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Abstract

Translocation in protein synthesis entails the efficient and accurate movement of the

mRNA-[tRNA]2 substrate through the ribosome after peptide bond formation. An essential

conformational change during this process is the swiveling of the small subunit head domain

about two rRNA ‘hinge’ elements. Using iterative selection and molecular dynamics simula-

tions, we derive alternate hinge elements capable of translocation in vitro and in vivo and

describe their effects on the conformational trajectory of the EF-G-bound, translocating ribo-

some. In these alternate conformational pathways, we observe a diversity of swivel kinetics,

hinge motions, three-dimensional head domain trajectories and tRNA dynamics. By finding

alternate conformational pathways of translocation, we identify motions and intermediates

that are essential or malleable in this process. These findings highlight the plasticity of pro-

tein synthesis and provide a more thorough understanding of the available sequence and

conformational landscape of a central biological process.

Author summary

Translocation, the motion of the ribosome across its mRNA substrate, is an essential stage

of protein synthesis. A key conformational change in this process is the rotation of the

ribosome head domain about two rRNA hinges in the direction of translocation, reposi-

tioning the mRNA and tRNAs in their final states. Employing iterative selection, we

obtain variant hinges capable of performing translocation in vitro and in vivo. Through

molecular dynamics simulations, the different variant ribosome translocation conforma-

tional trajectories are described. This description reveals different possible conformational

pathways to translocation, with varying dynamics, motions and intermediates. The under-

standing of this conformational malleability can increase our knowledge of protein syn-

thesis function, disruption, evolution, and engineering.
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Introduction

Conformational changes in macromolecules are changes in structure that are inextricably

linked to signaling, cellular locomotion, and catalysis. The exploration of the inherent flexibil-

ity and adaptability accessible to macromolecules during conformational rearrangements is

important to understanding their functionality, evolution and engineering. In this study, itera-

tive selection and molecular dynamics were used to address these questions for the process of

ribosome translocation.

Translocation, the motion of the mRNA and tRNAs through the ribosome, is an essential

macromolecular conformational change central to all of life [1–5]. The conserved GTPase

EF-G (Fig 1A) accelerates this process, directionally moving the mRNA-[tRNA]2 substrates

through the aminoacyl (A), peptidyl (P) and exit (E) binding sites formed by the large (50S in

prokaryotes, LSU) and small (30S in prokaryotes, SSU) ribosomal subunits. EF-G(GTP)

engages the pre-translocation (PRE) complex containing deacylated tRNA in the P site and

peptidyl tRNA in the A site, facilitating the rapid and accurate movement of the mRNA-

Fig 1. Bacterial ribosome and EF-G structures and translocation scheme. (a) EF-G domains I–V are indicated. This structural model

is based on Protein Data Bank (PDB) ID code 4V7B (Ref. 9). (b) EF-G–bound, FA-stalled PRE complex showing compacted positions of

deacylated and peptidyl-tRNAs (orange). The rRNA is shown in gray, the ribosomal proteins are shown in blue. The GTPase activating

center (GAC) and EF-G are indicated. The structural model is based on PDB ID code 4W29 (Ref. 8). (c) Framework of ribosome

translocation in which EF-G(GTP) binds preferentially to PRE complexes in which the small subunit (blue) has rotated with respect to

the large subunit (dark gray). EF-G–catalyzed GTP hydrolysis induces “unlocking”, a process that allows the mRNA and tRNA

substrates to move relative to the small subunit. Unlocking promotes the (mostly irreversible) formation of the INT2 complex,

characterized by tRNA compaction, ~15˚–17˚ head swivel (blue), and partial small subunit back-rotation (light gray). Further (~23˚–

26˚) head swivel (purple), together with complete small subunit back-rotation (white) lead to the (reversible) formation of the INT3

state. Recognition of peptidyl tRNA in the small subunit P site stabilizes INT3 and prompts reverse swivel of the head domain, returning

it to its original position (white), from which EF-G(GDP) dissociates.

https://doi.org/10.1371/journal.pcbi.1012319.g001
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[tRNA]2 substrate by one codon (Fig 1B). Structural [6–11], ensemble [12–14] and single-mol-

ecule [7,15–17] imaging studies have established a global model of ribosome translocation.

This framework includes three identified intermediate steps (INT1-3) with distinct conforma-

tions [7,15] (Fig 1C). EF-G(GTP) initially binds the rotated conformation of the PRE complex,

where the SSU has rotated ~8˚-10˚ with respect to the LSU and the deacylated P-site tRNA is

in a hybrid (P/E) conformation [15,17]. Engagement of the A-site leads EF-G to catalyze GTP

hydrolysis, causing ‘unlocking’ [13,18] and generating various translocation intermediates on

the path to the post-translocation (POST) complex, involving the motion of the LSU, tRNAs

and SSU head, platform, and body domains [6,7,9].

Initially, the EF-G(GDP)-bound ribosome adopts INT1, a spectinomycin-stabilized [19],

rapidly transited [15,20] state consisting of complete and partial translocation of deacyl- and

peptidyl-tRNA with respect to the LSU respectively; complete rotation of the SSU and partial

swivel of the head domain relative to the SSU body in the direction of translocation [7]. This

state is followed by a more stable intermediate, INT2, exhibiting partially reversed SSU rota-

tion, further head domain swivel (~12–17˚) and nearly complete tRNA translocation relative

to the LSU [6,9]. Motions in the EF-G(GDP)-bound ribosome give way to INT3, where head

swivel is likely maximal (~20–26˚) and tRNAs are fully translocated with respect to the SSU

body [15,20,21]. Translocation is finalized by full reversal of SSU rotation and head domain

swivel, together with EF-G(GDP) release from the POST complex [12,14,15]. Along with

swivel, other orthogonal head domain motions have been associated with translocation, such

as tilting away from the subunit interface [20,22–25]. As this framework suggests, the confor-

mational trajectory of translocation is complex, involving multiple degrees of freedom of vari-

ous molecules and ribosomal domains.

In this study, we sought to use iterative selection and molecular dynamics to explore the

flexibility of the conformational trajectory of ribosome translocation. To do this, we focused

on the ribosomal RNA (rRNA) ‘hinge’ elements controlling the head swivel motion as targets

of mutagenesis and in vitro selection. Computational and structural studies have established

that the head domain swivels about two 16S rRNA elements within the SSU [26] (Fig 2A).

One of these ‘hinges’ (hinge 1) centers around a weak point in helix h28, which is initially

kinked and straightens during forward swivel. The other hinge (hinge 2) is a single strand

between h34 and h35, moving orthogonally to hinge 1 throughout translocation (Fig 2A and

2B). Across bacterial and archaeal forms, hinge 1 is substantially more conserved than hinge 2

[27]. To explore the sequence and conformational space of hinge function, the hinge elements

were mutated and functional variants were selected using the RISE (Ribosome Synthesis and

Evolution) platform [28]. In this ribosome evolution platform, a ribosomal DNA (rDNA)

library is synthesized in ribosome-free cell extract into a ribosome variant pool that is selected

for function over multiple rounds (Fig 2C). This strategy yielded multiple alternate hinges

capable of translocating the mRNA-[tRNA]2 substrate both in vitro and in vivo, suggesting

substantial sequence flexibility in head domain hinge function.

