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Abstract

Initiation factor 1 (IF1) is one of multiple key ligands involved in the initiation of
mRNA translation, a highly dynamic and car efully-orchestrated process. However, details
surrounding IF1 transient interactions with the small 30S ribosomal subunit remain
incompletely understood despite characterization of unbound and fully-bound 30S states.
Improvements in X-ray light sources and crystallographic techniques are now enabling
timeresolved structural studies at near-physiological temperature and near-atomic
resolution and thus the structural investigation of such dynamic processes. Here, we
employed time-resolved serial femtosecond X-ray crystallography (TR-SFX) to probe the
binding of IF1 to the small 30S ribosomal subunit in real time. Our time-resolved
structural data demonstrates transient cryptic short-, mid-, and long-range allostery
among different regions of the small 30 ribosomal subunit during IF1 binding, revealing
small- and large-scale protein-target interactions and dynamics within intermediate
macromolecular states at unprecedented temporal and spatial resolution. These data
represent one of the first such 4D crystallographic studies assessing protein-protein and
protein-RNA interactions and could serve as the basis for subsequent studies of the
ribosome and of the multitudinous dynamic processes which underpin biology, and

therefore, of life.
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42  Main

43  Biology is shaped by the dynamic interplay of protein-protein and protein-nucleic acid
44  interactions. Ribosomes are essentially dynamic supramacromolecular machines that orchestrate
45  mRNA translation into protein synthesis (Wimberly et al., 2000; Ramakrishnan, 2002). The four
46  phases of tranglation comprise initiation, elongation, termination, and recycling (Rodnina, 2018).

47  Initiation is the most highly regulated step and the small ribosomal subunit 30S is known to
48  engage in a highly-orchestrated, multi-layered kinetic process involving initiator tRNA, mRNA
49  and the three initiation factors required for the assembly of the initiation complex (Guaerzi &
50 Pon, 2015; Milon et al., 2010; Milon & Rodnina, 2012;). The binding of the 30S initiation
51  complex to the large 50S subunit induces a series of conformational changes modulating the
52  number of intersubunit bridges (Liu & Fredrick, 2016 ; Yusupov et al., 2001). Initiation factor 1

53 (IF1) is one of these bridge modulator and required for the fidelity of translation initiation
54 (Milon et al., 2008; Moazed et al. 1995; Qin & Fredrick, 2009).

55 IF1 binding to the 30S A-site represents an essential step during initiation (Dahlquist &
56  Puglis, 2000; Zucker& Hershey, 1986). IF1 is critical for cell viability and is an oligomer-
57  binding (OB) fold protein characterized by a five-stranded beta-barrel (Sette et al., 1997). During
58 translational initiation, IF1 kinetically stimulates the 30S initiation complex formation and aids

59 in the dissociation of vacant and mRNA-bound 70S ribosomes (Gualerzi & Giuliodori, 2021;
60 Milon et al., 2012; Paviov et al., 2008). This smallest initiation factor establishes intimate
61 interactions within the decoding center of 30S which is surrounded by helix 44 (h44), 530 loop,
62  and ribosomal protein uS12 (Carter et al., 2001; Dahlquist & Pudlisi, 2000). This binding event
63  involves the flipping of the crucial decoding center residues A1492 and A1493 from h44 of the

64  16STrRNA. It aso induces intertwined mid-scale allostery which is combined with global scale
65 conformational changes (Carter et al., 2001). The rapid IF1 binding and subsequent 30S

66  conformational rearrangements has precluded structural evaluation of initiation complexes and
67 their convoluted dynamics by traditional synchrotron light sources due to radiation-associated
68  structural damage (Garman, 2010; Milon et al. 2012; Sanishvili et al., 2011). Cryogenic

69 temperature restriction has also limited structural observation and analysis of binding and

70  trangition-state intermediate complexes. Understanding the modus operandi of IF1 in re-
71 engineering the 30S initiation complex conformational landscape to ensure efficiency and

72 accuracy demands advanced, time-resolved structural studies at the atomic scale.
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73 The advent of X-ray free-electron lasers (XFELS) started a new era in structural biology,
74  introducing an unparalleled capability to visualize transient states of biomolecules with ultra-
75  short, high-intensity X-ray pulses (Chapman et al., 2011; Pellegrini, 2020). Methods developed

76  for macromolecular studies at XFELs employ a different data acquisition compared to

77 synchrotrons, commonly termed "diffract-before-destroy” (Neutze et al., 2000). Rather than

78  exposing one or few monolithic large macromolecular crystals to obtain a complete data-set, the
79  ultrafast pulses diffract numerous nano- and microcrystals in succession immediately before

80  destroying them (Chapman et al., 2011). Serial data acquisition using fresh crystals minimizes

81  the problem of radiation damage and has enabled the determination of crystal structures to high
82  resolution at non-cryogenic temperatures (Boutet et al., 2012; Chapman et al., 2011; Martin-
83 Garciaet al., 2016; Neutze et al., 2000; Takaba et al., 2023;). Temperature is a critical physical
84 parameter in protein dynamics (Keedy et a., 2015) and aso crystalization of

85  biomacromolecules due to its impact on enthalpy balance (Russo Krauss et a., 2013).

86  Biomacromolecular structures are sensitive to temperature fluctuations, particularly in the case

87  of nucleic acids which contain fewer hydrogen bonds compared to proteins (Liao et al., 2021,

88 Ryals et al., 1982; Vogt & Argos, 1997). Therefore, determining protein and nucleic acid

89 complex structures at ambient temperature is crucia for improved characterization of their
90 function and dynamics. Multiple sample delivery approaches have been devel oped and described
91 for application at XFELs. One of these approaches is the concentric-flow microfluidic
92  electrokinetic sample holder (coMESH) (Fig. 1a), previously employed for the investigation of
93  megadalton-sized, fragile crystal structures at near-physiological temperatures (Dao et al., 2018;
94 O Sullivan et al., 2018; Sierra et al., 2016).

95 Going beyond static crystal structures, sample delivery methods at XFELs have been

96 extended to pursue the study of transient intermediates of biomacromolecules (Johansson et al.,
97 2017; Khakhulin et al., 2020). Pump-probe and mix-and-inject XFEL seria crystallography

98  dirategies have been described, offering new approaches to evaluate protein-protein or protein-
99 RNA interactions as they occur, and thus opening a new area of time-resolved serid
100 femtosecond crystallography (TR-SFX) ( Orville, 2018, 2020; Pandey et al., 2020; Stagno et al.,
101  2017). For example, mix-and-inject SFX was used to capture the intermediate state of a small-

102 molecule ligand and its associated riboswitch RNA, revealing local conformational changes
103  around the ligand binding pocket in real time. Other examples include the catalysis of small-

104  molecule ceftriaxone cleavage by the bacterial -lactamase enzyme BlaC (Olmos et al.,2018)

105 and intermediate states of isocyanide hydratase (ICH) enzyme catalysis during hydrolysis
3
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106 (Dasgupta et a., 2019). Smilar structural studies of paired large macromolecular interactions,

107  e.g. protein-protein or protein-RNA interactions, have yet to be described. Ribosome complexes
108  and their crystals are ideal model systems given multiple associated large substrates and their
109  wide-open solvent channels, permitting the diffusion of protein factors such as IF1 to its
110  decoding center binding pocket (Carter et al., 2001) (Fig. 1b,c).

