157 micromixer, glass-capillary micro-reactor and glass-capillary inner tubing of
158  the micro-sprayer) without contact with any hydrophobic surface, a fact of high
159  importance for preserving the stoichiometry of a reaction and guaranteeing its
160  reproducibility.

161 Based on these initial test results, we fabricated a set of microfluidic
162 chips (Figure 1G) to conduct a set of biological experiments. The relevant
163 materials and parameters for the fabrication of the chip assemblies are listed in
164 Table S1. An estimation of reaction times achieved using this TRCEM method
165  in the application to HflX-mediated ribosome recycling is given in the Methods
166  section in SI. Four microfluidic chip assemblies were used, with reaction times
167 estimated to be 10, 25, 140, and 900 ms, respectively.

168

169 Exposure-targeting strategy in data collection for droplets-based cryo-
170 grids

171 For grids obtained by the conventional blotting method, data collection is
172 usually done automatically after the template is set up for targeting both the
173 holes and exposures. But for grids prepared by the mixing-spraying method, it

174 1is not easy to use automation, since every collectible square possesses droplets
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175 of different sizes and thicknesses®. Hence time-consuming manual exposure
176  targeting is required.

177 Some observations on typical particle distributions in the HfIX
178  experiment, to be detailed below, and other experiments led us to develop an
179  effective strategy for exposure targeting in data collection on droplet-based
180  grids.

181 There are two types of situations: one is where the droplet has no contact
182 with the grid bar (marked red in Figure S8); and the other where it does have
183  contact with the grid bar (marked green in Figure S8). In the former, the ice is
184 observed to be thick and unsuitable for data collection, while in the latter, there
185  1is always some part of the region near the grid bar with an ice thickness suitable
186  for data collection. All our exposure targets are therefore focused on the second
187  type of droplets, as detailed below.

188 In the beginning, as shown in Figure 2A, we tried to collect data on as
189 many holes as possible for droplets of the second category, i.e., touching or
190  partially covering the grid bar, and found that typically there are four regions
191  with different behaviors, following a trend: (i) very close to the grid bar, as in
192 the area marked blue, the ice is not vitrified very well but particles are still
193 visible; (i1) in the area marked cyan, particles are clearly visible; (iii) further
194 on, in the area marked yellow, the number of the particles has significantly
195 decreased; until, (iv) in the area marked red, there are almost no particles left
196  (Figure 2A). In the present instance of data collection, only 170 out of 580
197  micrographs, or 29%, were left for data processing.

198 In line with these observations, we developed the exposure-targeting

199  strategy shown in Figure 2B: we collect only along two or three lines of holes
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200  which are near and parallel to the grid bar, in the areas of type (1), (i1) and (ii1).
201  As aresult, in our example, we obtained 3433 good micrographs out of a 4458
202 total, which means about 77% could be used in this case for data processing.
203  We therefore adopted this strategy for all our data collection on grids prepared
204 by TR cryo-EM.

205

206 Time-resolved experiments on HfIX-mediated ribosome recycling from 10
207  to 900 ms

208 HfIX acts on the 70S ribosome in a nucleotide-dependent way, and light
209 scattering analysis revealed that the rate of ribosome splitting by HfIX-GTP
210 (0.002 s is very similar to the rate of ribosome dissociation by the combined
211 action of RRF and EF-G-GTP (0.005 s7)?>?%, The fraction of ribosomes split
212 into subunits at room temperature within a reaction time of 140 ms is close to
213 50%, according to our earlier TR cryo-EM experiment on E. coli ribosome
214 recycling in the presence of RRF, EF-G, and GTP?. In view of these findings,
215 we anchored our TR cryo-EM study at a 140 ms reaction time point and added
216  two shorter time points (10 ms and 25 ms) and one longer one (900 ms) toward
217 the reaction’s completion. We mixed 70S ribosomes with the HfIX-GTP
218 complex in our mixing-spraying TRCEM apparatus (Figure S2) using different
219 microfluidic chips of the PDMS-based design (Figure 1G and Methods section
220 in SI). As in our previous TRCEM studies”!?, 3D classification was performed
221  on the entire, pooled dataset across all four time points. The 3D classification
222 produced seven distinct classes, which we characterized by examining the
223 corresponding reconstructed density maps (note: “rotated” and “nonrotated”