To explore the potential variability in the translocation conformational rearrangement tra-

jectories dictated by these mutant hinges, all non-hydrogen atom structure-based simulations

were performed on EF-G-bound models of the ribosome [20,23,29]. Analysis of these simula-

tions showed that the hinge points for the head swivel are preserved for the top variants

obtained from RISE. However, during the forward swivel, all hinge variants produced smaller

fluctuations of the hinge 1 region, suggesting lower flexibility relative to the wild type is

selected through hinge mutations. Forward swivel, completed by INT3 formation, was also

carried out faster in the selected variants relative to the wild type ribosome, suggesting that

delays in achieving the INT3 configuration may not be viable. Interestingly, the three-dimen-

sional head domain trajectory, characterized by head swivel and tilt, was diverse across the
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variants during the forward and reverse phases of swivel. Similarly, the initial phase of deacyl

tRNA motion, from PRE to INT2 formation was notably diverse across variants. These results

suggest that a central process in protein synthesis intrinsic to ribosome dynamics, has substan-

tial conformational and kinetic flexibility. Understanding these alternate trajectories can allow

us to identify the features of translocation that are critical or non-essential, increasing our

knowledge of protein synthesis function, evolution, and engineering.

Results

Variant evolution reveals hinge sequence flexibility

To investigate the conformational malleability of mRNA-[tRNA]2 translocation specifically,

and of protein synthesis in general, we sought to evolve head domain hinge variants. Recent

Fig 2. Head domain hinge variants iterative selection and activity. (a) Solvent view of the 16S rRNA, showing the head (cyan) and

body (green) domains. During translocation the head domain swivels about two rRNA hinge structures. Hinge 1 is a weak point in h28

and hinge 2 is a single-stranded linker between helices h34 and h35. Highlighted in orange and blue are the bases randomized in two

separate libraries for hinge 1 and hinge 2, respectively, (PDB ID 4V7B, Reference 9). (b) Head swivel and hinge articulation. During

swivel hinge 1 motion results from the kinked h28 being straightened, while the orthogonal hinge 2 motion results from h34 swiveling

about h35. Cylinders show helical axes in the 16S rRNA core for the PRE (tan) and INT2, swiveled (magenta) conformations. (c)

Iterative selection was carried out using the RISE (Ribosome Synthesis and Evolution) platform. RISE combines an in vitro integrated

synthesis assembly and translation (iSAT) system with ribosome display. The platform consists of a library of rRNA variants which are

synthesized into ribosome variants in (ribosome-free) S150 cell extract complemented with total ribosome proteins. Functional

ribosomes are selected using an expressed tag, and the selected rRNA is amplified and cloned, leading to a new cycle of selection or

sequencing. (d) Variant activities in vitro quantified as the fluorescence of sfGFP synthesized in iSAT reactions relative to wild type.

Hinge 1 mutants shown in orange, hinge 2 mutants shown in blue (H2_3 and H2_4 could not be cloned). (e) Variant activities in vitro
quantified as the fluorescence of sfGFP synthesized in iT reactions (translation with prior ribosome synthesis) relative to wild type. (f)

Variant activities in vivo, quantified as the doubling rate of the transformed Squires strains (expressing only the mutant ribosomes)

relative to wild type. Wild type cells had a doubling rate of (0.85 ± 0.05) doublings / hour. Error bars correspond to the standard

deviation from three independent experiments. The black line denotes wild type activity (= 1).

https://doi.org/10.1371/journal.pcbi.1012319.g002
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computational and structural studies [26] localized the axis of head swivel between helix h28,

the single covalent connection between the head and body domains, and the coaxially stacked

helices h35 and h36, which form a non-covalent connection between these domains (Fig 2A

and 2B). The two hinge points of the head domain about this swivel axis were localized inside

h28 (hinge 1) and in the single-stranded linker connecting h34 and h35 (hinge 2). With these

hinges identified as critical control elements of translocation, selection of alternative hinge

structures that permitted protein synthesis was performed. Two separate libraries were con-

structed, consisting of degenerate mutations in the general region of each head domain hinge,

spanning 16S rRNA positions 1385–1394 (Hinge 1 library) and 1063–1070 (Hinge 2 library)

(Fig 2A).

Iterative selection of these libraries was carried out in vitro to bypass the constraints of cell

viability, strain competition and library transformation, focusing solely on the synthetic capac-

ity of the ribosome. A cell-free ribosome synthesis and evolution method called RISE (Ribo-

some Synthesis and Evolution) [28], was employed to perform this selection (Fig 2C). RISE

combines an in vitro integrated synthesis assembly and translation (iSAT) system [30] with

ribosome display. In this method, a library of rRNA sequence variants (encoded into a

pT7rrnB plasmid template) is transcribed and assembled into a ribosome library in (ribo-

some-free) S150 extract supplemented with total ribosome proteins (TP70). Following transla-

tion of a selective peptide (3xFLAG) by functional ribosomes, the ribosome stalls on a stop-less

truncated mRNA, and the stalled mRNA-ribosome-peptide complexes are captured using a

magnetic resin. The selected rRNA is then purified, reverse transcribed, and either sequenced

or assembled into a new library for further RISE cycles.

Previous in vitro ribosome synthesis and evolution approaches have carried out mutation

mapping of the 70S ribosome [31], enabled assessment of computationally designed ribosomes

[32], and evolved the ribosome for new function [33]. Here, we applied a modified version of

RISE to the two constructed hinge libraries, performing 3 rounds of selection for each (see

Methods, Ribosome synthesis and evolution). Characterized by iSAT sfGFP translation, most

of the libraries activity increase was achieved after a single round of RISE (S1 Table), with

minimal improvements from subsequent rounds. After completing the in vitro selection, eight

of the top genotypes for each library (ranked by read enrichment after selection relative to the

original library, see Methods, Deep sequencing of RISE cDNA, S2 Table) were individually

cloned and tested in iSAT by translation of sfGFP (Fig 2D). Surprisingly, most of the variants

displayed a level of activity close to wild type (> 70%), with no observed correspondence with

enrichment rank. Notably, head domain motions have several known roles outside transloca-

tion, such as ribosome biogenesis [34], translation initiation [35] and tRNA selection [36]. In

this sense, iSAT production and measurements are indicative of the overall efficiency of ribo-

some synthesis and reporter translation, not solely of translocation. RISE therefore enriches

for variants capable of ribosome biogenesis and selection tag translation, rather than for

mutants that are especially adept at performing translocation. Carrying out ribosome synthesis

prior to reporter translation (in vitro translation or iT, see Methods, iSAT and iT reactions)
generated efficiencies more uniformly comparable to the wild type ribosomes (Fig 2E). This

suggests that elongation processes (including translocation) have a similar in vitro efficiency to

wild type ribosomes across the top hinge mutants, and most of the variation observed through

iSAT (as in Fig 2D) is likely to stem from ribosome assembly.

