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Comparative Analysis of Structural

and Dynamical Features of Ribosome
Upon Association With mRNA Reveals
Potential Role of Ribosomal Proteins

Sneha Bheemireddy, Sankaran Sandhya* and Narayanaswamy Srinivasan *

Molecular Biophysics Unit, Indian Institute of Science, Bengaluru, India

Ribosomes play a critical role in maintaining cellular proteostasis. The binding of
messenger RNA (MRNA) to the ribosome regulates kinetics of protein synthesis. To
generate an understanding of the structural, mechanistic, and dynamical features of mMRNA
recognition in the ribosome, we have analysed mRNA-protein interactions through a
structural comparison of the ribosomal complex in the presence and abbsence of MRNA. To
do so, we compared the 3-Dimensional (8D) structures of components of the two
assembly structures and analysed their structural differences because of mMRNA
binding, using elastic network models and structural network-based analysis. We
observe that the head region of 30S ribosomal subunit undergoes structural
displacement and subunit rearrangement to accommodate incoming mRNA. We find
that these changes are observed in proteins that lie far from the mRNA-protein interface,
implying allostery. Further, through perturbation response scanning, we show that the
proteins S13, S19, and S20 act as universal sensors that are sensitive to changes in the
inter protein network, upon binding of 30S complex with mBNA and other initiation factors.
Our study highlights the significance of mRNA binding in the ribosome complex and
identifies putative allosteric sites corresponding to alterations in structure and/or dynamics,
in regions away from mRNA binding sites in the complex. Overall, our work provides fresh
insights into mMRNA association with the ribosome, highlighting changes in the interactions
and dynamics of the ribosome assembly because of the binding.

Keywords: messenger RNA (mRNA), ribosome, dynamics, normal mode analysis, flexibility, allostery

INTRODUCTION

Ribosomes are ubiquitous macromolecular complexes which help in translating genetic information
from mRNA to proteins. Bacterial 70S ribosome (2.4 MDa) comprises of two subunits: a small 30S
subunit that contains 16S rRNA and 20 proteins and a large 50S subunit which is made up of 23S
rRNA, 5S rRNA and 30 other proteins. Various studies have, in the last two decades, described the
steps involved in the assembly of the ribosome and associations between its many macromolecular
components. Briefly, the pivotal work of Ramakrishnan and co-workers (Schmeing and
Ramakrishnan, 2009) and several others (Wimberly et al., 2000; Gualerzi et al., 2001; Hirokawa
et al.,, 2005; Laursen et al., 2005; Antoun et al., 2006; Simonetti et al., 2009) has led to a detailed
structural analysis of the ribosomal complex at various stages of translation. Based on the analysis of
several structures, it is now appreciated that in the small 30S subunit, 16S rRNA can be divided into
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308 30S_IC

FIGURE 1 | Cartoon representation showing the pathway of assembly of 70S initiation complex from 30S ribosome. (A) Architectural view of 30S ribosomal
complex which contains 16S rRNA (blue) and 20 small ribosomal unit proteins (orange) was obtained using structure PDB ID: 4JI1, (B) Frontal view of 30S initiation
complex, where 30S complex is bound to MRNA (dark blue) and two initiation factors, was obtained using PDB ID: 5LMN (C) 70S initiation complex, where 23.5S rRNA
and 5S rRNA (light blue) along with 30 other proteins (grey) is shown bound to 30S complex and mRNA (dark blue).

70S_IC

three regions with the 5’ region representing the body, the central
domain forming the platform and 3’ domain constituting the
head. Likewise, the 30S ribosome complex has been divided into a
head, neck, and body where the neck consists of a single helix
(h44) of 16S rRNA. We now have a detailed understanding of the
steps leading to 30S, 30S initiation complex (30S_IC) and 70S
initiation complex (70S_IC). Briefly, translation initiation begins
with the assembly of components of the 30S complex. This is
followed by the formation of 30S initiation complex where 30S is
bound to mRNA, initiation factors 1, 2, 3 (IF 1, 2, 3) and an
initiator tRNA (Figure 1). Initiation factors kinetically regulate
the initiation of translation. IF3 acts as an anti-association factor
and prevents premature association of the 50S subunit, whereas
IF1 sterically blocks tRNA binding with the A-site and enhances
the activity of both IF2 and IF3. Initiation factors also play a role
in the binding of tRNA at the P-site of the ribosome and help in
improving the efficiency of translation initiation. Finally, the 50S
subunit along with other tRNA associates with the 30§ initiation
complex resulting in a 70S initiation complex, where IFs
dissociate to accommodate incoming tRNAs

In translation initiation, one of the first and significant steps is
binding of mRNA. Several studies (Gualerzi and Pon, 1990;
Shatsky et al, 1991; Frank et al, 1995; Greuer et al, 1999;
Yusupova et al., 2001; Takyar et al, 2005; Kurkcuoglu et al.,
2008) have focused on various aspects of this event and have
provided key structural insights. It is now well appreciated that
30S complex associates with IFs and then enables the binding of
mRNA. mRNA binds with 30S at one place and passes through
308 resulting in the formation of a tunnel. The mRNA tunnel is
wrapped around the neck of the 30S subunit, with the opening
between head and shoulder of the 30S forming the entry site and
the opening at the platform forming the exit site. Since mRNA is
required to remain single stranded for translation, proteins S3, 4,
and S5 of the smaller subunit form a structure which encircles the
entering mRNA and aides in its unwinding. It has been
demonstrated that the ribosomal contacts with mRNA are

insensitive to the mRNA sequence and involve the mRNA
backbone rather than bases. At the upstream end of the
tunnel, mRNA interacts with S11 and S18 such that the
N-terminal of S18 interacts with 5° mRNA. The N-terminal
tail and a following loop of S11 are also involved in
interactions with mRNA. At the downstream end of the
tunnel, mRNA interacts with a B-hairpin of S7 with a region
that also contains E-codon. Along with these interactions, nRNA
also interacts with a f-hairpin loop of S12. It mainly interacts with
the sidechains of basic amino acids like Arginine, Lysine and
Histidine in these proteins. The interface between 30S and 50S
primarily involves rRNA. S12 is the only subunit that lies at the
decoding site and is involved in interactions with 50S. All the
other 30S proteins that interact with 50S are known to lie at the
periphery of the 30S complex.

The movement of mRNA and tRNA is associated with a “head
swivel” mechanism (Wimberly et al., 2000; Ramakrishnan and
Moore, 2001; Ratje et al., 2010) that involves the rotation of the
30S head domain. Translocation is known to be facilitated by the
internal motions of the ribosome that include rotation of the head
and body domains of the 30S ribosome (Laursen et al., 2005).
mRNA translocation was shown to be coupled with the rotation
of the head (Guo and Noller, 2012) and it was demonstrated that
helicase activity might depend on this head movement (Zhang
et al., 2009). It was also reported that the presence of IFs and
tRNA induces the rotation of head and that this movement might
be essential for the binding of 50S subunit (Julian et al., 2011).
Further, it has been suggested that the tilting of the head of 30S is
owing to its association with tRNA (Nguyen and Whitford, 2016).
Indeed, it has been proposed that mRNA translocation is driven
by tRNA movement (Ling and Ermolenko, 2016).