224 refers in the following to the presence or absence of intersubunit rotation®’):
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225 (1) rotated 70S without HfIX (r70Snonnx); (2) non-rotated 70S without HflX
226  (nr70Snonfx); (3) 70S-like intermediate-1 with Hf1X (170Sunx-1); (4) 70S like-
227 intermediate-II with Hf1X (170Sunx-1II); (5) 70S-like intermediate-11I with Hf1X
228  (170Suax-111); (6) 50S with HfIX (50Suax); and (7) 30S (Methods section in SI
229  and Figures S10, and S11).

230 The splitting reaction kinetics of the 70S ribosome, as evaluated by
231 counting the numbers of particles obtained upon 3D classifications from 10 ms
232 to 900 ms, is found to follow a similar, roughly exponential behavior as
233 reported from dissociation kinetics measured by light scattering? (Figure 3M).
234 Furthermore, we noticed a rapid increase in the number of free 30S subunit
235 particles from 140 ms to 900 ms, which leads us to conclude that the final
236  separation of the subunits commences not earlier than with state 170Suax-I11
237 (Figure 3M).

238

239  Intermediate states of HfIX-mediated recycling and their interpretation
240  The three classes of HflX-containing intermediates and class 50Suax -- four of
241 the seven 3D classes we found -- were selected for additional structural
242 analysis (Methods section in SI and Figures S10, and S11A-E). Furthermore,
243 focused 3D classification and subsequent reconstruction of HflX-binding
244 regions from each of the resulting class reconstructions yielded high-resolution
245  density maps for four states of HfIX: (1) HfIX-I, (2) HfIX-II, (3) HfIX-III, and
246 (4) HfIX-IV (Figure S10). Refinement on the three 170Suax class
247  reconstructions yielded high-resolution on-pathway intermediates 170Suax-I,
248 170Sunx-11, and 170Suax-111 (Figures 3A-H), and their resolutions are indicated

249  in Figure S12 and Table S3. The kinetics of the reaction can be followed from
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250 the histogram of particle counts in the respective classes (Figure 3M). The
251 intermediates 170Sunx-1I, 170Sunx-11, and 170Suax-III are each dominant in the
252 10 ms, 25 ms, and 140 ms time points, respectively, but are always intermixed
253 with the other intermediates, as well as with apo-70S, and the 50S-HfIX end
254  product.

255 In all three intermediates, the CTD of HflX is found anchored to uL11
256 of the 50S subunit at the bL12 stalk base. Overall the comparison of the
257 intermediates shows a gradual clamshell-like opening of the 70S ribosome (see
258  supplemental video 2).

259 Structurally, the intermediates are distinguished by (i) the degree of the
260 clamshell-like opening, (ii) the position of helix H69 (in two steps, from
261 170Sunx-I to -11I), (ii1) the position of helix H71 (from 170Suax-1 to -1I), and
262 (1v) the position of HflX with respect to the 50S subunit (from 170Suax-1 to -1II,
263  and reversed from -II to -111). In the final state observed, after the departure of
264  the 30S subunit, HfIX remains bound to the 50S subunit.

265 Comparison of the atomic models obtained for these intermediates with
266  one another and with the apo-70S revealed that the opening and splitting of the
267  70S ribosome occurs in the following steps:

268 First, the ribosome opens slightly to accommodate the initial binding of
269 HfIX in i70Sunx-1 (Figures 3A, 3E-F). Using the tool previously developed®
270 we find that in this first intermediate, the 30S subunit has rotated by 5.9°
271  around an axis (Axis I) that passes through the intersubunit bridges B1b, B2a,
272 B3, and B4 (Figures 6A, D, G, and 6J-K), and this rotation has moved protein
273 bS6 of 30S into close vicinity to protein uL2 of the 50S subunit (Figures 31-J).
274  Apparently, the insertion of HfIX along with the prying apart of the 70S