To assess the viability of selected variants in vivo, the top genotypes were cloned in the

ampicillin-resistant pAM552G backbone, containing the rrnB operon under the temperature-

sensitive phage lambda (pL) promoter. The constructs were then transformed into the Squires

strain [37] SQ171fg, lacking chromosomal rDNA and carrying a pCSacB plasmid with the

RiboT-v2 sequence [38]. The sucrose sensitivity of pCSacB allows the native tethered ribosome
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to be replaced by the specific pAM552G ribosome mutant plasmid, and total RNA was isolated

from the strains and amplified to confirm the presence of the expected mutations in the 16S

rRNA (see Methods, Plasmid replacement and selection in SQ171fg cells). Doubling rates were

derived from the transformed variant strains and compared to wild type (Fig 2F). The mutant

cells had varied growth, as demonstrated by doubling rates ranging from ~50% to 130% of

wild type. As with in vitro activity, no relationship between enrichment rank and doubling rate

was apparent. A classification of variant activities in vivo (S3 Table) suggests that most mutant

deficiencies stem from ribosome biogenesis rather than translation activity. The viability of

most of these strains (15 of the 16 variants have growth rate greater than 70% of the wild type)

indicates the capacity of the alternate head domain hinges to carry out protein synthesis in

general, and translocation specifically, in the multiple contexts necessary to produce a working

bacterial proteome. A subset of the variants had growth rates comparable to (H1_2, H1_4,

H2_1, H2_6, H2_8) or larger (H1_5, H2_10) than wild type. This is consistent with the bases

involved in these mutations not being conserved across bacteria and archaea [27].

Molecular dynamics simulations of forward and reverse head swivel

To explore the mechanics of translocation for the hinge variant ribosomes, we performed all

non-hydrogen atom structure-based simulations of EF-G-bound ribosomes. Models for the

various translocation states were constructed using PDB ID: 4V9D (PRE-Classical) [39], PDB

ID: 4V7B (INT2) [9], modeled hyper-swiveled state (INT3) [20], and PDB-ID:4V5F (POST)

[11] as starting structures. The energy of each model was minimized, and the resulting models

were used as either a starting structure or energy minima in translocation simulations. These

simulations are performed on a minimally frustrated landscape where the barriers are defined

by the ribosome structure, describing the steric and entropic limits to translocation motions.

Forward and reverse head-swivel motions of the ribosome were simulated as previously

described [20,23]. Notably, these simulations do not cover the entire translocation stage, as a

repetitive exchange between INT2 and INT3 prior to substrate release is an important phase of

the process [15,16]. Forward swivel structure-based simulations were initiated from the PRE

conformation of the ribosome with tRNA in the A/P and P/E positions. Stabilizing contacts

from the INT3 ribosome conformation were included to define INT3 as an energetic mini-

mum in the simulation. In these structure-based simulations only the endpoint (INT3) is

defined as the energetic minima; however, the contact weights were rescaled (Methods, All
atom structure-based simulations) to enable reversible fluctuations of the head domain during

progression towards the end state. Using this approach, the ribosome head and tRNA were

allowed to sample different configurational space until contacts of the INT3 conformation

were adopted. Similarly, reverse swivel simulations, capturing structural dynamics required

for the head domain to return to its classical position (POST state) were performed. Here, sim-

ulations were initiated in the INT3 state with a head-swivel of ~26˚ and were allowed to sample

configurational space until the POST state was achieved and stabilized by setting the corre-

sponding contacts as a dominant energy minimum. Reverse head-swivel simulations were per-

formed in the absence of deacylated tRNA to reflect the potential of dissociation of tRNA from

the E-site once the INT3 state has been adopted [20].

Variant core motion preserves hinge points

To investigate if hinge variants introduced structural deviations of the hinges governing head

swivel motions, their helical axis was deduced. Specifically, localization of the head domain

hinges was performed by measuring position differences in the helical axis of the 16S rRNA

between classical and swiveled ribosomes [26]. A series of helices leads from the ribosome body
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and forms the head domain. On one end, h28 (the ‘neck’) makes a covalent connection from

the head to the body domain of the SSU, where it stacks coaxially with h1, h2 and h3. At the

other end, h36 forms a non-covalent bridge with h2 via A-minor interactions. The core helices

h28-h29-h30-h32-h34-h35-h36 lead from and to the body, forming the head domain (Fig 3A).

Based on these helices, a continuous helical axis for the head has been calculated, and the

motion across the head due to swivel can be quantified [26] (Methods, Calculation of core heli-
cal axis motion). The displacement of the helical axis between the simulated (16˚ swivel) swiv-

eled structures relative to the classical configuration was calculated for the wild type and top

variants. This quantification showed that the wild type hinge points are preserved for all vari-

ants, localizing to inflection points near 16S rRNA positions 928 and 1065 (Fig 3B and 3C, indi-

vidual variant displacements displayed in S1 and S2 Figs). The hinge points were preserved for

the reverse swivel motion as well (S3C and S3D Fig.). Intriguingly, we observed a broad distri-

bution of helical axis displacements, deviating over 5 Å in some trajectories relative to wild type

ribosomes. These distinctions indicate that although the head-swivel angle is maintained, the

helices themselves can be arranged in different configurations to achieve these angles.

Reduced hinge fluctuations allow effective translocation

To quantify the motion of the hinges throughout forward head swivel, the root mean square

fluctuation (RMSF) across the hinge regions was measured (Methods, Hinge fluctuations).
Interestingly, hinge 1 fluctuations (Fig 3D) were reduced relative to wild type for all hinge

Fig 3. Variant helical axis and hinge motions. (a) Calculated helical axis (red) for the structural core of the 30S head in 16S rRNA. The

head (domain III) is shown in cyan, and the body (domains I, II and IV) is shown in green (PDB ID 4V7B, Reference 9). (b)

Displacement at each position along the calculated helical axis from the classical PRE state to the simulated conformation at 16˚ swivel

for wild type and top selected hinge 1 variants. (c) Same as (b) for wild type and top selected hinge 2 variants. (d) Hinge 1 motion in the

wild type ribosome. Hinge 1 is positioned in a weak point in h28 and its motion results from the kinked helix h28 being straightened

during swivel. Cylinders show helical axes in the 16S rRNA core for the classical PRE (tan) and swiveled INT2 (magenta) conformations.

(e) Root-mean-square-fluctuations (RMSF) of hinge 1 during forward swivel for wild type and top selected hinge 1 variants. (f) Same as

(e) for wild type and top selected hinge 2 variants. Symbol keys are ordered according to their RISE selection enrichment.

https://doi.org/10.1371/journal.pcbi.1012319.g003
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variants (including hinge 2 variants) during forward head swivel (Fig 3E and 3F). In contrast

to these results, hinge 2 fluctuations during forward swivel and hinge 1 and 2 fluctuations dur-

ing reverse swivel were not significantly altered in the variants (S3 Fig). This suggests that

reduced flexibility across h28 during forward swivel is a selectable feature and that hinge 1

may exhibit more conformational plasticity during forward swivel motions, whereas fluctua-

tions for reverse swivel are more limited. To understand if the change in fluctuations can be

reflected in the global motions of hinge 1, a principal component analysis was performed for

hinge 1 forward head-swivel motions. Subtle alterations were observed for the first principal

component describing the movement of hinge 1 for representative variants (S4A–S4C Fig).

Projection of these motions onto the structure of hinge 1 indicates that variants undergo

motions parallel to the helical axis of hinge 1 (S4D–S4F Fig). This indicates that the dominant

motion of hinge 1 during forward swivel is not altered by its flexibility.