There have been many attempts to obtain a detailed map of the
ribosome function. A wide range of computational techniques
like explicit-solvent calculations, molecular dynamics simulations
and elastic network models (ENM) have been employed to study
various types of motions of ribosome. So far, explicit solvent
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simulations were used to predict the diffusion coefficient of
t-RNA inside the ribosome (Whitford, Onuchic, and
Sanbonmatsu, 2010) and to understand peptidyl transfer
mechanisms (Aqvist et al, 2012; Makarov et al., 2016; Bock
et al, 2018). Few studies have reported translocation events
which include head and body rotation (Nguyen and Whitford,
2016), P/E hybrid formation events (including the effect of SSU
rotation on tRNA motion (Levi et al., 2020), or rotation events of
the small subunit (Levi et al., 2017). Molecular dynamics (MD), in
combination with quantum mechanical model calculations,
would provide higher accuracy in understanding transitions
and reaction rates. Classical mechanical models can be
combined with explicit-solvent methods to predict the free
energies of the ribosome and its interactions. These methods
have been employed to study free-energy changes of small RNA
and are being continuously refined to provide more accurate
description of RNA dynamics. To complement the knowledge
from these calculations, coarse-grained elastic network models
can describe the collective and correlated motions of the
ribosome (Bahar et al.,, 2010). For large systems like ribosome,
it is very difficult to perform all atom simulations because of its
huge demand for computational resources and difficulties in
interpretation of cooperative motions. Elastic network models
(ENMs) such as Gaussian network model (GNM) and
Anisotropic network models (ANM) that explore the relation
between function and dynamics have been shown to be useful to
study global motions (Wang et al, 2004). Typically, these
methods have been validated by comparing with
crystallographic temperature factors (Park et al, 2013). The
low frequency motions obtained using these elastic network
models are often associated with functionally important
motions (Case, 1994; Cheng et al, 2006; Bauer et al, 2019).
Given the complexity of the system, employing various models
will reveal a wide range of perspectives to understand the
ribosome.

Coarse grained elastic network models have been widely used
to understand various aspects of the motion and dynamics in
ribosome complexes. These studies have shed light on the rachet
like motion of the ribosomes that play a significant role in
translocation of mRNA and tRNA (Wang et al., 2004; Wang
and Jernigan, 2005; Kurkcuoglu et al., 2009). Such motions are
widely facilitated by the mobile elements of L1 and L12 from the
larger 50S subunit (Zimmermann et al., 2016). Dynamics of the
ribosomes were studied to understand the allostery between
decoding center and peptidyl transfer center (Guzel and
Kurkcuoglu, 2017).

Allostery is known to play a significant role in signal
transmission in this gigantic molecular machine (Guzel and
Kurkcuoglu, 2017). There are two classical models (Monod
et al., 1965; Koshland et al., 1966) on allostery that consider
perturbation of a residue at one site induces a conformational
transition between multiple conformations that aid in biological
function. Change (typically binding) of the effector alters the
protein conformation using single or multiple pathways.
Studying allostery is very significant in understanding the
function of a macromolecule. There are many experimental
techniques available that help in revealing potential allosteric
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pathways, but these are extensive and time consuming. In recent
years, there has been a significant development in computational
methods to study allostery (Chennubhotla and Bahar, 2006;
Atilgan et al.,, 2007; Sethi et al., 2009; Long and Briischweiler,
2011; Erman, 2013; Di Paola and Giuliani, 2015; Proctor et al.,
2015; Srivastava and Sinha, 2017). One of the most popular in-
silico techniques is the structural network analysis based
approach. Network approach helps us to study the changes in
structure at various sites, on the basis of various network
parameters. Variation in these parameters, when compared
between complexes, enables a detailed analysis of structural
differences. Network approach can be used to identify most
significant nodes of a network and shortest paths between
effector and sensor residues (del Sol et al, 2006). Many
previous reports have used network approach to study various
paths of information flow in ribosome. One such study addressed
the significance of the ribosomal shape using the network models
of ribosome (Kurkcuoglu et al., 2008). With years of research to
understand ribosome functionality, there remain many
unexplored regions that require attention. One such area is the
understanding of significance of mRNA binding and the role of
the smaller ribosomal proteins. Our study aims to provide fresh
and novel insights into the ribosomal complex formation in the
light of smaller subunit proteins and mRNA dynamics. We
employ ENM and protein network approach to address this
open question.

In this study, we examine the conformational changes
induced in the ribosome by the binding of mRNA and other
initiation factors. For this, we compared the structures of the
ribosomal complex in three main structural contexts: 30S
ribosome complex (without mRNA), 30S initiation complex
(30S complex bound with mRNA and Initiation factors 1 and 3)
and 70S initiation complex - 30S complex bound to 50S complex
containing mRNA and other tRNA. To determine the extent of
structural change in the ribosomal complex during its transition
from the 30S to 70S_IC complex, we calculated global and local
RMSD values of proteins constituting the complex. Such
analysis is also useful to analyze the conformational changes
in the 30S initiation complex because of 508 interaction in the
70S ribosomal complex. To determine the effects of the binding
of 30S complex with mRNA and other initiation factors, we
performed perturbation response scanning (PRS) on each
protein of the complexes. Our analysis reveals an intricate
coupling between several proteins that are consistently
sensitive to such perturbations revealing their importance in
maintaining the structural integrity of the complex. Finally, we
perform normal mode analysis on the complexes and their
constituents to recognize the changes in fluctuations at the
residue level, which facilitate the transition of the complexes
from 30S to 70S. Through our studies, we attempt to explain the
mechanism and effects of mRNA binding on the 30S complex
and its significance in driving the formation of 70S initiation
complex. We anticipate that these findings will be relevant and
applicable to prokaryotes since the mechanism of mRNA
binding is believed to be similar across these organisms,
although this remains to be demonstrated and verified. Our
observations strongly suggest that allostery is involved in the
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ribosomal function that is regulated by various ribosome
binding proteins.

MATERIALS AND METHODS

Dataset

Three structures from Thermus thermophilus, downloaded from
the Protein databank (Berman et al., 2000), were employed for all
analysis described here. These include: 1) 4JI1 30S ribosome
complex (without mRNA) (Demirci et al.,, 2013), 2) 5LMN, 30S
initiation complex (30S complex bound with mRNA and
Initiation factors 1 and 3) (Hussain et al., 2016) and 3)
6QNQ, 70S initiation complex - 30S complex bound to 50S
complex containing mRNA and other tRNA (Rozov et al,
2019). For the purpose of this study, we refer to these three
structures as 1) 30S, 30S initiation complex (30S_IC) and 70S
initiation complex (70S_IC). Missing residues in all structures
were modelled using Modeller v9.14 (Sali and Blundell, 1993).
Final models were energy minimised using GROMACS (Van Der
Spoel et al.,, 2005).

RMSD Calculations

Global RMSD calculations were carried out by comparing 30S
complex with 30S_IC and 70S_IC. Local structural variations for
a protein were calculated by comparing its structure in various
structural contexts. Distance between corresponding Ca atoms of
the protein pairs were calculated after superimposing the
structures onto each other. Residues showing more than twice
the standard deviation from the mean distance distribution were
identified as regions showing significant structural deviation.
Root mean square deviation of every complex (Global RMSD)
and protein (Local RMSD) was calculated using the ProDy
(Bakan et al., 2011) package and Ca-RMSD was calculated per
residue using VMD (Humphrey et al., 1996). Inter-protein van
der Waals energy was calculated using the ANALYSECOMPLEX
module of FOLDX package (Schymkowitz et al., 2005). Angle of
deviation between two proteins was calculated using an in-house
code, written in python3.