11
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275 ribosome and the rotation of the 30S subunit is driven by the increase in
276  backbone entropy of ulL2 in 170Suax-I compared to apo-70S since we find
277  indications of disorder: the density of uL2 is not resolved well in 170Suax-I
278 (Figure 3J) compared to all its other manifestations in apo-70S, 170Suax-II and
279 170Sunx-11 (Figures 31-J, and S13). Comparison of the 50S subunit in 170Suax-
280 I and apo-70S shows that H69 has moved by 6.7 A, apparently through a push
281 by HflX since fitting the model of HfIX to apo-70S reveals a steric clash with
282 H69 (Figure 3K-L). In 170Suax-I HfIX 1s blurred, indicating motion-induced
283  heterogeneity of the population in that class (Figure S10).

284 Going from this first intermediate to 170Suax-II and 170Suax-11I we
285 observe stepwise rotations, by 7.9° and 8.2°, respectively, of the 30S subunit
286 around a new axis (Axis II) passing through intersubunit bridges B3 and B7a,
287  which are both located along helix h44 (Figures 3B-C, 3F-H, and 6B-C, 6E-F,
288  6H-I, and 6J-K). In the first step of rotation around this new axis, protein bS6
289 moves away from protein uL2 (Figures 3B, 3F-G, and 6B, 6E, 6H, and 6J-K).
290 This movement is made possible by a 6.5-A pull of C1965 of H71 as a result
291  of HfIX moving from its previous position on 170Susx-I to a new position on
292 170Sunx-II and a subsequent shift of the loop-helix motif (G74-V100)
293 associated with the NTD of HflIX (Figures 4D-G). As a consequence, bridge
294 B3 (h44:H71), as well as bridges B7b and B7bR, have become destabilized.
295  While the conformation of the 30S subunit remains virtually the same from
296 apo-70S to the first intermediate, the change from the first to second
297 intermediate is accompanied by a rotation of the 30S subunit head by 2.1°

298 around another axis, Axis III (Figure S14).
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299 In the second step of the 30S subunit rotation around Axis II, from
300 170Suax-11 to 170Suax-III, protein bS6 has continued to move away from
301 protein ul.2 (Figure 3C, 3F-H, and 6C, 6F, 61, and 6J-K), and HflX has shifted
302 back to its original position on the 70S ribosome in 170Sunx-I. Bridges B7b and
303 B7bR are now entirely disrupted, allowing the flexible loop (E323-G349) of
304 HflIX’s GTD to readily access the 30S subunit protein uS12, thus positioned to
305  jettison the 30S subunit from the 70S ribosome (Figure 4A-C).

306 Finally, the reconstruction of the stable 50S-HfIX complex, at 3.6-A
307 resolution (Figures 3D, and S15A), no longer shows any trace of density from
308 the 30S subunit (Figures SI5A, and D). This class mainly contains particles
309  from 900 ms (Figure 3M). The map agrees quite well with the map of HfIX-
310  50S-GNP-PNP? (Figures S15A-C).

311 A comparison of the atomic models built for the three intermediate states
312 reveals that HfIX changes its position on the ribosome and undergoes major
313 conformational changes, specifically in its CTD, HLD, and NTD. The domain
314  movements of CTD and HLD match quite well with the dynamics of apo-Hf1X
315 predicted from 1000 ns of molecular dynamics simulations (Methods section
316 in SI and Figure S16). Interestingly, the loop-helix motif (G74-V100) of NTD
317 makes stable contact with H71 of the 50S subunit in 170Suax-II (Figures 4D-
318 F).

319

320 Dynamics of HfIX and possible GTP-bound state

321 In trying to understand the actions of HflX, we examined the hydrolyzation
322 state of GTP in the different states of HfIX. At 25 ms, with the exception of
323 their NTDs, the densities of HfIX and associated nucleotides in states Hf1X-I

13
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324 and HfIX-II are not resolved as well as they are for the other two states,
325 indicating mobility and preventing determination of the hydrolyzation state
326  (Figure S10). In an attempt to fit the atomic model of GTP to the corresponding
327  densities in HfIX-III and HfIX-IV, we observed that the density in the region
328  of the nucleotide site on HfIX-III is a better fit for GDP-Pi than for either GTP
329  or GDP (Figure 5A). A similar matching effort resulted in a decent match of
330 GTP to the density of HfIX bound to the 50S subunit, even though the GDP
331 state is expected to be found at this stage (Figure 5B).