111 Cryogenic crystal and cryoEM structures of bacterial translation initiation complexes,
112 including the fully-bound state of 30S and IF1 (hereafter referred as 30S™°-°), have been
113 previously reported (Carter et al., 2001; Hussain 2016; Myasnikov et al., 2005) (Fig. 2a.b). The

114  mechanism of these initial binding steps of IF1 to the decoding center remains unclear, leaving

115  an incomplete understanding of dynamics of initiation complex formation. Here, mix-and-inject
116  data acquisition of the 8.2 kDa IF1 protein and crystals of the ~1 MDa 30S was achieved by
117  further adaptation of the cOMESH sample-delivery method. Our resulting TR-SFX structure
118 (hereafter referred as 30S'"°™) captures intermediate states in real time to reveal multiple
119  protein-protein and protein-RNA interactions a 3.59 A resolution. The transient binding
120 interactions between the IF1 and the decoding center were captured in ~200 millisecond
121  tempora resolution. Notable changes were observed within critical decoding residues A1492
122 and A1493 within h44, and the 530 loop region of 16S rRNA, in addition to its interaction with
123 ribosomal protein uS12. In particular, intermediate conformational changes and the uncoupling
124  of h44 motion, and global scale allosteric domain closure from head rotation of IF1 binding are
125  observed. These time-resolved data provide the first snapshot to the developing cinematographic

126 view of the al-important translation initiation process.
127
128  30S-F1 complex formation captured by TR-SFX

129  Our TR-SFX method based on coMESH injection technology extends beyond previously-
130  described implementations to facilitate the active mixing of 30S microrycstals and IF1 solution
131 through electrospinning. Separate solutions of Thermus thermophilus (T. thermophilus) 30S
132 microcrystals and purified IF1 were loaded into separate, concentric capillary tubing, with the
133 tubing arranged to mix the solutions immediately prior to the XFEL beam (Fig. 1a), relying on
134  different charge densities of each solution to achieve mixing under applied voltage. Flow ratesin
135  each capillary measured 1 ul/min resulting in an associated flow velocity of 0.212 cm/s. When
136  an applied voltage is introduced, the jet's velocity falls within the range of 2.12 to 6.36 cm/s

137  corresponding to the timescale of interactions spanning from 80 to 240 milliseconds. A complete
4
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138  dataset acquisition was achieved using 300 microliters of ribosome microcrystal slurry delivered
139  tothe Coherent X-ray Imaging (CXI) Instrument at the Linac Coherent Light Source (LCLS) at a
140 scheduled beamtime (cxils9717). The full timeresolved diffraction dataset after ~200
141 milliseconds mixing for 30S-1F1 complex structure (30S'%>™) containing both 850 kDa 30S,
142  and also partially occupied 8.2 kDa IF1 was collected from microcrystals in the P4,2,2 space
143 group in 216 minutes and 58 seconds. The initial rigid body refinement against the apo 30S
144  structure (30S*™°)(PDB ID: 4DR1) resulted in a refined model with a RuoridRiree Of 0.26/0.29
145  (Fig. 2c). The IF1 was omitted during the initia refinement; however, the corresponding
146 unbiased Fo-Fc electron density maps unambiguously reveal the partial occupancy of the
147  incoming IF1 to the binding cavity formed between h44 and 530 loop region of the 16S rRNA
148  and uS12 protein of 30S (Fig. 2c). Subsequently, the IF1 model was rebuilt manually by using
149  thecrystal structure of 30S°° (PDB ID: 1HRO) as a guide model by using COOT (Carter et al.

150  2001; Emsley & Cowtan, 2004) (Fig. 2d). The resolution cut-off is 3.59 A with 100 %
151  completeness, and after 19 rounds of iterative refinement and model building, the final structure
152 resulted in Ruyork/Riree Of 0.23/0.28. The statistical information for the data is available in
153  Extended Data Table 1.

154

155  Transient | F1 interactions with h44, 530 loop and protein uS12

156 The 30S"™™5™ structure explores both the protein-nucleic acid and protein-protein interaction
157 dynamics. Extended Data Fig. 1 reveals the electrostatic surface charge of IF1 and its
158  surroundings on the 30S. Mostly neutral charged IF1 binds within the cleft formed by the h44,

159 530 loop and the positively charged ribosomal protein uS12 near the decoding center, suggesting
160 the potentia role of uSl12 in steering IF1 toward h44 which corroborates with results of
161  molecular dynamics (MD) smulation (Fig. 4). Furthermore, IF1’'s negatively charged regions
162  interact with the uS12 protein while its positively charged regions interact with the h44 and 530
163  loops viatheir negatively charged phosphate backbone. Stabilization of IF1 on its binding site is
164 a dynamic process, ending with certain bonds preserving the bound state. Besides unraveling
165 IF1’s mode of binding during preinitiation, our study showed the unprecedented atomic detailed
166  view of theinitial binding process of IF1 (Fig. 4).

167

168

169
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170  Allostery at the decoding center

171 To reved the structural dynamics of the decoding center during different stages of 1F1 binding,
172 we compared and analyzed the experimental electron density maps from three ribosome crystal
173 structures of: i) 30S*7° (PDB ID: 4DR1), ii) 30S™*>™ (PDB ID: 8WRC) and iii) 30S"°-° (PDB
174 ID: 1HRO) (Fig. 3) (Carter et al., 2001; DeMirci et al., 2013). This comparison reveaed
175  previously unobserved and cryptic intermediate structural information of h44 regions engaging

176  in IF1 binding (Fig. 3). The superposition of the three structures confirmed the remarkable
177  flexibility of universally-conserved decoding residues A1492 and A1493 during the initial stages
178  of IF1 binding (Fig. 3; Supplementary Video 1). Based on experimenta time-resolved 2Fo-Fc

179  electron density map collected at ~200 milliseconds, the resulting 30S™™™ intermediate
180  structure with IF1 on its path to 30S decoding center has weaker electron density for A1493 and
181  better defined density for A1492. Although the 30S7°"° structure has a well-defined electron
182  density for residues A1492 and A1493, the 305" structure shows these residues in a tucked-in
183  conformation with a less well-defined electron density. (Fig. 3b,0). These results suggest that
184 initial IF1 binding steps capture aternative local conformational changes on h44 of 16S rRNA.
185  Extensive one microsecond molecular dynamic (MD) simulations performed for the dissociation
186  of IF1 from 30S reveadled novel intermediate conformation of decoding residues (see below).
187  Further, it may provide computational details of the choreography and how IF1 dissociation

188  leadsto transitioning conformational changes in the decoding center.

189
190 MD simulation of the 30S-I F1 complex

STRSPX otructure to

191  We performed one microsecond all-atom MD simulation using the 30
192 investigate the dynamics of the interface interactions between IF1 and the 30S in detail. For
193  investigating local conformational changes of A1492 and A1493, the root mean square deviation
194 (RMSD) for all atoms except hydrogen atoms in A1492 and A1493 from the initial structure asa
195 reference was calculated as shown in Fig. 4a. The conformations of A1492 and A1493 changed
196  significantly during the MD simulation. Around 300 ns, the side chain of A1492 transitioned
197  into the tucked-in conformation, resembling the 30S*"° state as shown in the Fig. 4b,c. After
198  this A1492 conformational change, the structural fluctuations of A1493 increased, resulting in

199  the A1493 side chain also swinging away from IF1 (Supplementary Video 2).