Elastic Network Model

To understand residue-level flexibility, global motions were
determined using the Anisotropic Network Model-based
normal mode analysis (ANM). ANM is an elastic network
model (ENM) in which proteins are represented as network of
nodes connected by virtual springs. The nodes are Ca atoms (for
amino acids) and P atoms (for nucleotides) with a spring constant
7, that is defined for atoms within a cut-off distance. Combination
of various such modes can explain the states that are accessible to
the macromolecular complex near equilibrium. For a given mode,
the displacement of a given node from its mean position describes
the residue-level flexibility for a complex. For ENM, a Ca-Ca
distance cut-off of 15A and default value of 1 was used as spring
constant. Normal modes were calculated using ProDy package
(Bakan et al., 2011). Modes accounting for 80% of the variance in
flexibility were considered for calculation of the square
fluctuations and cross-correlation. The obtained square
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fluctuations were normalized and converted to Z-Score.
Residues with Z-Score >2 or <-2 were considered as highly
flexible.

Perturbation Response Scanning to Identify

Effector and Sensor Residues
Perturbation-response scanning (PRS) is employed to study the
impact of a single residue perturbation on the whole
macromolecular complex. It is based on sequential application
of linear response theory (LRT), to study the origins of structural
changes undergone by protein molecules. It involves systematic
application of forces at singly selected residues and recordings of
the linear response of the whole protein. The response is
quantified as both the magnitude of the displacements
undergone by the residues and their directionality. We used
the PRS module of ProDy on the elastic network model of the
structures in all three complexes. In the PRS module, a
perturbation is applied by employing a 3N-dimensional force
vector, based on Hooke’s law F = H-AR. Then, displacements of
nucleotides/residues are analyzed considering the overall
network, as a response to that perturbation. Each residue is
perturbed one at a time, at least 1,000 times, by exerting force
with random direction and unit magnitude and the response of all
other residues for such perturbations are recorded. An N x N PRS
matrix (heat map) is generated to display the influence and
sensitivity profiles of nucleotides/residues. The jth column of
the PRS matrix represents the response of all residues to the
perturbation at residue j. The average of all the elements in this
column points to the signal transmission potential of residue jas a
sensor. The ith row of the matrix describes the response of ith
residue to perturbations at all other sites. The average of the
elements along the row indicates the potential of the residue to act
either as a propagator or as an effector. The row and column
averages of the resultant vectors are used to identify the effector or
sensor residues (Atilgan and Atilgan, 2009). Residues that cause
maximum displacement in the structure upon perturbation are
termed as effector residues, while the residues that respond
maximally with altered dynamics to several perturbations are
termed as sensor residues. For the analysis performed here,
residues with effectiveness and sensitivity values greater than
two were considered as effectors/sensors.

Network Representation of Protein

Structure and Analysis

We employed network approach to understand the structural
difference and to elucidate the significant communication
pathways. Structures in the dataset were represented as
undirected weighted graphs consisting of nodes and edges.
Here, each node is located at Ca (residue) or P (nucleotide).
Each node is connected to the neighbouring node by an edge such
that edge lengths indicate the strength of interactions. This
residue interaction network was obtained using RING software
(Piovesan et al, 2016). Using network python package, we
analysed and compared the residue interaction networks of
mRNA bound and mRNA unbound structures based on
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network properties such as degree distribution, betweenness
centrality and closeness centrality. Degree distribution is
employed to interpret loss and gain of interactions between
the compared structures. Betweenness centrality is useful to
understand the significance of the residue in the context of
communication among all the residues. Closeness centrality
represents the extent of information transfer from one node to
all the other nodes. High betweenness value implies that such
residues act as a bridge in a large number of pathways while high
closeness centrality values indicate that such residues are well
connected and hence communicate quickly with all the other
nodes. We have used top 10% of the nodes with high degree and
centrality measures for the comparison.

Communication Pathways

We have used the method where ENM was coupled with Markov
stochastic model based on information theory and spectral graph
method, to identify and assess signal propagation in the protein
complex (Chennubhotla and Bahar, 2006; Chennubhotla and
Bahar, 2007). In this method two basic quantities- hitting and
commute times were calculated based on ENM fluctuations and
were defined as the communication ability of the residue, to
measure the “information transfer” across the network of residues
in the structure. We have used the methodology obtained from
Hu (2021) to calculate commute and hit values of each residue
and represented them as matrix of inter-residue contacts in the
structures. We have used these matrices to obtain the
communication path between sensors and effectors. Cytoscape
(Shannon et al., 2003) was used for visualization of network.

RESULTS AND DISCUSSION

Conformational Changes in the Ribosome
During Its Transition From 30S to 70S

Initiation Complex

Global RMSD was computed between the identical components
of the three complexes, 30S, 30S_IC and (70S_IC) to determine
the extent of structural change in the ribosomal complex during
its transition from the 30S to 70S_IC complex. The Global RMSD
value among the three complexes was observed to be in the range
of 2 to 2.4 A implying that the binding of mRNA along with IFs or
508 does not significantly alter the global backbone conformation
of the complexes. Also, large structural variations of the complex
were not observed during the transition.

Given that the comparisons attempted here involve complexes
with multiple protein components, we also computed the local
structural deviations to determine the extent and implications of
local variations at the level of individual proteins. Therefore, we
calculated the structural difference or deviation of the individual
proteins in the three complexes. Further, to capture the
conformational changes in the macromolecular complexes
resulting from changes in the orientation of proteins, we
calculated the angle of deviation between the 16s rRNA and
proteins of the complex. While all compared entities show some
relative change with respect to each other, the proteins S3, S7, S9,
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S13, and S19 are found to exhibit significant local structural
deviation in the range 2-3.5 A. These changes are reflected in the
angle of deviation as well (Table 1). We find that all these proteins
lie in the head region of the 30S complex and are involved in the
positioning of tRNA at its binding site. Interestingly, we find that
the two proteins S9 and S19, although not directly involved in
interaction with mRNA, exhibit significant conformational
change. The distal location of S9 and S19 in the complex
suggests that they may be involved in allosteric effects in the
complex.

Our analysis shows that the head region of 30S undergoes
structural displacement and protein rearrangement to
accommodate the incoming mRNA and other proteins.
Pioneering work of Ramakrishnan and coworkers and several
others (Lodmell and Dahlberg, 1997; Wimberly et al., 2000;
Clemons et al, 2001; Ramakrishnan and Moore, 2001;
Ramakrishnan, 2002; White et al., 2014) have addressed the
significance of mRNA binding with 30S subunit. Our analysis
of local structural deviations involving individual proteins
corroborates this finding since proteins that show considerable
structural deviation lie in the head region.

Binding of mMRNA to 30S Complex Results in

Changes in the Protein Interaction Network
We performed Perturbation response scanning (PRS) on all three
complexes to determine the changes in inter protein network
upon binding of 30S complex with mRNA and other initiation
factors. We mapped the location of the global effector and sensor
residues on the 30S complex, based on the PRS analysis profile of
the 30S complex (Figure 2). We find that the global effector
residues lie in a region involving residues from the proteins S5, S9,
$10, S12, S16, S17 and residues from 16S rRNA. In contrast, the
sensor residues were found to lie predominantly in peripheral
regions of the 30S complex (Figure 2B). These include residues
from S7, S9, S13, S19, S20 proteins and other 16s rRNA residues
associated with them.

Comparisons of the results from PRS analysis of the complexes
in various structural states reflects the inherent dynamics of the
complex since, effector and sensor residues are not constant
throughout the assembly process of the 70S initiation complex.
The sensitive residues from 30S are represented in
Supplementary Figure 1A and these are distinct from the
residues of 30S_IC (Supplementary Figure 1B). Similarly,
change in dynamics is also evident in effector regions of 16S
rRNA in 30S and 30S_IC (Supplementary Figures 1C,D). These
results suggest that the association of mRNA and IFs can alter the
dynamics of 16S rRNA.