332 Since at the 140 ms time point the inorganic phosphate (Pi) is still
333 associated with GDP and virtually none of the 30S subunits has been cleaved
334 off, we conclude that the energy for the breaking of bridges B3 and B7a and
335 the final dissociation of the 30S subunit is set free by the release of Pi. It is
336 unclear without further investigation if GTP hydrolysis plays a role in the
337 initial stages of splitting, from intermediate I to II, since it is known that Hf1X
338 can perform the splitting in the absence of GTP, albeit at a slower rate?. The
339 likely explanation for the observation of GTP on the 50S subunit-bound Hf1X
340 molecule at 900 ms is that by that time both Pi and GDP have left and that a
341  new GTP molecule has taken their place.

342

343 Time-dependent rupturing of intersubunit bridges

344  As the direct observation of the state of bridges from the cryo-EM map is not
345 conclusive due to resolution limitations, we proceeded with a geometric
346  calculation to estimate the sequence in which intersubunit bridges are ruptured.
347  With the axes and angles of the 30S subunit rotation known, as well as the

348 locations of all bridges relative to the axes, we were able to determine the
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349  distances between constituent residues of all intersubunit bridges. From these
350 distances and known ranges of chemical bond lengths we were able to estimate
351 at which time points the intersubunit bridges are likely disrupted and broken
352 (Figure 5D). According to these calculations, bridges Bla, B1b, B2a, and B2b
353 are already disrupted at 10 ms. Bridges BS5, B6, B7b, and B7bR are disrupted
354 between 10 and 25 ms. All these bridges are found to be broken within 140 ms.
355  Finally, the last two bridges, B3 and B7a, which form the hinges of Axis II,
356 give way at some time point between 140 ms and 900 ms. Bridge B4
357 (H34:uS15) presents an interesting case as it behaves like a spring: its 50S
358  subunit constituent H34 is initially compressed in the step from apo-70S to
359  170Sunx-I, as HfIX is accommodated within the first 10 ms, but in the next two
360  steps (10 ms to 25 ms to 140 ms) it is extended (Figure 5C). This bridge finally
361 breaks along with B3 and B7a after 140 ms and, in 50Susx, helix H34 has
362 returned to its original position as in apo-70S.

363

364 Discussion

365 Here, we present a method for preparing time-resolved cryo-EM grids to
366 capture intermediates on the ~10 to 1,000-ms timescale. Different in design
367 from those by Lu et al.'®!7, Mieotset al."’, and Kontziampasis et al.', the
368  microfluidic chip assembly comprises three replaceable modules: (1) a PDMS-
369 based internally SiOz-coated micro-mixer of the splitting-and-recombination
370 (SAR) type, for efficiently mixing two samples without significant problems
371  from protein adsorption; (2) a glass capillary micro-reactor for defining the
372 reaction time, and (3) a PDMS-based micro-sprayer for depositing the reaction

373 product onto the EM-grid. The sample is subsequently vitrified by fast
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374  plunging of the grid into the cryogen so that the TR cryo-grid can be well
375 prepared.

376

377 In our application to the study of HflX-mediated ribosome recycling, a
378  bacterial defense response to stress, we have demonstrated how our method is
379 able to capture, on-the-fly, high-resolution structures of intermediates that
380 represent snapshots of an unfolding complex molecular mechanism. Based on
381 our cumulative observations from the examination of three short-lived reaction
382 intermediates, we propose that the initial binding of HfIX within 10 ms is
383 followed by a stepwise clamshell-like opening of the ribosome around an axis
384  that closely aligns with helix 44 of the 30S subunit, and that rupture of the last
385 two remaining intersubunit bridges, B3 and B7a, occurs after 140 ms and most