200 In the simulation, we found that IF1 slightly moved away from the decoding center along
201 with these conformational changes. Fig. 4d shows the distance between centers of mass (COM
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202  distance) of IF1 and A1492-A1493 as a function of the RMSD. While the COM distance of IF1
203 and A1492-A1493 was 14.8 A initially, the average COM distance over the MD simulation was
204 16.3 + 0.9 A, which indicates that the distance was slightly increasing over time. Furthermore,
205  we found that there was a strong correlation between the RM SD of A1492-A1493 and the COM
206 distance between IF1 and A1492-A1493, with a correlation coefficient of 0.73. While the
207  average COM distance was 15.2 + 0.6 A when the RMSD was around 1 A, the average distance
208 was 16.8 + 0.6 A when the RMSD was around 3 A. Thus, the structural change to the tucked-in
209  conformations of A1492-A1493 caused IF1 to dissociate and fluctuated significantly in the
210  decoding center (Fig. 4d, Supplementary Video 2). Six additional 100 ns MD simulations using

211  thestructure at 1 usasthe initial structure were performed, and we found that A1493 formed the
212 fully tucked-in conformation, which is similar to the conformation in 30S*7° state
213 (Supplementary Video 3). From the MD simulation, the structural fluctuation of A1493 was

214  large, which is consistent with the experimental results of weak electron density of A1493 in the
215 30S™S™ structure.

216 Interestingly, the conformational change of A1492 and A1493 and the dissociation of 1F1
217  might be caused by the weakening of the interfacial interactions between IF1 and uS12 protein
218  and between IF1 and h44. Fig. 4e shows the COM distances between IF1 and uS12 protein, IF1
219  and h44, and IF1 and 530 loop respectively. The distances for uS12 protein and h44 were 26.9 A
220 and 28.7 A, respectively; while their average distances over the course of the one microsecond
221 MD simulation were 30.0 + 1.6 A and 30.1 + 0.8 A. At 0 ns, IF1, uS12 protein, and h44 were
222 tightly packing, and the interactions between them were strong. However, their interactions were
223 loosened by 300 ns, and IF1 dissociated slightly from the decoding center. After the interaction
224  between IF1-uS12 protein and 1F1-h44 became loose, the COM distances of IF1 and uS12
225 protein and of IF1 and h44 were significantly fluctuating (Supplementary Video 4). On the
226  other hand, the initidl COM distance of IF1 and 530 loop was 15.7 A, and the average COM
227  distance was 16.0 + 0.4 A, indicating that the interaction between them was stable. Therefore, it

228  issuggested that the dissociation of 1F1 from the decoding center observed in the MD simulation
229 was attributed primarily to the disengagement of the IF1-uS12 and IF1-h44 interface
230  interactions.

231

232 |F1 stabilized mid-scale allostery in h44

TR-SFX
S

233 Inour 30 complex structure, h44 is captured in significantly altered conformations at two
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234  distinct regions of the 16S rRNA (Fg. 5a). We mapped these perturbations of the base
235 interactions within h44 by observing the presence and absence of hydrogen bonds between h44
236  base pairs using RNApdbee 2.0 and VARNA programs (Antczak et al., 2014 2018; Darty et al.,
237 2009; Zok et al., 2018). The 30S*™ structure exhibits hydrogen bonds near the decoding center,
238  gspecifically between residue pairs C1412-G1488, A1413-G1487, U1414-G1486, G1415-U1485
239  (Fig. 5b,c) G1423-C1477, Cl1424-G1476, U1425-G1475, C1426-G1474, and U1427-A1473
240  (Fig. 5b.d). The 30S™° structure lacks interactions between the residue pairs A1413-G1487
241 and U1425-G1475 (Fig. 5h.ij). Inthe 30S™™™ structure, we observed that interaction with | F1
242 stabilizes alternate transient hydrogen bond networks, which causes changes in bond distances
243  between the residue pairs C1412-G1488, A1413-G1487, U1414-G1486 and G1415-U1485
244  (Extended Data Fig. 2). Furthermore, the hydrogen bond network between the residue pairs
245  G1423-C1477, C1424-G1476, U1425-G1475, C1426-G1474, and U1427-A1473, observed in
246  the 3057 and 30S™-° structures, seem to be transiently disrupted during the binding process
247 as observed in our 30S'™° structure (Fig. 5ef,g). Moreover, by demonstration of the
248  intermediate state through VARNA-generated flattened secondary structures we observed the

249  presence of single hydrogen bonds in non-canonical residue pair U1414-G1487, as well as the
250  occurrence of extra double hydrogen bonds between residue pair C1426-G1475 (Fig. 5ef,q).
251 Our analysis reveals that, even before IF1 fully binds, the factor disrupts the equilibrium of
252 transient molecular energy minima excursions within the h44. At this time point, one of the
253  energetically favorable excursions by the perturbation of this equilibrium by 1F1 collision may
254 lead to the transient stabilization of an intermediate state. Consequently, 30S™ 5™ structure
255  serves as the first ribosome structure showing the short-lived and reversible conformational
256 excursions on h44 region of the 16S rRNA during the initial binding state of IF1 to the 30S. The
257  perturbations of the base interactions within h44 were also observed in the one microsecond MD
258 simulation, and the conformations in the MD simulation were similar to the 30S*™° state

259  (Supplementary Video 5, Supplementary Video 6, Supplementary Video 7, Supplementary

260 Video 8).
261
262  TR-SFX decouples mid- and global-scale | F1 allosteric inter mediates

263 Inour complete 16S rRNA pairwise comparative analysis, the main chain phosphate positions of

264 the 30S*°, 30S™5™ and 30S™°'° structures were superposed (Fig. 6). Upon aligning the

265 30" structure with the 30S™ 5 structure, the maximum spatial shift of 6 A between residues

266  A1408-G1422 resulted in h44 motions relative to the starting 30S*™° structure (Fig. 6a.ef).
8
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267  Within the 30S™5™ structure, the initial partial binding of IF1 led to directed lateral shifts of
268  approximately 2.0 A in the vicinity of residues G75-U98 and A463-U480 (Fig. 6f). Additionaly,
269  acomparative analysis between the 30S"™7>™ and 30S™°° structures reveals a slight shoulder
270  displacement of up to 2 A between A453-G485 residues (Fig. 6b,g,h). When 30S™ and
271 30S7°C structures are superposed, the intermediate binding of IF1 to the 30S structure reveals
272 h44 motions and head movements spanning a range of 2.0-4.0 A between residues A938-G1454
273 (Fig.6 g.h), opposite to the behavior observed from comparing the 30S*™ and 30S™>7
274  structures (Fig. 6f, Supplementary Video 9). However, in contrast to the pairwise superpositions
275  involving all three structures of 30S*7°& 305" or 30S™57& 30S"°°, we observed that the

276 30S™°° structure leads to significant body movementsin local positions when aligning with the

277 30S*° and 30S"°-° structures. These movements result in notable perturbations in the distances
278  between residues, particularly in the regions spanning from 402 to 502 and in the vicinity of
279 residues 902 to 1502 (Fig. 6¢). The 30S™ ™ data not only help to capture intermediate phases
280  within the IF1-mediated binding process to the 30S structure but also effectively distinguishes
281  and isolates a cryptic intermediate step between two distinct 30S*™ (t=0) and 30S7°-° (t=w0)
282  states (Fig. 6d). Collectively, these findings indicate that 30S™ ™ structure is a novel global
283  intermediate IF1 binding state.