Next, we studied the effect of perturbation of each protein on
the other proteins of the complex. The 2X2matrix in Figure 3
maps the effect of such perturbation between various components
of the complex and is useful to understand the underlying
crosstalk between proteins of the complex. From our studies,
we find that S13, S19, and S20 act as universal sensors, since
perturbation of any residue in the complex resulted in
perturbation of these proteins (Figure 3). On examining these
structures, we found that these proteins act as a bridge between

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2021 | Volume 8 | Article 654164


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Bheemireddy et al.

Structural and Dynamical Features of Ribosome

TABLE 1 | Calculation of root mean square deviation (RMSD) and angle of deviation among proteins of 30S complex.

30S_IC vs. 70S_IC

30S vs. 70S_IC

Protein name 30S vs. 30S_IC
RMSD(A) Angle of deviation () RMSD(A)

S3 2.42 45 1.84
S4 1.39 0.76 2.16
S5 0.795 1.1 1.23
s7 3.17 4.42 2.39
S9 3.05 3.82 25
S11 2.55 2.39 2.56
S12 1.39 1.28 1.4
S13 3.9 419 2.67
S15 1.77 1.58 2.02
S17 1.8 1.45 2.02
S18 2.31 1.04 2.65
519 3.17 4.44 2.94

Angle of deviation () RMSD(A) Angle of deviation ()
1.92 3.46 5.44
2.29 2.71 2.73
0.92 1.016 2.02
4.04 3.24 6.8
2.62 3.36 5.99
0.83 2.1 2.56
1.16 0.03 0.12
2.44 4.31 5.59
2.62 0.95 3.03
1.61 0.611 0.86
1.44 1.52 1.06
0.88 4.34 4.99

Effectors

correspond to the most insensitive sites.

FIGURE 2| Structural map of the PRS analysis profile of 30S ribosome complex. (A) The structure of 30S complex is shown in cartoon. Regions were colour coded
according to their effectiveness values. Residues with effectiveness greater than two are considered as effectors. Red regions depict the strongest effectors and blue
regions correspond to the weakest effector sites. (B) The structure of 30S complex is shown in cartoon and regions were colour coded by their sensitivity values in
response to perturbation. Residues with sensitivity greater than two are considered as sensors. Red regions are the susceptible sensor sites and blue regions

Sensors

0.75
0.50
0.25
0.00

the 30S and 50S in the 70S complex. We also observe that there
are changes in the protein interaction network induced by mRNA
and IFs. S13-depleted ribosomes are known to show translocation
deficiency/are unable to undergo translocation (Cukras and
Green, 2005). Likewise, ribosomes lacking S20 are defective in
mRNA binding and protein association (Tobin et al., 2010). The
absence of S20 was shown to result in poor assembly of the 70S
complex leading to defects in the translation initiation. As shown
in Figure 3, S20 interacts with all the proteins except S4, S9, and
S13. These results collectively emphasize the role of individual
proteins and their interactions in maintaining the structural
integrity of the complex. Further, all the ribosomal proteins
are important in terms of rRNA architectural support without
which, the complex RNA-dependent protein synthesis machinery
would become functionally suboptimal.

Structural Fluctuations in 30S During

Assembly of the Ribosomal Complex

The association of a macromolecule with an existing complex
could produce a structural change or alter the dynamics of the
complex or affect both. To investigate if this is observed in 30S, we
calculated and compared the structural differences and
fluctuations of proteins in 30S, 30S_IC, and 70S_IC, using Ca-
deviation and normal mode analysis.

To cross-validate the ENM models that were used and add
confidence to our results that are based on fluctuations involving
the Ca-trace, we performed all atom-level and Ca-level ENM
calculations on one of the protein components of the complex.
Also, we performed ENM calculations on other available mRNA
bound and unbound ribosome structures with better resolution
than the structures analyzed in this study, to assess the influence
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complexes. If perturbation of a residue affects a residue from another subunit, then they were represented as interacting pair. Binding of mRNA along with IFs changes
the protein interaction network of 30S complex. (A) Subunit interaction network of 30S complex is shown in the 2X2 matrix. Presence of interaction between any two
protein components is shown in orange. Absence of interaction is indicated by a blank cell. (B) Subunit interaction network of 30S initiation complex is shown in the

2X2 matrix. Here, as in (A) presence of interaction is shown in green.
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of resolution of structures on the motions obtained using NMA.
Consistency of results in both searches showed that the ENM
models do not face the risk of over interpretation since they
employ fluctuations involving the Ca-trace (details in
Supporting  Information 1.1.1, 1.2.1, 122 and
Supplementary Figures 2, 3).

Further, to ensure that the fluctuations predicted by the ENM
are accurate, we compared the B-factors obtained from
experiments with B-factors predicted by the ENM models.
Details of the methodology and results are available in
supplementary data (Supporting Information 1.1.2, 1.2.3 and
Supplementary Figure 4).

Messenger RNA Entry Gate Proteins Guide the
Binding of Messenger RNA

Comparisons of Ca deviation of 30S with 30S_IC and 70S_IC
complexes show that S3 undergoes significant structural change
(Figure 4A). These structural changes are found to correlate well
with changes in Z-scores (Figure 4B). When 30S was compared
with 70S, we observe that the regions of S3 in 30S_IC, which lie at
the interface between S10 and S14 show higher flexibility. On the
other hand, the regions of S3 involved in interaction with mRNA,
16S rRNA and S5 show reduced flexibility. Further, we observe
that the flexibility at the N-terminus of S3 does not change upon
formation of 70S_IC, whereas, towards the C-terminus, it mirrors
that of S3 in the 30S_IC (Figure 4A). When we coupled these
results with the effects of PRS of individual residues, the residues
of S3 involved in interactions with S14 and S10 again emerge as
sensitive residues (Figures 4C,D), while the residues involved in
interaction with mRNA behave as effector residues (Figures
4C,D). Collectively, these findings suggest that S3 undergoes
significant structural and dynamics change during the
transition from 30S to 70S_IC complex. Further, they also

raise the possibility that S3 may act as a mediator for the
flow of information from S14 and S10, which are themselves
involved in tRNA interaction in the complex with mRNA and
S5. It is important to note, based on the available structures
that S3 lies at the bottom of the head and may interact with
other proteins in the head region such as S10 and S14. It is also
well positioned to interact with S5, which is located in the body
of 30S complex. Earlier studies have shown that S3 along with
the proteins S4 and S5 is involved in the helicase activity, where
unwinding is due to the relative movement of head to the body
(Takyar et al., 2005). These studies have also reported that S3
binds to mRNA in the 70S ribosome, positioning mRNA for
translation initiation. Our results show the significant
structural and dynamics changes of S3 and lend support to
these findings.

To test the robustness of the relationships and ensure that our
interpretations of long range interactions from ENM are valid
and accurate, we applied an alternate residue interaction network
method, to compare the changes in structural network between
the mRNA bound and unbound forms. Here, network analysis of
S3 shows that while the residues interacting with mRNA do not
show many changes in terms of degree and betweenness
centrality, changes in closeness centrality are high, implying
that these residues act as effector residues (data not shown).