386  probably as a result of Pi release.
387

388  Further applications of time-resolved cryo-EM in the study of functional
389 dynamics

390  Our study will spur interest in the community for extending these studies to
391 recycling in the 80S ribosome by protein factors such as ABCEI to structurally
392 reveal an evolutionarily conserved mechanism. We believe, moreover, that the
393 quantitative description of our results on a dynamic process —employing tensor
394 analysis to determine the tilt axis and rotation of subunits, and quantifying the
395 timing of intersubunit breakage — as well as the application of this microfluidic
396 device will open a new direction in the characterization of molecular events by
397  cryo-EM and will stimulate interest and draw considerable attention among a

398  wide audience of structural biologists, microbiologists, and pharmacologists.
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399  Ultimately, it may help in the design of a new class of broad-spectrum
400 antibiotics that are able to overcome antibiotic resistance.

401

402  Limitations of the Study

403

404 Limitation in time range: Our method of TRCEM has been proven powerful
405  for capturing structural intermediates for HflX-mediated ribosome recycling
406 and other processes of translation, but there are many other interesting
407  biochemical processes awaiting visualization by this method. Those involving
408 motions of large domains of macromolecules are excellent candidates.
409  Signaling, activation and gating mechanisms of receptors and transporters®’-!
410 come to mind, as well, but in many cases the characteristic times of motions
411 are much shorter than 10 ms, the minimum reached by our method of mixing-
412 spraying-plunging. In this time domain, entirely different technologies have to
413 be considered'>'?-2-3

414

415 Limitation in the accuracy of kinetic information. As we pointed out
416 before', TRCEM, in addition to furnishing the high-resolution structures of
417 reaction intermediates, has at least in principle the capacity to give kinetic
418 information, as well, since the numbers of particles in each structural class are
419  known. However, this information is currently not very accurate since it
420 depends on the vagaries of particle picking and classification strategies.
421 Investment in a search for quantitative, reproducible strategies would therefore
422 be of enormous value.

423
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424 Inefficiency of data collection. Data collection on droplet-covered TRCEM
425  grids remains quite time-consuming even with the proposed strategy to target
426  certain regions close to the grid bar, since it still relies on visual/manual
427  selection. There is clearly a need for sophisticated automatic targeting tools on
428  grids prepared by spraying with sample droplets.

429

430 Large required sample quantity. Compared with conventional blotting
431 method, the TRCEM method requires a substantially bigger volume of sample
432 (~10 pL versus 3 uL ) for each grid, which is the minimum quantity of fluid
433 required to reside in the whole microfluidic system for ensuring a stabilized
434  spray. However, much of the spray is wasted in the present setup with a single
435 EM grid as target, and an obvious next step is the development of a plunger
436 with multiple pairs of tweezers or a specially designed tweezer-manifold to
437  hold several grids at once.

438

439  Unresolved questions regarding the mechanism of HfIX action. Our
440 TRCEM analysis about the interaction between HflX and 70S ribosome leaves
441  open the question of how HflX recognizes the stalled state of the ribosome.
442 Here our observation of 30S subunit head rotation from apo-70S to 170SHfI1X-
443 I may offer a clue. Puromysine-treated polysomes, having deacylated tRNA in
444  the P-site, display greatly enhanced HfIX splitting activity, and this state was
445  proposed as the natural substrate for HfIX?. In this state, the ribosome is known
446  to undergo spontaneous intersubunit rotation®*, which goes hand in hand with
447  30S subunit head ‘swivel® rotation®*. This would suggest that HfIX initially

448 binds to the ribosome in its rotated conformation and forces it into the
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449 unrotated conformation observed in 170SHf1X-I, with residual 30S subunit
450  head rotation still retained. Another similarity holds if our hypothesis of HfIX
451  binding to the rotated ribosome is correct since the latter is the substrate of
452 RRF/EF-G-GTP binding, as well*®*’. But to answer these questions more

453  extensive studies with similar tools are required.