Variant translocation displays flexible head domain trajectories

Following EF-G binding, the head domain is thought to swivel and tilt to translocate the

mRNA-[tRNA]2 substrate [7,15,20,23]. This swivel-tilt coordination controls the opening of

the SSU corridor that the translocation substrate moves through [9,23]. To study the global

conformational flexibility of translocation in the hinge variants, multiple degrees of freedom of

the head domain were considered. Specifically, the trajectory of the head was described by

both the head swivel and the orthogonal head tilt (Fig 4A). Using the head swivel and tilt

angles, the global trajectories of the head domain relative to the SSU body were described. To

compare the variant trajectories to that of wild type, heat maps showing the probability of con-

formations during forward swivel were derived. Simulations for the variants were carried out

for the steps required for the wild type ribosome to reach maximum swivel and final tRNA

positioning (INT3). Notably all the variants studied reached this state faster than wild type

(Figs 4B, S5 and S6), completing forward swivel (78 ± 5) % faster (S4 Table).

The wild type ribosome trajectory of the head domain describes an arc-like tilt throughout

the forward swivel (S7 Fig). The tilt angle rises from ~2˚ at initial (~0˚) head swivel to a maxi-

mum tilt of ~6˚ as the head swivel nears ~17˚, as observed in previous intermediate structures

[6,40] (Fig 4B). Tilt then reverts to ~1˚ at maximum (~23˚) swivel. The state observable at

~4˚-6˚ tilt and ~15˚-18˚ swivel corresponds to the INT2 translocation intermediate

[6,7,15,20], displaying a large degree of swivel and tRNA motion and leading to complete sub-

strate repositioning at INT3. Importantly, the selected variants displayed a variety of head

domain trajectories. While certain trajectories were closer to the wild type ribosome (Fig 4B,

H2_5), some had a substantially reduced head tilt (Fig 4B, H1_4, H2_8) and others showed

alternative intermediate conformations (Fig 4B, H1_3, H1_8, H2_2, H2_10).

An important consequence of this variation in the degree of head tilt during forward swivel is

the flexible extent of the platform opening and of the small subunit ‘grip’ on the tRNAs. Forward

swivel simulation snapshots (at 16˚ swivel) show the extent of this variability (Fig 4C). As estab-

lished previously, these structures show that during forward swivel specific head-tRNA contacts

are maintained, while body-tRNA contacts are disrupted [6,8,9]. The different tilt profiles, how-

ever, result in variation of the proximity and extent of the 30S-tRNA contacts. As small tilt angles

(< 4˚) can achieve the fully translocated tRNA positions at INT3, this indicates that the forward

tilt motions and opening of the platform is not a requisite feature for tRNA translocation.

In contrast to forward swivel, the reverse swivel for the wild type was completed faster, with

transit time being (55 ± 10) % that of the variants (S4 Table). As in the forward swivel, the

wild type ribosome tilt trajectory for the head described an arc, and the selected mutant trajec-

tories were variable. Unlike forward swivel, all the variant reverse swivels consistently achieve
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significant (~7˚-12˚) degrees of tilt (S8 and S9 Figs). Under this framework, reverse head

swivel requires more tilt than forward swivel, but large tilt angles are not essential to achieve

the POST position.

Variant translocation displays flexible tRNA trajectories

To describe the observed conformational flexibility of translocation from the perspective of

substrate motion, the trajectory of the incoming deacyl tRNA into the E-site was monitored.

This was done by measuring the distance between the deacyl tRNA and the E loop in the SSU

body (h23, G691-A695) (Fig 5A). Using this distance and the extent of head swivel, the tRNA

trajectory was described in heat maps for wild type and variants (Figs 5B, S10 and S11). The

wild type ribosome motion of deacyl tRNA occurs through two main stages. The first stage dis-

plays fast tRNA motion, going from an initial distance to the E loop of ~32 Å (at ~5˚ swivel) to

~23 Å (at ~10˚ swivel). This stage takes only (25 ± 3) % of the time required to reach maximum

swivel (S4 Table). The second stage consists of slower tRNA motion from ~23 Å (at ~10˚

swivel) to ~20 Å (at ~25˚ swivel). This latter stage includes the transition from INT2 (~15˚

swivel) to INT3. Exchange between these states is thought to consist of an accurate final posi-

tioning of the translocation substrate [7,15,20].

Fig 4. Alternate translocation trajectories of head domain motion. (a) The main head domain motions during translocation. Solvent

view of the 30S subunit (Left) showing head swivel in the direction of translocation. 70S particle (Right) showing the direction of head

tilt, orthogonal to head swivel. (b) Relative free energy (ΔG*) landscapes of the forward swivel (PRE to INT3) stage of translocation with

head domain swivel and tilt angles as reaction coordinates. Heat maps are obtained by normalizing the number of frames in the targeted

MD simulation, where the frame count is divided by the maximum frame count. Shown are the maps for the wild type and seven

representative hinge variants active in vitro and in vivo. Maps correspond to ten trajectories per genotype. (c) Interactions between the

small subunit and tRNAs for simulated translocation intermediates. Subunit interface view of the simulated wild type and representative

variant conformations at 16˚ of forward swivel showing tRNA contacts in the A (yellow), P (magenta) and E (teal) sites.

https://doi.org/10.1371/journal.pcbi.1012319.g004
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Interestingly, tRNA motion for the selected mutants varied widely in the initial, fast phase

of translocation (Fig 5B). This initial phase displays varying transit of the previously observed,

short-lived intermediate INT1 (~30 Å, ~6˚ swivel) [6,7,15,20], with some clear INT1 dwells

(H1_2, H1_3, H2_10, H2_6, H2_5) and some nearly absent dwells (H1_4, H2_8). The follow-

ing tRNA motion phase (~10˚ to ~25˚ swivel), though still faster than wild type for all variants,

is uniformly the slower stage of forward swivel (S4 Table). Notably, the dynamics of this phase

are considerably uniform across variants.

Intersubunit bridge conformations in variant translocation

Intersubunit bridges maintain the stable association between the large and small ribosome

subunits. Of particular importance for translocation are bridges B1a (between protein uS13

and helix H38) and B1b (between uS13 and uL5 and uL31), which connect the head domain

with the central protuberance of the large subunit and are disrupted during head swivel [41].

To investigate the variant bridge trajectories, heat maps of the forward and reverse stages of

translocation were developed, with head swivel and bridge component separation as coordi-

nates [42] (Methods, Intersubunit bridge displacement measurements) (S12–S19 Figs). Bridge

trajectories are mostly conserved during the forward swivel stage of translocation (S12, S13,

S16 and S17 Figs). However, the bridge trajectories are more diverse during reverse head

swivel, particularly for B1b (S18 and S19 Figs).

Discussion

In this study, mutant rRNA head domain elements capable of protein synthesis were obtained

through iterative selection. By characterizing translocation in these variants through molecular

simulations, alternate conformational trajectories for ribosome translocation were identified.