284 To investigate large-scale movements of 30S in the MD simulation, the root-mean-square
285  fluctuation (RMSF) from the average structure is shown in Extended Data Fig. 3. There are large
286  structural fluctuations around G75-U98, C150-G168, A453-G485, G674-G714, and A938-
287 G1454 (specifically, C1254-C1284), which correspond to large movements as results of

288  principa component analysis (Supplementary Video 10, Supplementary Video 11). The large-

289  scale movements of 30S in the MD simulation had similar structural fluctuation tendency as
290 those in the 16S rRNA pairwise comparative analysis of 30S'™5™ and 30S™° except for
291  C150-G168, G674-G714, C1254-C1284 and the decoding center of h44. The similarity may be
292  caused by ambient temperature. The different results for C150-G168, G674-G714, and C1254-
293 C1284 may be caused by the effect of crystal packing. While the outside regions of 30S
294  fluctuated, the decoding center did not fluctuate significantly in the MD simulation. Even though
295 the decoding center is stable, the conformations of A1492 and A1493, which are important to
296  binding to IF1, change drastically during the MD simulation as mentioned previously.

297

298
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299
300 30S-IF1 conserved contacts

301  Multiple sequence aignment for IF1 was performed by using ClustalW algorithm in JALVIEW
302 (version 2.11.2.7) to detect conserved residues in bacterial, archaeal and eukaryotic homologues
303  (Clamp et al., 2004) (Extended Data Fig. 4). The most conserved residues on IF1 are located in
304 the loop of the OB-fold region which is in close proximity to h44. Specificaly, the residues
305  Prol8, Arg23, Arg4l and Argd6 which interact with h44 (Extended Data Fig. 5) ; the residues
306 Lys2 and Gly38 which interact with 530 loop (Extended Data Fig. 6); and Tyr60, Asp61 which

307 interact with uS12 protein were seen to be conserved between homologues (Extended Data Fig.

308 7) (Carter et al., 2001). This conservation through evolution in all three kingdoms of life

309 indicates the key role of these residues during the IF1 steering and binding for the functioning of
310 30S.

311 Our 30S™*5™ intermediate structure revealed the choreography of the initial interactions
312 established between IF1 and 30S (Fig. 2b) (Fig. 4). We observed partially occupied electron
313  density maps where the interactions formed with h44, uS12 and 530 loop (Extended Data Figs.
314  45,6,7), indicating the initiation of molecular interactions of IF1 near the decoding center. A
315 loop of IF1 is introduced into the minor groove of h44, establishing connections with the
316  nucleotide backbone, ultimately resulting in the flipping out of both A1492 and A1493. While
317 A1493 is concealed within a pocket located on the surface of IF1, A1492 takes its position
318  within acavity created at the junction of IF1 and uS12 (Carter et al., 2001; DeMirci et al., 2013;
319 Laursenet al., 2005).

320 Investigating the conserved interactions of 1F1-uS12 protein, IF1-h44, and IF1-530 loop
321  in the one microsecond MD simulation, the average displacements from the initial position for
322 seveninteractions of IF1-h44, i.e.,, Alal6-G1494, Pro18-G1494, Ala20-A1493, Arg23-G1410,
323 Argd41-A1492, Argd46-A1493, Arg64-Cl41l, five interactions of IF1-uS12 protein, i.e,
324  Alal-Glu73, Glu3-Gly74, Tyr60-His75, Asp61-Argdl, Arg64-Leu52, and nine interactions of
325 IF1-530 loop, i.e, Lys2-G517, Lys2-C519, Tyr35-C519, Gly38—-C518, Lys39-C518,
326  Lys39-U531, Met42-Gr530, Arg66-C519, respectively, were calculated as shown in Extended
327 DataFig. 8. Theinterfacial interactions of 1F1-uS12 protein and IF1-h44 changed significantly

328  during the dissociation, especially around 300 ns where the COM distances of 1F1-uS12 protein
329 and IF1-h44 were large. On the other hand, the interface interaction of 1F1-530 loop did not
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330 change. In addition, the average displacements suggest that IF1 first dissociates from uS12
331 protein, and then the interaction between IF1 and h44 is loosened during the dissociation

332 (Extended Data Fig. 8). . Thus, h44 and uS12 protein may play a role in steering IF1 deeper

333 into the decoding center. This study represents a valuable first instance of protein-protein and
334 protein-RNA interaction where the computational counterpart is effectively colligated with an
335 experimental TR-SFX analysis. Notably, the observed conformation of the decoding residues

336 validatesthe results obtained from MD simulations.
337
338 Conclusion

339 Our timeresolved structural data have shown computationally unpredicted transient and
340 reversible perturbations in RNA-RNA interactions (Figs. 3,5,6). Particularly disruptions in
341  hydrogen bonding within the h44 base pairs and significant atomic distance along the P-P
342  backbone can be attributed to the initiation of dynamic motions within the h44 region,
343  accompanied by coordinated movements in the head and shoulder domains of the 30S. The
344  combination of analytical methodologies with time-resolved X-ray crystallography alowed us to
345  elucidate the hitherto undiscovered intricacies and unveiled novel details of early times of IF1's
346  binding interactions with decoding region of the 16S rRNA.

347 Chemical probing of IF1 binding showed enhanced reactivity of critical intersubunit
348  bridge residue A1408 of h44 (Moazed et al. 1995) and later confirmed by crystallography and
349 NMR (Carter et al., 2001; Dahlquist et al., 2000). As previous studies have proposed that |F1
350 together with IF3 induce a structure that is unfavorable for 50S docking, while the formation of

351 30S initiation complex promotes a conformational equilibrium that favors a favorable 50S
352 docking structure (Milon et al., 2008; Qin et al., 2012). In other words, the binding of 1F1 to h44

353  perturbs conformational changes and stabilizes the transition state of subunit interaction,

354  facilitating the rate of both subunit dissociation and association. 30S™ 5

captures an aternative
355  h44 conformation during IF1 binding suggesting that the factor may modulate the intersubunit
356  bridge B2a/d near the decoding center. The binding of IF3 to the 30S is predicted to block the
357 formation of the bridge B2a/d (Liu et al., 2016). As IF1 binds near the decoding center, the

358  components of bridge B2a/d A1409 and A1410 move by 2.3 A and 3.3 A respectively.

359 Our work constitutes a significant expansion of structural studies and offers a tremendous

360  opportunity to address fundamental structural dynamics questions of the ribosome. Building
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361 upon prior structural studies, our 30S™5™ has directly identified transient intermediate and
362 long-range dlosteric conformational changes including the uncoupling of ribosoma h44
363  basepairing and global scale allosteric 30S domain closure from head rotation at the ~200 ms
364 time-point of IF1 binding. Long-range alosteric transitions are proposed to be at the heart of
365  kinetic two step proof-reading model of the decoding reaction catalyzed by ribosomes (Ogle et
366 al., 2001). Broadly, there are two models proposed for the decoding mechanism, the first one

367  suggests that ribosome has to go from an open to close transition of 30S body in order to select
368 the correct tRNA and the second model suggests that domain closure is not necessary
369 (Demeshkina et al., 2012; Ogle et al., 2001). The molecular interactions identified in our work

370  demonstrate the viability of time-resolved structural studies to address which model fits better
371 for tRNA decoding.