454
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481  Figure 1. The modular PDMS-based microfluidic chip assembly for TRCEM sample
482  preparation. (A) Schematic showing the setup for TRCEM using the mixing-spraying-plunging
483  method. (B) The microfluidic chip assembly comprises three parts: micro-mixer, micro-reactor
484  and micro-sprayer. (C) The splitting-and-recombination (SAR) based micro-mixer is fabricated by
485  soft-lithography. (D) Fluorescence distribution along the micromixer with five mixing units under
486  different inlet flow rate conditions. The mixing efficiency is characterized by the evenness in the
487  distribution of fluorescent fluid. (E) Mixing efficiency for the micro-mixer at the exit under
488  different flow rate conditions. The high mixing performance of this micro-mixer was validated
489  both numerically and experimentally. (F) Micro-sprayer, with inner and outer tubing aligned and
490  centered, used for depositing the reaction product onto the grid. The micro-spray (illuminated by
491  red laser) is generated under the conditions of liquid flow rate 6 pL/s and gas pressure 8 psi, (G)
492 A set of microfluidic chips was employed to achieve required reaction time points of 10, 25, 140,
493  and 900 ms for the HfIX study. (H) Compared with PDMS surface without any coating layer, and
494  with DDM coating, the SiO> coating shows effective mitigation of protein adsorption (E. coli 70S
495  1sused as sample). (I) The Si0; coating functions well even after one month (here both E. coli 70S
496  and HfIX are used as samples).
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497
498  Figure 2. Data collection strategies on droplet-based cryo-grid prepared by mixing-spraying

499  TRCEM method. (A) Collect as many micrographs as possible on each droplet. The number of

500 particles gradually decreases when the target moves away from the grid bar, in the direction of
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501  areas marked in blue, cyan, yellow and red. (B) Collect only along two or three lines of holes
502  which are near and parallel to the grid bar.
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Figure 3. Molecular details of subunit interface during the progressive opening of the 70S

(A) Superimposition of reconstructions to show the opening of the 30S subunit from apo-70S
(yellow) to 170Suax-1 (red) to accommodate HfIX. The green line represents the initial axis of 30S
rotation, Axis 1. (B) and (C), reconstructions of second and third intermediates overlapped with
first intermediate, showing the stepwise splitting of the 70S by HfIX by rotation of the 30S subunit
around Axis II (green line). The corresponding rotation angles and direction of 30S rotation are

shown in cartoon book representations. (D), reconstruction of the 50S-HfIX complex after the
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517  departure of the 30S subunit, overlapped with the first 70S intermediate. In (A) through (D), all
518  reconstructions are aligned on the 50S subunit. (E) to (H) are the high-resolution densities of
519  control 70S at 900 ms and three intermediates obtained within 140 ms, and showing the stepwise
520  rotation of 30S during recycling with respect to 50S (gray). (I) and (J) are the zoomed views of
521  Coulomb densities in yellow for apo-70S and red for 170Sunx-I, respectively, and corresponding
522  atomic models (gray) showing the rearrangement of the protein uL2 of the 50S and bS6 of 30S to
523  accommodate HfIX. (K) and (L), Coulomb densities, and corresponding ribbon models of H69
524 from apo-70S (yellow), and 170Sunx-I (red), respectively, showing the very first movement of
525  helix H69. HfIX is shown in magenta. (M) Kinetics of the splitting reaction in terms of the number
526  of particles per class as a function of time, obtained by 3D classification.
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538

539  Figure 4. The shift of S12 towards HfIX and Involvement of HfIX in 70S splitting

540  The zoomed view of HfIX and S12 of 30S interactions from 170SHfIX-I and 170SHfIX-III states
541  are shown in (A) and (B), respectively. Due to the stepwise separation of the 30S during splitting,
542 there occurs a steric clash (red star) at 140 ms due to the subsequent shift of the whole S12, which
543  is not present at earlier states like10 ms, and this clash is the cause of the final separation of 30S
544 from 50S by a power-stroke from HfIX upon GTP hydrolysis. (C) The same clash at 140 ms from
545  170SHAIX-III is shown in Coulomb density with a fitted model. (D) Pulling of H71 by the NTD of
546  HAfIX causes the disruption of intersubunit bridge B3 between H71 and h44, and the zoomed view
547  in (E) shows the interacting residues of both H71 and HfIX. During pulling of H71 HfIX has to
548  shift its position and is shown in (F). (G) The same interaction is shown in Coulomb density with