Focusing on the hinge elements controlling head domain swivel, the variants selected using in
vitro ribosome synthesis and evolution platform provided hinge mutants capable of sustaining

ribosome function in vitro and in vivo, including mutations in nucleotides considered to be

universally conserved [27] (H1_7). These variants, and their uniform capacity to carry out

Fig 5. Alternate translocation trajectories of tRNA motion. (a) Deacyl tRNA motion during forward swivel was tracked by its distance

to the E loop (h23, G691-A695). (b) Relative free energy (ΔG*) landscapes of the forward swivel (PRE to INT3) stage of translocation

with head domain swivel and E loop-Deacyl tRNA distance as reaction coordinates. Heat maps are obtained by normalizing the number

of frames in the targeted MD simulation, where the frame count is divided by the maximum frame count. Shown are the maps for the

wild type and seven representative hinge variants active in vitro and in vivo. Maps correspond to ten trajectories per genotype.

https://doi.org/10.1371/journal.pcbi.1012319.g005
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translation in iSAT and in living cells (Fig 2D–2F), suggest that there is substantial sequence

space available to the hinges to perform translation well enough to support life.

Though the translocation simulations demonstrate similar hinge points across the selected

mutants (Figs 3B, 3C, S3C and S3D), the fluctuations of hinge 1 throughout forward swivel

were notably diminished for all variants (Fig 3E and 3F). This, together with variant increased

forward swivel rate (S4 Table), suggests that the variant hinges produce a more concerted

motion towards the maximum swivel state relative to wild type ribosome. An apparent conse-

quence of this concerted hinge variant movement during forward swivel is an average head tilt

that is similar to or reduced relative to the wild type ribosome (Figs 4B, S5 and S6). This result

implies that forward head domain motions do not rely upon a specific tilt trajectory to effec-

tively open the SSU corridor, and that a unique profile of 30S-tRNA contacts is not necessary

for translocation (Fig 4C). The observation that multiple different head tilt trajectories can

translocate the mRNA-[tRNA]2 substrate indicates a high degree of conformational flexibility

in translocation.

Though variant reverse swivel is conformationally diverse and transpires slower than for

wild type (S4 Table) a minimal, substantial degree of tilt (≳ 7˚) is uniformly observed (S8 and

S9 Figs), suggesting a steric constraint for reverse head swivel. As deacylated tRNA in the E-

site is considered to disengage from the ribosome at the INT3 state [20], it was not included in

the simulations, indicating that this minimum tilt does not arise from steric blocks imposed by

the E-site tRNA. The other confounding steric interactions of the head domain leading to this

tilt could be with the peptidyl tRNA through the AP loop (nucleotides 954–957 of 16S rRNA)

of the head domain (Fig 4C). This steric barrier may be a contributing factor to the>98% con-

servation of this region in ribosomes, excluding mitochondrial ribosomes [20].

Further alternate features of translocation were found in the variant deacyl-tRNA motion.

For the initial PRE to INT2 substrate motion, the intermediate profiles are diverse between

wild type and variant ribosomes (Figs 5B, S10 and S11). This implies that state INT1

(described in previous studies [7,15,19]) transit can vary substantially while yielding efficient

and accurate translocation in vitro and in vivo. In contrast, other motions are substantially

conserved, notably INT2 and INT3 transit during the second, slower phase of deacyl tRNA

motion, the balance between swivel and small subunit rotation (S20 and S21 Figs) and inter-

subunit bridge conformations during forward swivel. This suggests that these conformational

changes are critical for the correct positioning of the tRNAs and mRNA in their final positions

during the forward swivel phase of translocation.

Our results suggest features of translocation, such as the head tilt magnitude and sampling

of stable intermediates, are contingent to the global function of protein synthesis in general

and to translocation in particular. If not necessary, how can the prevalence of these aspects of

ribosome function be explained? One possibility is that these specific features are not function-

ally necessary for forward swivel but arise from degrees of freedom involved in other processes.

For example, substantial head tilt seems to be non-essential during forward swivel yet is

required in reverse swivel (S8 and S9 Figs), as well as in trans-translation [43] and in translat-

ing ‘slippery’ proline sequences [44]. Another option is that the specific conformational trajec-

tory of wild type translocation was necessary at a previous point of ribosome evolution and

subsequent alterations have rendered it malleable [45].

A candidate evolutionary shift for this hypothesis is the development of elongation factors,

notably EF-G [46]. Prior to the evolution of these factors, the ribosome may have translated pro-

teins as a standalone enzyme. To achieve translation without auxiliary factors it may have had

to adopt additional degrees of freedom or stable intermediates to overcome energetic barriers.

These energetic barriers could be alleviated in the presence of extant auxiliary factors, such as

EF-G, during translocation and translation. Finally, it is plausible that these features of wild type
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translocation are not necessary for protein synthesis or cellular growth under the conditions

studied, but concede advantages under different conditions or increased adaptability [47]. This

could include starvation conditions where translation speeds are altered [48] or temperature

fluctuations [49], where additional degrees of freedom may facilitate translocation.

This study highlights the flexibility of the conformational pathways of the ribosome during

translocation. In doing so, we have established some of the critical degrees of freedom and

intermediate states of this process while indicating motions that are more variable or contin-

gent. This understanding is of importance in the engineering of the translation machinery,

and in the targeting of translation with potential therapeutics or antibiotics, as perturbing

essential processes will yield more robust treatments.

Methods

Plasmid and library construction

The plasmids pT7rrnB (containing the rDNA operon rrnB under a T7 promoter), pJL1sfGFP

(encoding the reporter sfGFP under a T7 promoter, Addgene accession #102634) and

pRDV3xFLAG-TolA-HH (encoding the 3xFLAG tag for ribosome selection under a T7 pro-

moter) were used in in vitro integrated synthesis assembly and translation (iSAT) reactions

[30,50,51]. The plasmid backbone pAM552G [38,52] (Addgene accession #154131) was used for

testing ribosome variants from RISE in vivo (see below). pAM552G carries Ampicillin resistance

and a copy of the rrnB operon under the temperature-sensitive phage lambda (pL) promoter.

For library creation and cloning, a pT7rrnB variant with a 438 bp deletion in the 16S gene

(pT7rrnBΔ438) was created by inverse PCR, including unique cut sites for the off-site type IIs

restriction enzyme SapI. Libraries of rDNA were generated by cloning PCR amplified (with SapI

sites) library amplicons ordered from Epoch Life Science and ligating them into the SapI-

digested pT7rrnBΔ438 variant. The reconstituted library was then transformed into MegaX

DH10B T1 R electrocompetent cells (ThermoFisher), cultured and purified for the initial RISE

cycle. The top rDNA variants enriched from RISE were constructed on pT7rrnB and pAM552G

backbones for in vitro and in vivo testing, respectively. The variants were created from the wild

type plasmids using the Q5 Site-Directed Mutagenesis Kit (NEB) and transformed into MegaX

cells made chemically competent (Mix & Go E. Coli Transformation Kit, Zymo Research). The

top 8 variants of each library selection were constructed, though H2_3 and H2_4 could not be

cloned. pAM552G variants were incubated at 30˚C to prevent plasmid rRNA expression. Full

plasmid nanopore sequencing was carried out to confirm the expected variant genotypes.