372 Due to experimental constraints, only one of multiple possible intermediate states were
373  probed in this study. Altogether, our data suggest that decoupling of the allosteric transitions is
374 temporally possible, although in the absence of additional structural time-points, additional
375  ribosomal ligands were not characterized. Much progress remains to be made, these observations
376  have been made possible by multiple, convergent advances in XFELS, sample delivery methods,
377 data anaysis, and hybrid techniques. Our investigation of the 30S-IF1 interaction represents a
378 single example within a one model system for the investigation of structural dynamics in
379  biology, (Chapman et al., 2011; Fuller et al., 2017; Sierra et a., 2016;). Spanning megadaltons in

380 their fully-assembled state, ribosomes are complex supramolecular machines and have served as

381 amodel system to explore RNA structure and protein-RNA interactions over many years. The
382  mix-and-inject sample-delivery approach for microcrystals has fundamentaly enabled time-
383  resolved macromolecular crystallographic studies and enables capture of the conformational
384 changes in short-lived trangition states. Our TR-SFX mix-inject-probe binding experiment
385  performed with IF1 and 30S confirmed the feasibility of investigating dynamic processes and
386  promises to represent one of many such future explorations. For reference, the repetition rate
387  during the beamtime in this work was 120 Hz. Improvements in X-ray pulse repetition rates and
388  detector capabilities promise to enable data acquisition on the order of megahertz and thus
389  reduce acquisition time per dataset. In turn, sample delivery may be adapted to facilitate
390 collection of multiple, if not numerous, intermediate-state timepoints per XFEL beamtime. This
391 isan exciting time for structural biology and TR-SFX provides a powerful tool for understanding
392  the dynamic processes involved in ribosome function, such as initiation of translation. Beyond

393 the application of the ribosome field, time-resolved crystallography studies promise to bring
12
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394  biology alive in genera for better understanding the dynamics of macromolecular interactions at

395  atomic resolution and near-physiological temperature.
396 Methods :

397 MD simulation for Ribosome 30S and | F1 complex

398  We performed a microsecond-scale all-atom MD simulation using the structure obtained by TR-
399  SFX. Protonation states were determined by Adaptive Poisson-Boltzmann Solver (APBS)-
400 PDB2PQR which is a module solvation force library package with pH 7.5 (Baker et al., 2001).
401 The modeled 30S-1IF1 complex was solvated in TIP3P water using the solution builder in
402 CHARMM-GUI so that the box size was approximately 27.3 nm in length, width and height.
403  (Brooks et al., 2009; Jo et al., 2008; Lee et al., 2016, 2020). The solution was neutralized with
404 150 mM KCI. Finally, the system contained two Zn'? and 254 Mg™ cations, which were
405  originally included in the 30S™™ structure, 2,491 K** and 1,726 CI™ anions, and about

406 600,000 water molecules in addition to 30S, thus the system became very large size, containing

407  approximately 1.9 million atomsin total.

408 MD simulation was performed using Amber software, with the all-atom additive
409 CHARMM36m force field for protein and rRNA residues since the structure has several modified
410 nucleic residues (TMG, M2G, 5MC, 2MG, 40C, 3MU, M6A) (Case et al., 2005; Huang et al.,
411  2017). The simulation was performed undmiyaer periodic boundary conditions (Case et al.

412 2005). In the simulation, the time step was 2 fs and the trgectory interval was 10 ps. The
413  temperature was maintained at 298.15 K (ambient temperature) using a Langevin thermostat,
414  and the pressure was maintained at 1 bar using a Berendsen barostat. The shake method was also
415  employed (Miyamoto & Kollman,1992; Ryckaert et al., 1977). Short-range electrostatic and van

416  der Waals forces were cut off at 12 A. First, energy minimization was performed with restraint
417  to the solute and no pressure control, and energy minimization without any restraint was
418  executed to remove bad contacts. The temperature of the system was heated to 298.15 K in 100
419  pswhile a 10.0 kcal/(mol A?) constraint was applied to the solution using a harmonic restraint.
420  The Langevin thermostat was used for the system heating and an anisotropic Berendsen weak-
421 coupling barostat was used to also equilibrate the pressure. After the heating process, we
422  performed a 5 ns equilibration process with a larger skinnb value in order to equilibrate the
423 dimensions and density of the systems. Finally, the temperature was controlled using the
424  Langevin thermostat using a constant pressure periodic boundary with an average pressure of 1
425  atm, and we performed one microsecond MD simulation.

13
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426
427

428  Purification of 30Sribosomal subunits

429  30S ribosomal subunits from T. thermophilus HB8 (ATCC27634) were purified as described (
430 DeMirci et al., 2010, 2013). The T. thermophilus HB8 strain was grown in 4 L baffled glass
431 flasks using ATCC:697 Thermus medium enriched with Castenholz salts, at a temperature of 72

432 [ with intense aeration at 400 rpm by using New Brunswick Innova 4430R rotating incubator.
433 The cellswere harvested by centrifugation at 4000 rpm at 4 - when their optical density reached
434  ODgp=0.8. The cell pellets were then cooled by flash freezing in liquid nitrogen and stored at -
435 80 [ until further use. To resuspend the cells, Buffer A containing 100 mM ammonium
436  chloride (NH4CI), 10.5 mM magnesium acetate (MgOAcC), 0.5 mM Ethylenediaminetetraacetic
437  acid (EDTA), 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), adjusted
438  with potassium hydroxide (KOH) to pH 7.5 was used. Resuspended cells were disrupted by two
439  passes through an emulsiflex C5 (Avestin, ON, Canada) initially at 12,000 psi and a second pass
440  at 20000 psi. After disruption, lysate was centrifuged at 20000 rpm for 20 minutes with a Ti-45
441  rotor (Beckman Coulter, USA) to remove the cell debris. Supernatants of the sample applied to
442  sucrose cushion Buffer B containing 1.0 M NH4CI, 1.1 M sucrose, 10.5 mM MgOAc, 0.5 mM
443 EDTA, 20 mM HEPES-KOH (pH 7.5) were centrifuged at 43000 rpm for 15 hours with a Ti-45
444  rotor. After rewashing the samples with Buffer A, pellets were resuspended with Buffer C
445  containing 1.5 M ammonium sulfate (NH,4),SO4, 10 mM MgOAc, 20 mM HEPES-KOH (pH
446  7.5) and loaded onto the POROS-ET hydrophobic reverse phase interaction column. Reverse
447  ammonium sulfate gradient containing Buffer C and Buffer D containing 20 mM HEPES-KOH
448  (pH 7.5) and 10 mM MgOAc was used for elution of samples, and 70S pesk fractions were
449  collected. The collected fractions were pooled and dialyzed into Buffer E containing 50 mM
450 KCI, 10 mM NH.CI, 10 mM HEPES-KOH (pH 7.5), 10.25 mM MgOAc, 0.25 mM EDTA.
451  Separation of the 30S and 50S subunit fractions was achieved by applying a 10% - 40% linear
452  sucrose gradient in Buffer F containing 50 mM KCI, 10 mM NH4CI, 10 mM HEPES-KOH (pH
453  7.5), 225 mM MgOAc, 0.25 mM EDTA. The 30S peak was then dialyzed into Buffer C for
454  further separation by the POROS-ET column with a reverse ammonium sulfate gradient. The
455  RNase-free fractions were dialyzed into Buffer G containing 50 mM KCI, 10 mM NH4Cl, 5 mM
456  HEPES-KOH (pH 7.5), 10 mM MgOAc and concentrated to the final OD25=400 using Amicon
457 30 KDaPM30, an ultrafiltration membrane.