Similar analysis of S4 does not show significant change in all
the three compared complexes, except for the region 142-162 that
shows higher local structural variability. This region that is
involved in interaction with the mRNA double helix
(Supplementary Figure 5A) is flexible in all the three
structures and is required for stable binding of S4
(Supplementary Figure 5B). In addition, our results show
that residues 42-57 of S4 act as sensors and are involved in
interaction with S5, while residues 87-112 act as effectors
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(Supplementary Figure 5C). Analysis of residue interaction
networks for this protein reveals that the residues 43, 46 and
54 of S4 figure among the top 10% of the residues with highest
betweenness. This shows that they are significant for the structure
of the complex and that they may have important roles in
maintaining network integrity. These residues are known to
interact with 16S rRNA (Supplementary Figure 5D) implying,
that information is transferred from rRNA to S5. This is further
supported by our observation on interaction energy calculations
for S4 where interaction energy values with rRNA are observed to
improve upon complex formation. The same analysis shows that
its interaction with S5 is stronger in 30S initiation complex
(Supplementary Table 1).

S5 does not exhibit a large change in either Z-score or Ca-
RMSD (Supplementary Figure 6A). Regions 62-70 of S5,
involved in interaction with 16S rRNA, display higher
structural deviation in 70S_IC (Supplementary Figure 6B). In
contrast, regions 15-25 of S5, which are involved in the
interaction with mRNA, remain flexible in all the three
structures, allowing the movement of mRNA through the
tunnel. Interestingly, these residues exhibit very high values of
betweenness and closeness centrality, suggesting their
importance. We find that this region of S5 along with its
C-terminus acts as a sensor while residues 105-125 form the
effector region and show significant centrality values
(Supplementary Figures 6C,D). Although S5 does not have a

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2021 | Volume 8 | Article 654164


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Bheemireddy et al.

Structural and Dynamical Features of Ribosome

, L"sw‘ssui_sm
L9 L ‘s S
L 9% /8 ¢ 156 C_163.200
L 98 ® C,lssg 1Sg184 el
L 24 E 24 aiss [ BT 33
L23 £ 3§-2% 26 @ w‘i;a Alose 0152 ) 22 )
E 28 11 = 7=
L21 =3 E 25 1P fohoso O L s 10
% E3% 3k 2% 27 w10 /A 1317 ®
L E 112 = ©_162 A 1060 A 1189 N4 s 42
L7 E_115 E50 J.51 A 1188 A,l;li ; s40®
E_ 76 E 54 . s 3 S 39 S 67
L 15 J 59 1113
E 78 E 58 A S 71 S 64 .
Lizo 1107519 o aF-*° Lus RAET A1314 o 56
1.123 A _1366 A 1271 o4 M8
L7 H_109 &
B i A_1233 5 1365 A 1270 M 831 81
R0 » AJzAMlzas u_18 MOP
H 35 = =
= M_101 —
AS87 g 32 K121 L v.12 =) A- 16S rRNA
H5 K_124 - vl A 1306
e KB Wt C-S3 E-S5
K 123 4
K 117 A 692
H1 = K 127 S G 38 A—‘Myfzg F_S6 G—S7
N 7, ¥
A 756 A 717 - 2967 A 1241 s H -58 |-59
A 755 A733 &y G101 &so
66’ > M 61
062 Asos 181 gaoo J-S10  K-S11
0_59 G171
5 ous L-S12 M-S13
0.56 0._46 g
Nio a7 O N-S14 0O-S15
044 042 18 P-S19
o - R-S .
47‘:7'31--{9:"3 K :569@782 '
s, x5 U- IF's
b 23
R -8R 8X_ K
FIGURE 5 | Network between sensors and effectors. This image shows the shortest path computed between the identified sensors and effectors. Sensor residues
are marked in blue and effector residues in red. Protein names are represented using alphabets and their respective names are shown in the legend. Number of edges
between any two nodes represents number of times that edge is crossed between sensors and effectors.

role in helicase activity, it has been reported that it helps in
maintaining the fidelity of mRNA (Kirthi et al., 2006). Our results
show that the interaction energy of S5 with rRNA is higher in 30S
initiation complex (Supplementary Table 1) emphasizing the
significance of S5 in the formation of complex with mRNA.

Exit Gate Proteins Regulate mRNA Movement

The ribosomal protein S7 lies near the decoding center, helping
the cross-linking of tRNA at A- and P- sites. In the 70S initiation
complex, S7 is directly involved in the interaction with tRNA at
A-site and with mRNA using a highly flexible B-ribbon. S7 is also
one of the principal regulatory elements that controls ribosomal
protein synthesis by the translational feedback mechanism
(Hosaka et al., 1997). We observe that the p-ribbon undergoes
significant structural change (Supplementary Figure 7A) and
that this region is flexible throughout the process of complex
formation (Supplementary Figure 7B), facilitating the dynamic
interactions of both mRNA and tRNA. The sensors in this protein
were identified at the N-terminus and include residues 74-90
(Supplementary Figure 7C) that are involved in interaction with
rRNA, while the effectors are residues 57-67 and 120-130 that are
solvent exposed (Supplementary Figure 7D). Our network
analysis shows that the sensor residues also exhibit very high
changes in closeness centrality measures, high betweenness
centrality and high degree values. These residues also form
hubs upon interaction with mRNA. Our analysis therefore
shows that the major conformational change in the whole
protein occurs during transition from the 30S to 30S_IC and
that this can be attributed to the binding of tRNA. This indicates

that S7 plays an important role in the 70S complex formation,
specifically for tRNA binding.

S11, which shares an interface with S7 is known to help S7 in
the stabilization of mRNA-tRNA association. Flexibility of
various regions in S11 changes upon 30S_IC formation and
are restored to original levels with the formation of the 70S
complex. Likewise, dynamics is also restored to normal in 70S_IC
(Supplementary Figure 8B) but they might change in the process
of elongation, as S11 is known to get involved in the dissociation
of tRNA at E-site (Hussain et al., 2016).0Our PRS results show that
the C-terminus of S11 acts as sensor (Supplementary Figure 8C)
and that these residues exhibit significant changes in closeness
centrality. This region is involved in interaction with mRNA,
rRNA and S18. Residues 61-67 act as effectors and also show high
values of closeness centrality in the complex demonstrating that
S11 plays a significant role in positioning of mRNA and that it
receives the information from other proteins through its highly
flexible C-terminal tail.

S18 is essential for the survival of plant cells and its
N-terminus is directed towards the SD helix major groove
(Kaminishi et al., 2007). It has been suggested that S18 plays a
role in the positioning of mRNA in Thermus thermophilus
(Jenner et al., 2005). We observe that the C-terminal tail of
S18, which interacts with mRNA is the sensor region in the
protein (Supplementary Figure 9A). Residues 67-75 which
interacts with S6 and rRNA act as effectors in the complex
(Supplementary Figure 9B). Our analysis, therefore, shows
that S18 has high flexibility in the regions where it interacts
with rRNA.
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S12 Mediates 30S Interaction With 50S Complex

S12 is found near the decoding center and interacts with IF1, S17,
S8 and rRNA. S12 is important to maintain pre-translocation
state (Feng et al., 2013). Its interaction with rRNA plays a role in
mediating 50S binding. Further, S12 is a key component in
optimization of codon recognition and tRNA selection process
(Demirci et al., 2013). Our results show that S12 dynamics is
altered upon interaction with 50S subunit (Supplementary
Figure 10B). We find that the region on S12 where tRNA
binds is initially flexible but is stabilized upon association with
50S (Supplementary Figure 10B). We also find that all other
domains become stabilized upon its association with 50S except
for its N-terminus. Supplementary Figure 10B shows that
binding of IFs makes it less flexible whereas its association
with 50S complex makes it more flexible. This protein acts as
a communicator by transmitting signals from tRNA to 30S
complex. S12 helps in fixing the mRNA in the 30S complex
upon association of 50S. We find that the N-terminus acts as a
sensor and is involved in interaction with 16S rRNA, S8, S15 and
effectors (55-66, 94-104) (Supplementary Figure 10C). This is
also reflected in the high closeness centrality values of residues
94-104 at the N-terminus.