549  a fitted model.
550
551
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554  Figure 5. Analysis of nucleotide states, and spring-like nature of H34 and molecular events

555  (A) Refined density map of 170Suax-III (in mesh) with an atomic model fitted in with the zoomed
556 view of i70Suax-1II with the fitted model of GTP * Pi. The distance of 4.5 A between GDP and
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557  Piis compared with the distance of 2.8 A between two P atoms of GDP. This distance between
558  GDP and Pi is too large to form a P-O bond as in GTP. (B) Refined density map of 50Susx (in

559  mesh) with atomic model fitted in along with the zoomed view of 50Suax with the fitted model of
560  GTP. (C) The superimposition of atomic models of apo-70S and three intermediates with the
561  zoomed view of H34 showing its spring-like behavior. Corresponding colors are indicated. (D)
562  The molecular events involved during the 70S splitting by HfIX are tabulated.

563
564
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566  Figure 6. Axes of rotation of 30S subunit during splitting/recycling of the 70S ribosome: (A),
567  (B), and (C), rotation of 30S subunit from Apo-70S (yellow) to i70Sunax-I (red), i70Suax-I (red) to
568  170Suax-1I (green), and 170Suax-1 (red) to 170Suax-11I (blue), respectively. (D), (E), and (F)
569  characterization of the 30S subunit rotation while the 50S subunits (cyan) are fixed in space. The
570  models show the rotated state of the 30S subunit in each case. For clarity, 30S subunits are
571  represented with only their principal axes of inertia. Rotation axes (Axis I, Axis II) are shown as
572  green arrows indicating the direction (right-hand thumb rule) of the rotation (black curled arrows).
573 (D) Rotation by 5.9° of 30S subunit around Axis I from Apo-70S (yellow) to i70Suax-1 (red). (E)
574  and (F), Rotations by 7.9° and 16.1°, respectively, of 30S subunit around Axis II. (G), (H), and
575 (D), same representation as (D), (E), and (F) omitting the 30S subunit to show the axes clearly. (J)
576  and (K), Intersubunit bridges through which Axes I and II pass on the 50S and 30S subunit,
577  respectively. (L) Formulation of rigid body motion along with location of the rotation axis. Initial
578 and transformed positions are respectively denoted by A (position vector X;) and B (position
579  vector ¥;). The shift from A to B is given by translation vector £. Points with dotted circles are
580  on the plane perpendicular to the rotation axis [ . Points @ and E) are projections of points A
581 and B, respectively. E" and £, are respectively the parallel and perpendicular components of the
582 translation vector £. Axis [ and angle 6 describes the rotation of the rigid body from point A to B.

583  The rotation axis [ passes through the point given by the position vector ¢ L. The solution for the

584  position vector c | 1s obtained by using the remaining vectors, as indicated in the derivation in
585  Methods Section in SI “Determining the position vector of the unique point through which the
586  rotation axis passes’.

587

588

589

590  Supplemental video 1. Spraying and plunging during the TR experiment.

591

592 Supplemental video 2. The clamshell-like splitting of the ribosome from Intermediate I over
593  Intermediates II and III, ending with the 50S subunit (shown) and the 30S subunit (not shown), the
594  end products of the recycling process.
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EMD-29681 (control apo-70S at 900ms), 29688 (i70Suax-I), 29687 (170Suax-
1), 29689 (i70Sunx-11I), 29833 (consensus i70Suax-I, 30S focused), 29834
(170Suax-1, 50S focused and 30S subtracted), 29724 (consensus 170Sunx-11, 30S
focused), 29844 (i70Suax-1I, 50S focused and 30S subtracted), 29723 (consensus
170Susx-111, 30S focused), 29842 (170Sunx-111, 50S focused and 30S subtracted).

PDB- 8G2U (control apo-70S at 900ms), 8 G34 (i70Suax-1), 8G31 (i70Suax-11),
8G38 (170Suax-111).
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