458
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459
460  Crystallization of 30Sribosomal subunits

461  The purified 30S*™° was crystallized by the hanging drop method at 4 °C with the 1:1 mixture
462  containing buffer G and the reservoir solution buffer H (16% (v/v) 2-methyl-2,4-pentanediol
463  (MPD) in buffer 15 mM MgCl,, 100 mM KCI, 50 mM NH4Cl, 100 mM 2-(N-morpholino)
464  ethanesulfonic acid MES buffer (pH=6.5)). The 3-10 x 3-10 x 20-30 um® sized microcrystals
465  were harvested in the buffer G to be pooled. Crystal density was approximated to be 10°-10%
466  particles per ml based on light microscopy and nanoparticle tracking analysis NanoSight LM 10-
467 HS with corresponding Nanoparticle Tracking Analysis (NTA) software suite (Malvern
468  Instruments, Malvern, UK).

469

470 COMESH construction and operation

471 The concentric microfluidic electrokinetic sample holder (coMESH) comprises an outer-flow

472 capillary and an inner-flow capillary, allowing simultaneous liquid injection (Sierra et al., 2016).

473  The lengths of these capillaries are adjustable, providing control over the mixing time before
474  introducing the liquids into the vacuum chamber at the interaction point (Fig. 1a). The inner
475 capillary (100 um ID and 160(1um OD) is filled with the 30S*™ crystal slurry in its native
476 mother liquor, while the outer capillary (200 um ID and 360 /jum OD) contains 10 mg/ml 1F1
477  in asister liquor to be mixed with the 30S*™° sample to enable time-resolved data collection
478  during injection (Sierra et al., 2016). Diffusion coeeficient of the IF1 is calculated as 13.214

479 %/ns using the following equation, 1 = 26.647 /11T (Xieet al., 2017). Here, MW represents

480  the molecular weight of the IF1, which is 8.2 kDa. The diftusion times are calculated as
481  2.924 ms and 8.519 ms for crystal sizes 3pm-3pm~5pm and Spm-5pm= 10pm, respectively.

482 This calculation employs the following equation:

483 | =4/UL°[(QCL + D?/LH + QU+ D/0DH + (L + D?/D)].

484 Here'd b and ‘c represent the half-length of the crystal, and we set ‘I’, ‘m’, and ‘n’ to O for
485  the calculation of the slowest diffusion rate .

486  To determine the time dependant mixing concentration, we employed the following equation:

487 (1) = [y(1 — 0~ C/7y (Schmidt, 2013). This equation corresponds to the mixing time

488  range between 80 ms and 240 ms. Prior to connecting the 30S*™° sample injection line, the IF1
15
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489  carrying sister liquor is loaded, flowed and subjected to electrical focusing. The 30S*7° sample
490 injection line is connected when the liquid-jet is nearly stabilized. It is worth noting that the
491  dister liquor never reaches full stabilization, as reported in the literature (Sierra et al., 2016).

492 Also, al flows mentioned here are considered as laminar flows. The flow rates of the 30S*™
493  sample line and sister liquor carrying IF1 are nearly identical to ensure a stable injection and to
494  maximize the number of crystals exposed to X-ray at the interaction point. The flow rate of the

495  samplelineis gradually increased until diffraction is detected.
496  Sampleinjection

497  The concentrically mixed 30S*™° microcrystals by electrospinning for ~200 ms duration were
498  transported to the X-ray interaction region using the coMESH system (Serra et al., 2016) with a

499  10pl/min nominal flow rate for each syringe pump (Fig. 1a). To study the time-resolved 30S-
500 |F1 complex, we employed the coMESH system for efficient sample injection. The sample
501  reservoir was loaded with a slurry of unmixed 30S ribosome microcrystals in the original mother
502 liquor. The outer sister liquor, devoid of 30S microcrystals, and containing |F1 protein solution
503  with the same buffer as the mother liquor, with an increased MPD (2-methyl-2,4-pentanediol)
504  concentration of 20% (v/v) to aid in vacuum injection (Sierra et a., 2016). The 30S*F°

505  ribosomal subunit microcrystals were in the inner sample line, suspended in their native
506  mother liquor containing 16% (v/v) MPD. These microcrystals displayed a uniform size
507  distribution, ranging from 3-5pmi3-5pm~5-10pm in each dimension due to controlled
508 slower growth at a temperature of 4 °C. Larger crystals were selectively removed through

509 repeated gentle differental settling, avoiding centrifugation (Serra et al., 2016). The

510 injection system involved three capillaries. an inner sample capillary made of fused silica, an
511  outer sheath flow capillary made of fused silica, and an outer concentric capillary tapered. The
512  tipsof theinner and outer capillaries were positioned coterminally at the exact location (Sierra et
513  a., 2016). During the injection process, a voltage of between 3-4 kV to maximize data collection
514  was applied to the sheath liquid, while the counter electrode remained grounded potential. The
515 sample flowed at arate of 1 pl/min, and the sheath flow rate was adjusted to match the sample
516 flow rate at 1 pl/min. For a given capillary size, this corresponds to a flow rate of 3.32 x 10™*
517 m/s. (Serraet al., 2016).

518 Data collection and analysis
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519 The SFX data collection was conducted at the CXI instrument within the Linac Coherent Light
520 Source (beamtime ID: c¢xils9717 during LCLS run 17), a the SLAC National Accelerator
521  Laboratory in Menlo Park, California, under controlled ambient temperature conditions. An X-
522  ray beam, characterized by vertically polarized and the pulses lasting about 40 femtoseconds,
523  was focused employing refractive beryllium compound lenses, resulting in an approximate beam
524 sizeof 6 x 6 um? at full width at half maximum (FWHM). The experimental procedures were
525  executed employing a photon energy of 9.5 keV, and the data collection operated at a repetition
526 rate of 120 Hz utilizing SASE mode with a wavelength of 1.29 A at a 293 K. Real-time data
527 analysis was systematically conducted to establish the initial diffraction geometry, monitor
528 crystal hit rates, and anaysis of the gain-switching modalities of the CSPAD-2.3M detector
529 (Kameshima et al., 2014). This analytical endeavor was facilitated through the OM monitor
530 version 1.0 (Mariani et al., 2016) and Psocake version 1.0.8 (Damiani et al., 2016; Thayer et al.,
531  2017; Yoon, 2020). Data collected from T. thermophilus 30S microcrystals continuously during

532 216 minutes and 58 seconds of beamtime. A total of 1,540,800 detector frames were collected.
533  These T. thermophilus 30S microcrystals were delivered to the X-ray interaction point, using the
534 CcOMESH system (Sierra et al., 2016). This method yielded a total of 148,000 registered hits.
535 Eachindividual diffraction pattern hit was defined as frames displaying more than 30 discernible

536  Bragg peaks, each exhibiting a minimum signal-to-noise ratio of not less than 4.5.

537  Structure deter mination and refinement

538  Theintermediate state structure of 308" which captures the transient binding of IF1 to 30S,
539 was determined at 3.59 A resolution in space group P4:2:;2. Molecular replacement was
540 performed using the PHASER program (McCoy et al., 2007) within the PHENIX version 1.19.2
541  software suite (Adams et al., 2010). Previously published 30S structure (PDB ID: 4DR1) was
542 used as the initia search model (DeMirci et al., 2013). Initial rigid body refinement was
543  performed with the coordinates of the 30S ribosomal subunit (PDB ID: 4DR1) by using
544  PHENIX version 1.19.2 software suite (Adams et al., 2010). Subsequently, IF1 was manually
545  copied and reconstructed to the 30S ribosomal subunit in COOT, guided by the 30S-1F1 complex
546  structure (PDB ID: 1HRO)(Carter et al.,2001). Further structure refinement was performed by

547 using individual coordinates and TLS parameters, following the simulated-annealing refinement.