Dynamics of 50S Binding Proteins

S13 regulates translocation of mRNA with the help of S12
(Cukras et al.,, 2003). Structures show that its tail penetrates
the P-site in 30S complex, where it runs parallel to the anti-codon
stem loop. The basic residues in its tail are known to enable the
interaction with tRNA and it is directly involved in the function
of 30S P-site. In our calculations, we observed that there were no
significant changes in the flexibility of S13 throughout the
transition from 30S to 70S_IC (Supplementary Figure 11).
The region that is involved in the interaction with 50S
remained flexible in all three complexes. The C-terminal tail
also remained quite flexible and was accompanied by large
structural deviations (Supplementary Figure 11).

S15 is one of the primary proteins that orchestrates the
assembly of other ribosomal proteins S6, S11, S18 and S21
with 16S rRNA (Agalarov et al, 2000). It is required in
nucleation of the central domain of 30S complex. It is also
known to be involved in the feedback mechanisms inhibiting
its own mRNA translation (Philippe et al., 1993). Supplementary
Figure 12 shows that the regions through which S15 interacts
with 16S rRNA remain flexible in all the three structures. Further,
the region of its interaction with 50S also has higher flexibility
without much structural varijation.

S17 plays a significant role in stabilizing the tertiary
structure of 16S rRNA 5 domain (Ramaswamy and
Woodson, 2009). We observed no significant structural
deviations in  S17 all the three complexes
(Supplementary Figure 13). The residues at the interface of
$17, 16S rRNA and 50S exhibit higher flexibility even after the
interaction of 30S complex with mRNA and 50S ribosome. S19
is involved in the interaction with 50S complex through its N-
terminus. Comparison of its dynamics in the three complexes
shows that while binding of mRNA and IFs makes it less
flexible, its binding with 50S makes it more flexible

in
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(Supplementary Figure 1). Large structural deviation was
observed in the residues involved in interface with 508S.

Network Analysis Reveals Possible
Communication Routes for Allosteric
Regulation in 30S Subunit

Based on the network studies and comparative analysis of the
proteins in the three complexes, we discovered the most
influential nodes in the proteins. Using these results, we
classified the highly sensitive mRNA binding residues as
source and highly effective residues as sink. We could identify
8 residues (S3:162, S5: 24, S5: 50, S7: 82, S11: 124, S11: 127, S12:
47, S12: 48) as effectors and 7 (S13: 61, S15: 44, S19: 5, S19: 10,
$19: 42, S19: 64, S19: 67) residues as sensors that are connected by
a total of 56 paths. Network parameters of these residues obtained
from mRNA bound and unbound structures (Supplementary
Figures 15-17) clearly show that mRNA association increases the
total number of interactions in the complex. This leads to changes
in the pathway priming it for regulation. Analysis of the pathways
obtained between sensor and effector residues (Figure 5) shows
that there are two dominant paths of communication between the
identified effectors and sensors, one of them constituted by
C-terminal residues of S3 and residues from S14. Another
path involves residues from S7 and S13. S7 has been shown to
crosslink the 16S rRNA and A-, P- sites both in our studies and
elsewhere (Hosaka et al., 1997). Here it is shown to be play a
significant role in transmitting the signal from mRNA binding
residues and this likely facilitates the binding of 50S subunit. Our
results provide a compelling support for allosteric linkage and
communication pathways between the proteins that are also
implicated in relaying information from the mRNA binding
subunits to 50S binding proteins. Further experiments can be
aimed at exploring these hypotheses and confirming the
communication pathways between various components of the
complex, through mutation/knock out studies of the above
residues.

CONCLUSION

Ribosome is a complex structure that is involved in protein
translation and governs cellular proteostasis. Experimental
methods have attempted to investigate diverse aspects of its
organization and have revealed that each step is regulated by
large-scale, coordinated conformational changes within the
ribosome and associated translation (Noller, 2006; Korostelev
et al,, 2008; Zhang et al., 2009; Sheppard et al., 2010; Feng et al,,
2013). Indeed, several interesting studies have shed light on its
intriguing biology and examined diverse aspects of its function
such as, the head swivel mechanism of 30S complex, mRNA-
tRNA interactions, nascent polypeptide synthesis, role of
elongation factors in the elongation step of translation,
mechanics of the decoding center etc. and have furthered
advancement of knowledge in these areas (Yusupova et al,
2001). Toward the goal of gaining insights into changes in the
ribosomal complex during its transition from 30S to 70S_IC,
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which marks the start point for translation initiation, we have
investigated the structural deviation of the ribosomal complex
and its individual components using various complementary
computational approaches.

Firstly, to obtain an overview of the extent of structural
change, we computed global RMSD of the three complex
structures leading to translation initiation. Our calculations
show that the overall change, in terms of structural deviation
of the complex, is not very significant. Such scores however, may
obscure the significant local structural changes at the level of
individual proteins. Therefore, we computed local RMSD
between individual proteins, coupled with angle of deviation
between the proteins and compared these values in the three
complexes. Here, we found that several proteins undergo
considerable deviation upon mRNA-binding. These include S3,
S§7, 89, S13, and S19, where S3 and S7 are known to interact with
mRNA directly. Interestingly we find that the S9, S13, and S19,
located distant from the mRNA binding site and IFs undergo
considerable structural deviation, raising the possibility of their
role in allosteric binding in the 70S complex. To complement our
findings on structural displacement of the head region of 30S, we
performed normal mode analysis of mRNA bound and unbound
structures in an attempt to capture these changes. Ramakrishnan
and co-workers and others have shown that the binding of IFs to
30S causes the opening of a latch at the mRNA entry site,
preparing the complex for the incoming mRNA. It has been
reported that a rotation movement is observed in the head after
mRNA interaction, resulting in head movement such that the exit
site is prepared for the mRNA, allowing it to pass through (Carter
et al,, 2000; Wimberly et al., 2000; Ramakrishnan, 2002). Our
ENM of the ribosome complex also captures such collective
motions of the complex and we observe motions similar to
head opening/closure upon interaction with initiation factors
and mRNA. Our results are well in agreement with the
motions proposed previously (Supplementary Figure 18),
lending support to these observations.

Next, we calculated residue level flexibility in individual
proteins. Here, we observe that regions involved in
interactions with mRNA in all the proteins, are consistently
flexible throughout the transition of the complex. This finding
reveals the accommodative nature of the proteins, in terms of
dynamics, and suggests that this may facilitate the necessary
flexibility for the movement of mRNA through the tunnel of the
complex. This is further supported by results of perturbation
response scanning at the level of individual proteins that identifies
effectors and sensors in the complex. Here, based on our findings,
we propose that S3 may act as a sensor mediating information
flow to other proteins along with S4 and S5, with a role in the
movement of mRNA. Comparison of these changes across the
three complexes provides an opportunity to probe changes in
these interactions. Our studies reveal that as the 30S complex
proceeds through the transition, the roles of residues of the 16s
rRNA as effectors and sensors is altered. This transitivity in their
roles emphasizes their dynamic properties. Further, our PRS
results of the other proteins show that S11 and S7 that
interact with each other can influence binding of mRNA. This
result in conjunction with the flexibility comparisons across the

Structural and Dynamical Features of Ribosome

three complexes reveals that these proteins may have a potential
role at the mRNA exit tunnel. Likely, S11 along with the help of S7
aids in the movement of mRNA and S18 helps in communication
of mRNA with other proteins. Our results show that S12, the only
subunit that is present close to the decoding center, is potentially
involved in interactions with IFs (in 30S_IC) and 50S.
Interestingly, flexibility analysis of S12 reveals that it exhibits a
complete change in flexibility upon association with 508 although
it does not show structural variability. We also observe changes in
the dynamics of ribosomal proteins (S13, S15, S17 and S19) that
are involved in interaction with 50S. Here, notably, S17 was
observed to retain flexibility in its interacting residues even after
its association with 50S complex.