iSAT and iT reactions

iSAT reactions were performed by mixing a master mix containing salts, substrates, rDNA

plasmids/libraries, reporter/tag plasmids, and cofactors with ribosome-free MRE600 S150

extract and total proteins of 70S ribosomes, TP70 [28]. The final concentrations of the main

additions were ~2 mg/mL for the S150 protein content, 100 nM TP70, 1.5 μM T7 RNA poly-

merase, 2.2 nM (11 ng/μL) rDNA encoding plasmids or 0.36 nM (1.8 ng/μL) rDNA libraries,

and 2.6 nM (3.9 ng/μL) pJL1sfGFP, pRDV 3xFLAG. Reactions were mixed and incubated at

37˚C for 3 hours (for sfGFP expression) or 90 minutes (for RISE). To monitor protein synthe-

sis alone from pre-assembled ribosomes (in vitro translation or iT), reactions with no reporter

plasmid were incubated at 37˚C for 1h to mature the ribosomes, followed by addition of the

pJL1sfGFP plasmid. sfGFP expression was monitored using a Bio Rad CFX Touch Real-Time

PCR Detection System with a 96 well plate reader.
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Ribosome synthesis and evolution

RISE selections were performed as in a previous study [28] with some modifications. iSAT reac-

tions of 12 μL were carried out with the different rDNA libraries and pRDV 3xFLAG as a ribo-

some display tag. The anti-ssRA oligonucleotide (5’-TTA AGC TGC TAA AGC GTA GTT TTC

GTC GTT TGC GAC TA−3’) was included at 5 μM to hinder stalled ribosome dissociation.

Reactions were incubated for 90 minutes at 37˚C. Following incubation, reactions were kept at

room temperature throughout the protocol and diluted with 15 volumes (180 μL) of wash buffer

with Tween, WBT (50 mM Tris-acetate (pH 7.5 at 4˚C), 50 mM magnesium acetate, 150 mM

NaCl and 0.05% Tween 20). For each RISE reaction 10 μL packed gel volume of ANTI-FLAG

M2 magnetic beads (Sigma-Aldrich) were washed three times with 200 μL wash buffer, WB (50

mM Tris-acetate (pH 7.5 at 4˚C), 50 mM magnesium acetate and 150 mM NaCl). The diluted

iSAT reactions were added to the washed beads and incubated with gentle rotation for 20 min-

utes. Reactions were then washed 5 times with WBT buffer, 2 times with WB buffer and resus-

pended in elution buffer, EB (50 mM Tris-acetate (pH 7.5 at 4˚C), 150 mM NaCl and 50 mM

EDTA (Ambion)), incubating the suspension with gentle rotation for 30 minutes. The superna-

tant was recovered from the beads and the rRNA was purified using a Qiagen RNeasy MinElute

Cleanup Kit. RT-PCR of this rRNA was done using SuperScript III One-Step RT-PCR System

with Platinum Taq DNA Polymerase (Invitrogen) in 100 μL reactions according to product liter-

ature. The RT-PCR was performed with primers that amplified the bases 1026–1476 of the 16S

rRNA gene and included SapI cut sites. This amplicon was then used for next-generation

sequencing or cloned into the pT7rrnBΔ438 variant and amplified for further RISE cycles.

Deep sequencing of RISE cDNA

Libraries with one variable region were sequenced with 250 bp paired-end, non-overlapping

Illumina NGS at the University of Minnesota Genomics Center. Since the regions of interest

for each of the libraries studied (Hinges 1 and 2) are located close to the ends of the primer

regions, no alignment was necessary. Sequences were extracted from the raw reads using

Python, searching for up- and downstream sequences of N+2 (e.g. for a variable region of 8 nt,

10 nt up stream and 10 nt downstream were queried). No mismatches were allowed in the

search sequences. Sequences containing nucleotides with phred-score of less than 30

(p>0.001) were discarded. Extracted sequences were trimmed and counted for both the origi-

nal input library and the sequence pool after 3 rounds of RISE selection. Variant abundance

was calculated as counts of each sequence relative to all sequence counts of the library. Enrich-

ment was calculated as variant abundance in output library relative to abundance in the origi-

nal library. Winners were determined via ranking by highest enrichment.

Plasmid replacement and selection in SQ171fg cells

Electrocompetent E. coli SQ171fg cells containing a pCSacB plasmid (granting sucrose sensi-

tivity) with kanamycin resistance (KanR) were prepared. The pCSacB/KanR plasmid carries

the sequence for the engineered, subunit-tethered ribosome Ribo-Tv2 [38], serving as the only

rRNA operon in the cell. Variant ribosomes of interest in the ampicillin-resistant pAM552G

backbone can be transformed into the cells, and the original pCSacB-RiboTv2-KanR plasmid

can be replaced by culture with sucrose and carbenicillin. This replacement and cell viability

based on the variant ribosomes is confirmed by susceptibility to Kan [32]. 150 to 300 ng of

each variant plasmid in the pAM552G backbone was transformed into 50 μL of electrocompe-

tent SQ171fg cells. Cells were recovered in 800 μl of SOC medium in 1.5 ml tubes at 37˚C with

shaking at 250 rpm for one hour. After recovery, 1.2 ml of SOC with 0.42% sucrose and

100 μg/mL were added to the cells (60 μg/ml carb, 0.25% sucrose final concentrations). These
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2 ml cultures were further grown in 50 mL falcon tubes at 37˚C overnight. The overnight cul-

tures were pelleted, resuspended in 150 μL LB medium and plated in LB agar plates with 5%

sucrose and 100 μg/mL carb.

The plates were incubated until colonies were clearly visible (24–72 hours). If no colonies

were observed for a specific variant, the transformation was repeated twice more. Colonies

were picked from each plate and grown overnight in LB medium with Carb100. These cultures

were then preserved as glycerol stocks and spotted (3 μL) in both Carb100 and Kan50 plates.

Colonies that grew in carb plates only were grown from glycerol stocks in LB with Carb100 and

further analyzed. Total RNA was isolated from these cultures using Ambion Trizol LS.

RT-PCRs of this total RNA were performed amplifying a 635nt region of the 16S rRNA con-

taining both hinge library sites. These amplicons were then nanopore sequenced, and the pres-

ence of the expected mutations was confirmed. For all hinge variants capable of supporting

life, cell doubling rates were measured. To do this, overnight cultures were grown in LB with

Carb100 from glycerol stocks. We inoculated 200 μL of LB with 5 μL of each overnight culture

and recorded the OD600 every 5 minutes over 5 hours with 15-second mixing in between reads

in a SPECTRAmax 340PC Microplate Spectrophotometer with a qPCR seal.

Model generation for molecular simulations

Molecular simulations were performed using previously derived models of the PRE, INT3,

and POST E. coli ribosome conformations [20]. The PRE conformation was modeled from

PDB ID: 4V9D [39] with tRNA in the A/P and P/E positions. The INT3 conformation model

was generated previously [20]. In brief, the INT3 conformation was modeled by restraining

the coordinates of the SSU body from PDB ID: 4V7B and rotating the head domain to a 22.6˚

head swivel angle along the same helical axis as observed between the INT1 and INT2 states

[9]. RMSD restraints were used to treat the SSU body, EF-G, LSU, L1, tRNA, and mRNA as

rigid bodies to achieve the INT3 conformation. NAMD 2.12 [53] with CHARMM C36 force

fields [54] was implemented to minimize and equilibrate the INT3 conformation. Lastly, the

POST conformation was modeled from PDB ID: 4V5F [11] with tRNA in the P/P and E/E

positions. The mRNA bound to each ribosome model was converted to 5’-GGAAAAAU-

GUUUAAAAAA-3’, encoding for tRNAfMet and tRNAPhe.