548  Potential positions of altered side chains and water molecules were identified by performing
549  composite omit map refinement within PHENIX. The electron density map was verified in
550 COOQOT version 0.8.9.2 (Emsley & Cowtan, 2004). During this process, the altered positions with
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551 strong difference density were retained and hexahydrated magnesium molecules that were
552 located outside the electron density were manually removed. The Ramachandran statistics for
553  the 30S™5™ structure are as follows: favored / allowed / outliers = 85.9 /13.9 /0.1 %,
554  respectively. The detailed structure refinement statistics are indicated in the Extended Data
555  Table 1. For the representation of structure, alignments and figure generation, PyMOL version
556 2.3 (DeLano, 2002) was used and multiple sequence alignment was performed by using
557  JALVIEW 2.11.2.7 (Clamp €t al., 2004).

558

559  Dataavailability

560 Coordinates and structure factors of the 30S™5™ structure have been deposited at the Protein
561 Data Bank (PDB) under accession code 8WRC (Time-Resolved Ambient Temperature Kineto-
562  Crystallographic Structure of Initiation Factor in Complex with Ribosome).

563

564 Code availability

565  Conducted a comparison of the distances between the phosphate atoms of the 30S ribosomal
566  subunit in both its IF1-bound and unbound conformation. Utilized ‘atom-wise distances between
567 matching AtomGroups,” which allowed us to compute the distances between atom groups
568 containing the same number of atoms. The code for pairwise P-P distance calculations is
569  accessible through MDAnNalysis 0.19.0; https://doi.org/10.1002/jcc.21787, and three-dimensional
570  parwise visualization was facilitated using MDAnNalysis in conjunction with PyMOL.

571
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905

906 Supplementary Video 1. Morph representation of the motion of critical residues A1492

907 and A1493 in the decoding center of 30S. The movie is generated by using Morph feature of
908 PyMOL. For the visualizing the flip-out and flip-in conformation of the residues A1492 and
909 A1493 at the decoding center in the presence of IF1 binding, first two structure is aligned:
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910 305 and 30S™*5: further 30S™S™* and 30S7°MC structures aligned, respectively. Two
911 morph are generated as result of 2 structure alignments by using mporh command in the
912 PyMOL. The movieis created by the combination of two morphsin PyMOL.

913  Supplementary Video 2. Conformational changes of A1492 and A1493 in the one

914 microsecond MD simulation. The MD trgjectories were visualized on visual molecular
915 dynamics (VMD). The drawing method and color scheme, respectively, of each domain is as
916 follows: IF1, new cartoon, blue; A1492 and A1493, licorice, pink. A1492 and A1493 are the
917 lower and upper nucleic acid residues, respectively. The conformations of A1492 and A1493
918  changed significantly. Around 300 ns, the side chain of A1492 transitioned into the tucked-in
919  conformation, resembling the 30S*7° state. After this A1492 conformational change, the
920  structura fluctuations of A1493 increased, resulting in the A1493 side chain also swinging away
921  fromIF1.

922  Supplementary Video 3. Conformational changes of A1492 and A1493 in the additional

923 100 ns M D simulation. The drawing method and color scheme, respectively, of each domain on
924 VMD isasfollows: IF1, new cartoon, blue; A1492 and A1493, licorice, pink. A1492 and A1493
925 are the lower and upper nucleic acid residues, respectively. The additional 100 ns MD
926  simulation using the structure at 1 ps as the initial structure showed that A1493 formed the fully
927  tucked-in conformation, which is similar to the conformation in 30S"*™ state.

928  Supplementary Video 4. Dynamics of decoding center in the MD simulation of the 30S-1F1

929  complex. The drawing method and color scheme, respectively, of each domain on VMD is as
930 follows: IF1, surf, blue; r44, surf, pink; uS12 protein, surf, green; 530 loop, surf, yellow; A1492,
931 licorice, cyan; A1493, licorice, orange. At O ns, IF1, uS12 protein, and h44 were tightly packing,
932  and the interactions between them were strong. However, their interactions were loosened by
933 300 ns, and IF1 dissociated slightly from the decoding center. On the other hand, the interactions
934  between IF1 and 530 loop was stable.

935 Supplementary Video 5., Supplementary Video 6. Perturbations of the base interactions
936  within G1423-U1427 and A1473-C1477 in the MD simulation. In the videos, the Apo-state

937 and Holo-state structures are shown in yellow and cyan, respectively, as reference structures for

938  comparison, and the MD simulation results are shown in pink. The left and right structures are
939  (G1423-U1427 and A1473-C1477, respectively, and MD simulations were superimposed on all
940  atoms except hydrogen atoms in A1473-C1477 of the reference structures. The perturbations of
941 the base interactions within h44 were observed, and the conformations in the MD simulation
942  weresimilar to the 30S*™ state.
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943  Supplementary Video 7., Supplementary Video 8. Perturbations of the base interactions
944  within C1412-G1415 and U1485-G1488 in the MD simulation. In the videos, the Apo-state

945  and Holo-state structures are shown in yellow and cyan, respectively, as reference structures for

946  comparison, and the MD simulation results are presented in pink. The left and right structures
947 are C1412-G1415 and U1485-G1488, respectively, and MD simulations were superimposed on
948  al atoms except hydrogen atoms in U1485-G1488 of the reference structures. The perturbations
949  of the base interactions within h44 were observed, and the conformations in the MD simulation
950  were similar to the 30S*™ state.

951  Supplementary Video 9. The analysis involved the assessment of 3D pairwise distance
952 motion within the 30S*™°, 30S™*"5™ and 30S"°"° structures.

953 A comparative examination was carried out to assess the variations in the distances between

954  phosphate atoms within the 30S ribosomal subunit in both its IF1-bound and unbound states.
955  The dynamic visual representation was generated using PyMOL by implementing MDAnNalysis
956  source codes. The alignment of the 30S*™° structure with the 30S™>™ structure revedled a
957  remarkable maximal spatial shift of 6 A, particularly within the residues A1408-G1422,
958  consequently resulting in significant h44 motions relative to the original 30S*™ structure. The
959 initial binding of IF1 induced deliberate lateral shifts of approximately 2.0 A, particularly in the
960 region of residues G75-U98 and A463-U480. A detailed investigation into the three-dimensional
961  pairwise distances between the 30S™5™ and 30S"°° structures disclosed subtle displacements,
962 ranging from 2 to 3 A, among residues A453-G485, G144-U204, A665-G710, and G75-U98.
963  Upon superimposing the 30S™ and 30S™°-° structures, the intermediate binding of IF1 to
964  the 30S structure initiated h44 motions and head movements spanning a range of 2.0 to 4.0 A,
965 primarily affecting residues between A938-G1454.