Our interpretations on overall flexibility and dynamics of the
complex are based on coarse grained models of the ribosome
complex at the Ca-level. To improve confidence in our findings
and to validate our findings, we checked whether our
interpretations are consistent when we consider all-atom
representations. For the structures analyzed in this study, all-
atom representation is difficult to perform at the level of the entire
ribosomal complex, therefore, we selected the S13 protein of one
of the complexes. We find that the results of all-atom ENM for
S13 are consistent with those of Ca-calculations (Supplementary
Figure 2). Similar studies have been performed previously for
other systems and cooperative dynamics of all atom and coarse-
grained structures were shown to be equivalent (Doruker et al.,
2002). Further, we also performed ENM calculations for other
available mRNA unbound (PDB ID: 2VQE) and mRNA bound
(PDB ID: 3T1Y) ribosome structures with better resolution than
the structures analyzed in this study (Supplementary Figure 3).
Here again, we find that motions obtained using NMA remain
unchanged in various structures irrespective of their resolution
values. It is important to note that in our study, we have restricted
our analysis to low frequency movements and gross large-scale
motions and limited our interpretation of results to fluctuations
involving the Ca-trace. We have, intentionally, not extended our
results to side-chain atoms. Given that our results are at the Ca
level, we believe that they will remain valid even when all-atom
representations become feasible for the structures analyzed here.

The robustness and validation of our findings using ENM are best
tested through the applications of other models. We corroborated
our findings using a residue network-based analysis. Specifically, we
investigated changes in the residue interaction network of the
mRNA bound and unbound structures. Such comparison allowed
us to identify source and sink in the allosteric communication
pathway. Our analysis suggests that there are two dominant
pathways of communication, which involve proteins S3, S7, S13,
and S14 that are also recognized as crucial for information flow
through ENM based dynamics studies. Although our findings
support  the of allosteric linkage and recognize
communication pathways between the proteins that relay
information from mRNA binding to 50S binding proteins, we
believe that further confirmation from experiments would be
necessary to demonstrate this effectively. Increase of the
structural repertoire and advancements in computational
techniques would open opportunities for a detailed analysis of
the mRNA binding and other functions of the ribosome in future.

view
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We have employed methods that rely on different principles to
describe the collective changes in the ribosomal complex during
its transition from 30S to 70S_IC and motions of proteins in this
complex. On the one hand, detailed structural analysis based on
the available static structures of the complexes provides an
overview of regions in the complex, that undergo structural
change as a consequence of transition of the complex from
30S to 70S_IC. On the other hand, we probed for regions that
show collective motions in the complex using normal mode
analysis. More detailed analysis of such motions helps to
narrow down on residue level flexibility in individual proteins.
Correlations of such flexibility with the physical location of
residues in the context of the complex lends support to several
earlier reported findings on the importance of such regions in the
transition of the complex. Further, when we apply perturbations
to individual protein components of the complex structures, we
were able to recognize regions that are sensitive and may mediate
information transfer between protein components of the
complex. Indeed, application of network models in our
analysis not only supports the importance of specific residues
in the complex, in their role as potential mediators of information
transfer, but are also useful to probe for their involvement in
allostery. By using several methods that concur in their overall
objective, we have attempted to recognize the regions in the
ribosome that are dynamic and play an important role in the
diffusion of information in the system. As such, our analysis holds
promise for identifying communication pathways as well as sites
that show high flexibility and undergo dynamic changes. In
future, probing such sites through more detailed experiments
such as site-directed mutagenesis, cross-linking experiments and
spectroscopic methods such as site-directed fluorescence labeling
or FRET, would be useful to confirm the proposed pathways for
information transfer.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: The PDB structure data of the proteins was

REFERENCES

Agalarov, S. C,, Sridhar Prasad, G., Funke, P. M., David Stout, C., and Williamson,
J. R. (2000). Structure of the $15,56,518-rRNA Complex: Assembly of the 30S
Ribosome Central Domain. Science 288 (5463), 107-112. doi:10.1126/
science.288.5463.107

Antoun, A, Pavlov, M. Y., Lovmar, M., and Ehrenberg, M. (2006). How Initiation
Factors Maximize the Accuracy of TRNA Selection in Initiation of Bacterial
Protein Synthesis. Mol. Cell 23 (2), 183-193. doi:10.1016/j.molcel.2006.05.030

f-\qvist, J., Lind, C., Sund, J., and Wallin, G. (2012). Bridging the Gap between
Ribosome Structure and Biochemistry by Mechanistic Computations. Curr.
Opin. Struct. Biol. 22, 815-823. d0i:10.1016/j.sb1.2012.07.008

Atilgan, A. R, Turgut, D., and Atilgan, C. (2007). Screened Nonbonded Interactions in
Native Proteins Manipulate Optimal Paths for Robust Residue Communication.
Biophys. J. 92 (9), 3052-3062. doi:10.1529/biophysj.106.099440

Atilgan, C,, and Atilgan, A. R. (2009). Perturbation-Response Scanning Reveals
Ligand Entry-Exit Mechanisms of Ferric Binding Protein. PLoS Comput. Biol. 5
(10), €1000544,. doi:10.1371/journal.pcbi.1000544

Structural and Dynamical Features of Ribosome

downloaded from the Protein data bank (https://www.rcsb.org/)
under the accession numbers 4JI1, 5LMN and 6QNQ. The
original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

SB performed the computational investigations and analysed the
data. NS conceptualized and designed the project. NS supervised
the project. SB and SS wrote and edited the paper. All authors
approved the final version of the manuscript.

FUNDING

This research is supported by the FIST program sponsored by the
Department of Science and Technology (DST) and the
Department of Biotechnology (DBT), Government of India
through  the IISc-DBT  partnership  program  and
Bioinformatics and Computational Biology Centre. SS is
supported through a post-doctoral grant provided by the
DBT- IISc partnership program. Support from UGC, India -
Centre for Advanced Studies and Ministry of Human Resource
Development, India is gratefully acknowledged. NS is a J. C. Bose
National Fellow.