Hinge variants were introduced into the 16S rRNA using the Swapna package in Chimera

[55]. To each model a water box of SPC/E model waters were added extending 15 Å beyond

the extremities of the ribosome in addition to KCl and MgCl2 ions to a concentration of 30

mM and 7 mM, respectively with GROMACS 2022 [56,57]. Each hinge variant was minimized

in GROMACS 2022 using an iterative steepest descent approach by minimizing the potential

energy of the water proceeded by the ribosome sidechains and backbone.

All-atom structure-based simulations

All-atom structure-based simulations were performed using GROMACS 2022 software with

forcefields generated by the SMOG-2.4.2 software [58]. Simulations were performed at a tem-

perature of 0.5ε, where ε is reduced units. The functional form of the potential used in the sim-

ulations is defined by:
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Å between heavy atoms. The strength of the contributions between the mRNA and tRNA sub-

strate with the ribosome were rescaled by 0.6 to allow for translocation of the substrate. Addi-

tionally, the interface contacts between the SSU head and body were scaled by 0.3 to allow for

head swivel motions. Contacts between the SSU and LSU were scaled by 0.3 for intersubunit

contacts within 20 Å of core and by 0.1 for those outside this radius. This contact scaling

approach has been utilized to accurately simulate translocation from the PRE to POST confor-

mation of the ribosome previously [23]. Finally, interactions involving EF-G with ribosomes

or tRNA were adjusted by a factor of 0.6 to account for the temporary nature of EF-G binding.

These scaling factors are determined from previously established protocols of simulating head-

domain movements, enabling coupled head-swivel and substrate translocation. Additionally,

these values enable wild type trajectories to match the translocation dynamics observed in sin-

gle-molecule fluorescence Förster resonance energy transfer (smFRET) experiments [20,23].

Electrostatics from ions such as Mg2+ were not included in the simulations; however, in the

absence of ions structure-based simulations capture the conformational sampling of ribosomes

from biochemical experiments at 2–7 mM Mg2+ [20,59,60]. Simulations were performed for

1.5 x 107 timesteps with a step size of 0.002, as previous simulations of this type have indicated

that 1 reduced time unit (tru) is ~1 ns [59,61], each simulation is ~30 μs. At minimum 10 simu-

lations were performed for wild type ribosomes and each variant, totaling ~6.9 ms of simula-

tions time.

Calculation of core helical axis motion

The helical axis of SSU head swivel motions were determined using the Curves+ software

[62,63]. Specifically, the helical axis of h28, h29, h30, h32, h34, h35, and h36 were determined

using snapshots of molecular simulation trajectories of ribosomes when they had reached the

PRE (0˚), INT2 (16˚), INT3 (22.6˚), or POST (0˚) states defined by specific head swivel angles.

Additionally, an intermediate in the transition between INT3 and POST was used to investi-

gate the helical axis of reverse head-swivel at an angle of 13˚. This angle was chosen as an inter-

mediate from free-energy landscape approximations.

Hinge fluctuations

Backbone root mean squared fluctuation (RMSF) of hinges was measured using GROMACS

2022 [56,57]. RMSF was calculated with:

rRMSF
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hðri � hriiÞ
2
i

q

ð2Þ

where ri are the coordinates of atom i and hrii are the time averaged coordinates.

PLOS COMPUTATIONAL BIOLOGY Alternate conformational trajectories in ribosome translocation

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012319 August 14, 2024 15 / 24

https://doi.org/10.1371/journal.pcbi.1012319


Head swivel and tilt measurements

Head swivel and tilt measurements were performed as previously described [20,23]. In brief, a

set of core residues were utilized to align residues of the 16S body to a structural reference PRE

configuration and the vector of the reference is measured from a plane derived from three

fixed atoms of A977 and A1374 P and U1298 O2P. Subsequently core residues of the head

domain are used to align the reference head to those of the trajectory and the vector is mea-

sured again from the same vector. Comparing the vectors from the simulation to the reference

allows for quantification of the tilt and head swivel angles.

Body rotation measurements

Similar for the measurements of head tilt and swivel, rotations of the SSU body were measured

using a plane derived from atoms P of C237 and C811 and O6 from G1488. The model from

the simulations in each frame was aligned to a reference using core residues in the 23S, then

the vector for the plane is measured. Subsequently, the SSU body reference structure is aligned

to the model from the simulation using core residues of the 16S from the body and the vector

of the plane is determined. The angle between the two vectors is then used to measure the

body rotation during translocation.

tRNA movement measurements

tRNA movement was assessed by measuring the distance between the O3’ atom of G768 of the

16S rRNA and the O3’ atom of A35 of the peptidyl tRNA. Distance measurements were per-

formed in GROMACS 2022. This reaction coordinate was selected to describe the barrier of

tRNA movement from the P/E to E/E position during translocation.

Intersubunit bridge displacement measurements

To measure the displacement of the intersubunit bridges B1a and B1b during each simulation,

the center of mass of residues involved in bridge contacts were used for distance measure-

ments [41]. For intersubunit bridge B1a the distance between the center of mass of Arg91 and

Arg92 of S13 and the center of mass of nucleotides A887 and C888 of H38 of the 23S rRNA

were measured. For intersubunit bridge B1b the distance between the center of mass of Ile8,

Asp67, Arg69, and Arg70 of S13 and the center of mass of Asp112, Arg114, and Tyr142 of L5

were used.

Supporting information

S1 Fig. Individual hinge 1 variant helical axis motions. Displacement at each position along

the calculated helical axis from the PRE state to the simulated conformation at 16˚ swivel for

wild type (black) and top selected (red) hinge 1 variants.

(TIF)

S2 Fig. Individual hinge 2 variant helical axis motions. Displacement at each position along

the calculated helical axis from the PRE state to the simulated conformation at 16˚ swivel for

wild type (black) and top selected (red) hinge 2 variants.

(TIF)

S3 Fig. Hinge variant simulation swivel rates relative to wild type. (a) Root-mean-square-

fluctuations (RMSF) of hinge 2 during forward swivel for wild type and top selected hinge 1

variants. (b) Same as (a) for wild type and top selected hinge 2 variants. (c) Displacement at

each position along the calculated helical axis from the maximum swivel (INT3) state to the
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intermediate (13˚ head swivel) conformation for wild type and top selected hinge 1 variants.

(d) Same as (c) for wild type and top selected hinge 2 variants. (e) Root-mean-square-fluctua-

tions (RMSF) of hinge 1 during reverse swivel for wild type and top selected hinge 1 variants.

(f) Same as (e) for wild type and top selected hinge 2 variants. (g) Root-mean-square-fluctua-

tions (RMSF) of hinge 2 during reverse swivel for wild type and top selected hinge 1 variants.

(h) Same as (g) for wild type and top selected hinge 2 variants.

(TIF)

S4 Fig. Hinge 1 variants produce a more compact hinge 1 during forward swivel motions.