966  Supplementary Video 10., Supplementary Video 11. The structural fluctuations from the

967 average structure by principal component analysis. Principa component analysis was
968 performed on the phosphate atoms of rRNA in the one microsecond MD simulation. We
969  visualized the structural fluctuation from the average structure of each phosphate atom along the
970  first principal component (PC1l). Supplementary Videos 10 and 11 show the structural
971  fluctuations of rRNA from atop down view and from a head view, respectively. The magnitude
972  of the original fluctuation was shown by five times. The large-scale movements of 30S in the
973  MD simulation had similar structural fluctuation tendency as those in the 16S rRNA pairwise
974  comparative analysis of 30S™°™ and 30S™° except for C150-G168, G674-G714, C1254-
975  C1284 and the decoding center of h44. Also, C1254-C1284, which showed large fluctuations, is
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976 shown in red, h44 is shown in pink, the others in A938-G1454 are colored in blue, A1492 and

977  A1493 are shown in green, and the others that do not correspond to them are shown in white.
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Fig.1 | lllustration of the concentric-flow microfluidic electrokinetic sample holder (co-MESH), 30S and I1F1
crystal packing. a, (right) A continuous inner capillary (100 um x 160 um x 1.5 m) facilitated the flow of aliquid
jet, which included 30S microcrystals and their mother liquor (16% v/v MPD; ; colored in gray). Electro-focusing
of the liquid jet was achieved by charging a sister liquor containing IF1 solution (colored in purple) using a high-
voltage power supply. Teflon plunger (colored in black ) separated the sample reservoir from the driving fluid
(colored in light blue) . The reservoir was mounted on an anti-settling device, which rotated at an angle about the
capillary axis to keep the protein crystals homogeneously suspended in the mother liquor. (middle) A mixer
(indicated within the dashed black rectangle) connected the two capillaries (colored in gray) in a concentric
manner.The interaction between the liquid jet and the LCLS pulses occurred at the point marked by the orange
circle. (Ieft) Schematic representation of e ectro-spinning and focusing and mixing of co-flowing 30S microcrystals
with IF1 solution. b, The packing arrangement of the 30S™5™ crystal lattice indicating 170 A wide solvent
channels from one axis. An individual 850 kDa 30S monomer is shown in pink. ¢, A close-up view of the solvent
channél and IF1-30S binding interphase is shown. 30S bound IF1 is colored in slate and unbound IF1 colored
palecyan and shown only for illustration purpose of the fitting to the solvent channel.
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Fig. 2 | IF1 on its path to binding to the 30S ribosomal subunit. a, Surface representation of the “chick view”
showing the positions of IF1 colored in slate, h44 colored in pink, ribosomal protein uS12 colored in green, 530 loop
colored in yellow. b, Close up view of the inset in pandl a, cartoon representation of IF1 binding pocket, the
decoding residues A1492 and A1493 colored in red and represented in filled cartoons. ¢, Unbiased Fo-Fc omit
electron density map without an IF1 model, colored in light blue and contoured at 3 level; 2Fo-Fc eectron density
map of 30S colored in cyan and contoured at 1o level. d, 2Fo-Fc electron density map after refinements with 1F1,
contoured at 1o level.
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Flg 3 | Confor mational changes of decodlng residues A1492 and A1493 durlng IF1 binding to 30S. a, Chick
view of the 30S ribosomal subunit b, 30S"™* intermediate state structure is superposed with 30S*"° and 30SHOLO
structures (PDB ID: 4DR1 & 1HRO, respectively) to represent the plasticity of the decoding residues A1492 and
A1493. c-d, The 30S*™ structure is colored in wheat and 2Fo-Fc electron density map is colored in gray and location
of the decoding residues A1492 and A1493 are indicated by arrows. 2Fo-Fc electron density maps are contoured at
the 1o level (colored contour levels remains same for al the pandls). e-f, the 30S'™ > intermediate state structure is
colored in pink while g-h, 30S™°-° colored in palecyan.
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Fig. 4 | The dynamics of the decoding center in MD simulation of IF1 bound 30S. a, Time series of RMSD for
A1492 and A1493. RMSD was calculated for all atoms except hydrogen atoms in A1492 and A1493, using the
30S™S™ gtructure as a reference structure. The RMSD changed significantly around 300 ns, when the side chain of
A1492 transitioned into the tucked-in conformation. b, Correlations between RMSD for A1492-A1493 and the
distance between centers of mass (COM distance) of IF1 and A1492-A1493. The COM distance was calculated
using all atoms except hydrogen atoms in the entire IF1 structure and A1492-A1493, respectively. There was a
strong correlation between the RMSD and the COM distance, with a correlation coefficient of 0.73. The values at O
us and 1 us correspond to the pink and orange dots, respectively, and the structures are shown in the bottom. The
conformational changes in A1492 and A1493 led IF1 to move away from the decoding center. ¢, Time series of
COM distances of IF1 and uS12 protein, of IF1 and h44, and of IF1 and 530 loop. IF1, uS12 protein, h44 (near
A1492 and A1493), and 530 loop are colored in blue, green, pink, and yellow, respectively. The severa
characteristic structures over the time series are also shown. IF1, uS12 protein, and h44 were packing at O ns, and the
interactions between them were strong. Their interactions were loosened by 300 ns, and IF1 dissociated a little from
the decoding center. After the interaction between IF1-uS12 protein and IF1-h44 became loose, the COM distances
of IF1 and uS12 protein and of IF1 and h44 were significantly fluctuating. On the other hand, the COM distance of
IF1 and 530 loop was stable.
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Fig.5 | The perturbations of the base interactions observed in the h44 region of the 16S rRNA structure
during IF1 binding. The rearrangements of the base interactions are detected by measuring the distances between
base pairs and assessing the presence of chemical interactions based on proximity. a, 30S*7°, 30S™5™ and 30sH°-°
structure of h44 superposed and decoding residues A1492 and A1493 and perturbed residues are colored in wheat,
pink and palecyan respectively. b, The secondary structure of 30S*™° (wheat) h44 region of the 16S rRNA. cf,i,
The perturbations of the base interactions in the 30S*™°, 30S™ 5™ and 30S"°° h44 structure are depicted,
demonstrating the distances between the residue pairs C1412-G1488, A1413-G1487, U1414-G1486, and G1415-
U1485 respectively. e, The secondary structure of 30S™™ (pink) h44 region of the 16S rRNA. d,gj, The
perturbations of the base interactions in the 30S*°, 30S™" and 30S™° h44 structure are depicted,
demonstrating the distances between the residue pairs G1423-C1477, C1424-G1476, U1425-G1475, C1426-G1474,
and U1427-A1473 respectively h, The secondary structure of 3057~ (palecyan) h44 region of the 16S rRNA.
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Fig. 6 |Interatomic distance analysis of 30S*"°, 30S™5 and 30S7°-° structures. a,e,f, Comprehensive analysi
of both two-dimensional (2D) and three-dimensional (3D) pairwise distances between the 30S*™° and 30S'™"
structures. The alignment of the 307 structure with the 30S™™™ structure reveals a significant maximum spatiz
shift of 6 A between residues A1408-G1422, which resulted in substantial h44 motions relative to the initial 30S*”
structure. The initial binding of IF1 led to lateral shifts of approximately 2.0 A, particularly in the vicinity of residue
G75-U98 and A463-U480. b,g,h, An in-depth examination of 2D and 3D pairwise distances between the 30S™ ™ an
3051 structures reveals a subtle displacement of up to 2-3 A between residues A453-G485, G144-U204, A665-G71(
and G75-U98. Upon superimposing the 30S™ 5™ and 30S"°-° structures, the intermediate binding of IF1 to the 30!
structure initiated h44 motions and head movements spanning a ran%e of 2.0-4.0 A, primarily between residues A93¢
G1454. ¢, The 2D pairwise distances between the 30S*™° and 30S™°-° structures indicates 30S7°-° structure induce
substantial repositioning in localized positions when aligned with the 30S*™ and 30S"°-° structures. These movement
led toperturbations in the distances between residues, particularly within the regions spanning from 402 to 502 and i

the proximity of residues 902 to 1502. d, Superimpositions involving all three structures of 30S*™° & 30S'™"™ ¢
BOSTR-SFX & BOSHOLO.
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