2 dimensional projections of principal component 1 (PC1) and 2 (PC2) for (a) WT, and the

(b) H2_11, (c) H1_3 hinge variants. Structural description of PC1 projected onto the structure

of hinge 1 of the SSU for (d) WT, and the (e) H2_11, (f) H1_3 hinge variants.

(TIF)

S5 Fig. Head domain motion in forward swivel for hinge 1 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

and tilt angles as reaction coordinates. The heat maps are obtained by normalizing the number

of frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 1 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S6 Fig. Head domain motion in forward swivel for hinge 2 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

and tilt angles as reaction coordinates. The heat maps are obtained by normalizing the number

of frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 2 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S7 Fig. Representations of the simulated ribosome at different head-swivel and head-tilt

angles. Simulated representative structures at different head-swivel and head-tilt angles during

forward swivel motions of the ribosome. In the representation SSU head (cyan) undergoes

swivel and tilt with respect to the SSU body (green). The positions of the peptidyl (red) and

deacyl (orange) tRNA are also highlighted to demonstrate movement during forward head-

swivel. The structures correspond to the PRE (left), INT2 (center) and INT3 (right) states.

(TIF)

S8 Fig. Head domain motion in reverse swivel for hinge 1 variants. Relative free energy

landscapes of the reverse swivel (INT3 to POST) stage of translocation with head domain

swivel and tilt angles as reaction coordinates. The heat maps are obtained by normalizing the

number of frames in the targeted MD simulation, where the frame count is divided by the

maximum frame count. Shown are the maps for the top 12 hinge 1 enriched genotypes. Maps

correspond to ten trajectories per genotype.

(TIF)

S9 Fig. Head domain motion in reverse swivel for hinge 2 variants. Relative free energy

landscapes of the reverse swivel (INT3 to POST) stage of translocation with head domain

swivel and tilt angles as reaction coordinates. The heat maps are obtained by normalizing the

number of frames in the targeted MD simulation, where the frame count is divided by the

maximum frame count. Shown are the maps for the top 12 hinge 2 enriched genotypes. Maps
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correspond to ten trajectories per genotype.

(TIF)

S10 Fig. Deacyl tRNA motion in forward swivel for hinge 1 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and E loop-Deacyl tRNA distance as reaction coordinates. The heat maps are obtained

by normalizing the number of frames in the targeted MD simulation, where the frame count is

divided by the maximum frame count. Shown are the maps for the top 12 hinge 1 enriched

genotypes. Maps correspond to ten trajectories per genotype.

(TIF)

S11 Fig. Deacyl tRNA motion in forward swivel for hinge 2 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and E loop-Deacyl tRNA distance as reaction coordinates. The heat maps are obtained

by normalizing the number of frames in the targeted MD simulation, where the frame count is

divided by the maximum frame count. Shown are the maps for the top 12 hinge 2 enriched

genotypes. Maps correspond to ten trajectories per genotype.

(TIF)

S12 Fig. Bridge B1a distance in forward swivel for hinge 1 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1a distance as reaction coordinates. The heat maps are obtained by normal-

izing the number of frames in the targeted MD simulation, where the frame count is divided

by the maximum frame count. Shown are the maps for the top 12 hinge 1 enriched genotypes.

Maps correspond to ten trajectories per genotype.

(TIF)

S13 Fig. Bridge B1a distance in forward swivel for hinge 2 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1a distance. The heat maps are obtained by normalizing the number of

frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 2 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S14 Fig. Bridge B1a distance in reverse swivel for hinge 1 variants. Relative free energy land-

scapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1a distance. The heat maps are obtained by normalizing the number of

frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 1 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S15 Fig. Bridge B1a distance in reverse swivel for hinge 2 variants. Relative free energy land-

scapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1a distance. The heat maps are obtained by normalizing the number of

frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 2 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)
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S16 Fig. Bridge B1b distance in forward swivel for hinge 1 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1b distance. The heat maps are obtained by normalizing the number of

frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 1 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S17 Fig. Bridge B1b distance in forward swivel for hinge 2 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1b distance. The heat maps are obtained by normalizing the number of

frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 2 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S18 Fig. Bridge B1b distance in reverse swivel for hinge 1 variants. Relative free energy land-

scapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1b distance. The heat maps are obtained by normalizing the number of

frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 1 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S19 Fig. Bridge B1b distance in reverse swivel for hinge 2 variants. Relative free energy land-

scapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and bridge B1b distance. The heat maps are obtained by normalizing the number of

frames in the targeted MD simulation, where the frame count is divided by the maximum

frame count. Shown are the maps for the top 12 hinge 2 enriched genotypes. Maps correspond

to ten trajectories per genotype.

(TIF)

S20 Fig. Small subunit rotation in forward swivel for hinge 1 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and small subunit rotation as reaction coordinates. The heat maps are obtained by nor-

malizing the number of frames in the targeted MD simulation, where the frame count is

divided by the maximum frame count. Shown are the maps for the top 12 hinge 1 enriched

genotypes. Maps correspond to ten trajectories per genotype.

(TIF)

S21 Fig. Small subunit rotation in forward swivel for hinge 2 variants. Relative free energy

landscapes of the forward swivel (PRE to INT3) stage of translocation with head domain swivel

angle and small subunit rotation as reaction coordinates. The heat maps are obtained by nor-

malizing the number of frames in the targeted MD simulation, where the frame count is

divided by the maximum frame count. Shown are the maps for the top 12 hinge 2 enriched

genotypes. Maps correspond to ten trajectories per genotype.

(TIF)

S1 Table. Activity of hinge libraries. The activity of hinge 1 and hinge 2 libraries across

rounds of RISE (Ribosome synthesis and evolution) was quantified by sfGFP production in

iSAT (in vitro synthesis and translation). Standard deviations were obtained from three

PLOS COMPUTATIONAL BIOLOGY Alternate conformational trajectories in ribosome translocation

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012319 August 14, 2024 19 / 24

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012319.s016
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012319.s017
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012319.s018
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012319.s019
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012319.s020
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012319.s021
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012319.s022
https://doi.org/10.1371/journal.pcbi.1012319


independent experiments.

(XLSX)

S2 Table. Top RISE-enriched hinge variants. Top genotypes by enrichment (reads in final

pool relative to reads in initial library) for hinge libraries after three rounds of RISE. Mutations

relative to wild type are shown in red.

(XLSX)

S3 Table. Variant in vivo activity classification. Variant activities in vivo were classified

based on their iSAT, iT and cell doubling rates. The variants showing growth rates within

error of the wild type were grouped under ‘No defect’. Variants with defects in growth, iSAT

and iT rates were considered to have a translation defect, as iT reactions are initiated after

ribosomes have been assembled beforehand. Variants displaying defects in growth and iSAT

rates but with iT within error of the wild type were considered to have a ribosome biogenesis

defect. Finally, two variants display iSAT rates slightly below wild type, but no growth or iT

rate defects, and have been classified as undetermined.

(XLSX)

S4 Table. Simulation transition times for forward and reverse head swivel. The average

times across simulated trajectories for the transitions PRE to 10˚ head domain swivel, PRE to

INT2, PRE to INT3, and INT3 to POST, calculated as number of frames to achieve each desti-

nation state. tru is one reduced time unit. SD, standard deviation from 10 simulated trajectories

per variant.

(XLSX)
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