ACKNOWLEDGMENTS

We would like to thank members of the NS lab for their inputs.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmolb.2021.654164/
full#supplementary-material

Bahar, I, Lezon, T. R., Bakan, A., and Shrivastava, I. H. (2010). Normal Mode
Analysis of Biomolecular Structures: Functional Mechanisms of Membrane
Proteins. Chem. Rev. 110 (3), 1463-1497. d0i:10.1021/cr900095¢

Bakan, A., Meireles, L. M, and Bahar, I. (2011). ProDy: Protein Dynamics Inferred
from Theory and Experiments. Bioinformatics 27 (11), 1575-1577. doi:10.1093/
bioinformatics/btr168

Bauer, J. A., Pavlovi¢, J., and Bauerova-Hlinkov4, V. (2019). Normal Mode Analysis
as a Routine Part of a Structural Investigation. Molecules 24, 3293. doi:10.3390/
molecules24183293

Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., Weissig, H., et al.
(2000). The Protein Data Bank. Nucleic Acids Res. 28, 235-242. d0i:10.1093/
nar/28.1.235

Bock, L. V., Kolaf, M. H., and Grubmiiller., H. (2018). Molecular Simulations of the
Ribosome and Associated Translation Factors. Curr. Opin. Struct. Biol. 49.
Elsevier, 27-35. doi:10.1016/j.sbi.2017.11.003

Carter, A. P., Clemons, W. M., Brodersen, D. E., Morgan-Warren, R. J., Wimberly,
B. T., and Ramakrishnan, V. (2000). Functional Insights from the Structure of
the 30S Ribosomal Subunit and its Interactions with Antibiotics. Nature 407
(6802), 340-348. doi:10.1038/35030019

Frontiers in Molecular Biosciences | www.frontiersin.org

August 2021 | Volume 8 | Article 654164


https://www.rcsb.org/
https://www.frontiersin.org/articles/10.3389/fmolb.2021.654164/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2021.654164/full#supplementary-material
https://doi.org/10.1126/science.288.5463.107
https://doi.org/10.1126/science.288.5463.107
https://doi.org/10.1016/j.molcel.2006.05.030
https://doi.org/10.1016/j.sbi.2012.07.008
https://doi.org/10.1529/biophysj.106.099440
https://doi.org/10.1371/journal.pcbi.1000544
https://doi.org/10.1021/cr900095e
https://doi.org/10.1093/bioinformatics/btr168
https://doi.org/10.1093/bioinformatics/btr168
https://doi.org/10.3390/molecules24183293
https://doi.org/10.3390/molecules24183293
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1016/j.sbi.2017.11.003
https://doi.org/10.1038/35030019
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Bheemireddy et al.

Case, D. A. (1994). Normal Mode Analysis of Protein Dynamics. Curr. Opin.
Struct. Biol. 4 (2), 285-290. doi:10.1016/S0959-440X(94)90321-2

Cheng, X, Lu, B, Grant, B,, Law, R. ], and McCammon, ]. A. (2006). Channel
Opening Motion of a7 Nicotinic Acetylcholine Receptor as Suggested by
Normal Mode Analysis. J. Mol. Biol. 355 (2), 310-324. doi:10.1016/
j.jmb.2005.10.039

Chennubhotla, C., and Bahar, I. (2006). Markov Propagation of Allosteric Effects in
Biomolecular Systems: Application to GroEL-GroES. Mol. Syst. Biol. 2 (May),
36. doi:10.1038/msb4100075

Chennubhotla, C., and Bahar, I. (2007). Signal Propagation in Proteins and
Relation to Equilibrium Fluctuations. PLoS Comput. Biol. 3 (9), e172-26.
doi:10.1371/journal.pcbi.0030172

Clemons, W. M., BrodersenBrodersen, D. E. J. P., MayMorgan-Warren, J. L. C,,
Robert, J., Carter, A. P., Morgan-Warren, R. ], et al. (2001). Crystal Structure of
the 30 S Ribosomal Subunit from Thermus Thermophilus: Purification,
Crystallization and Structure Determination. J. Mol. Biol. 310 (4), 827-843.
doi:10.1006/jmbi.2001.4778

Cukras, A. R, and Green., R. (2005). Multiple Effects of S13 in Modulating the
Strength of Intersubunit Interactions in the Ribosome during Translation.
J. Mol. Biol. 349 (1), 47-59. doi:10.1016/j.jmb.2005.03.075

Cukras, A. R., Southworth, D. R, Brunelle, J. L., Culver, G. M., Brunelle, J. L.,
Culver, G. M., et al. (2003). Ribosomal Proteins S12 and S13 Function as
Control Elements for Translocation of the MRNA:TRNA Complex. Mol. Cell 12
(2), 321-328. doi:10.1016/S1097-2765(03)00275-2

del Sol, A., Fujihashi, H., Amoros, D., and Nussinov, R. (2006). Residues Crucial for
Maintaining Short Paths in Network Communication Mediate Signaling in
Proteins. Mol. Syst. Biol. 2 (1), 0019. doi:10.1038/msb4100063

Demirci, H., Wang, L., Murphy, F. V., Murphy, E. L., Carr, ]. F,, Blanchard, S. C,,
et al. (2013). The Central Role of Protein S12 in Organizing the Structure of the
Decoding Site of the Ribosome. RNA 19 (12), 1791-1801. doi:10.1261/
rna.040030.113

Di Paola, L., and Giuliani, A. (2015). Protein Contact Network Topology: A
Natural Language for Allostery. Curr. Opin. Struct. Biol. 31, 43-48. doi:10.1016/
j-sb1.2015.03.001

Doruker, P., Jernigan, RL., and Bahar, L. (2002). Dynamics of Large Proteins
through Hierarchical Levels of Coarse-Grained Structures. J. Comput. Chem. 23
(1), 119-27. doi:10.1002/jcc.1160

Erman, B. (2013). A Fast Approximate Method of Identifying Paths of Allosteric
Communication in Proteins. Proteins 81 (7), 1097-1101. doi:10.1002/
prot.24284

Feng, S., Kumar, V., Ero, R, and Gao, Y-G. (2013). “Structure of EF-G-Ribosome
Complex in a Pretranslocation State. Nat. Struct. Mol. Biol. 20, 1077-1084.
doi:10.1038/nsmb.2645

Frank, J., Zhu, J., Penczek, P., Li, Y., Srivastava, S., Verschoor, A., et al. (1995). A
Model of Protein Synthesis Based on Cryo-Electron Microscopy of the E. Coli
Ribosome. Nature 376 (6539), 441-444. doi:10.1038/376441a0

Greuer, B., Thiede, B., and Brimacombe, R. (1999). The Cross-Link from the
Upstream Region of mRNA to Ribosomal Protein S7 is Located in the
C-Terminal Peptide: Experimental Verification of a Prediction from
Modeling Studies. RNA 5, 1521-1525. doi:10.1017/S1355838299991550

Gualerzi, C. O., Brandi, L., Caserta, E., Garofalo, C., Lammi, M., La Teana, A, et al.
(2001). Initiation Factors in the Early Events of MRNA Translation in Bacteria.
Cold Spring Harbor Symp. Quant. Biol. 66, 363-376. doi:10.1101/
$qb.2001.66.363

Gualerzi, C. O., and Pon, C. L. (1990). Initiation of MRNA Translation in
Prokaryotes Biochemistry 29, 5881-5889. doi:10.1021/bi00477a001

Guo, Z., and Noller, H. F. (2012). Rotation of the Head of the 30S Ribosomal
Subunit during MRNA Translocation. Proc. Natl. Acad. Sci. 109 (50),
20391-20394. doi:10.1073/pnas.1218999109

Guzel, P, and Kurkcuoglu, O. (2017). Identification of Potential Allosteric
Communication Pathways Between Functional Sites of the Bacterial
Ribosome by Graph and Elastic Network Models. Biochim. Biophys. Acta
Gen. Subj. 1861 (12), 3131-3141. doi:10.1016/j.bbagen.2017.09.005

Hirokawa, G., Nijman, R. M., Raj, V. S., Kaji, H., Igarashi, K., and Kaji, A. (2005).
The Role of Ribosome Recycling Factor in Dissociation of 70S Ribosomes into
Subunits. RNA 11 (8), 1317-1328. doi:10.1261/rna.2520405

Hosaka, H., Nakagawa, A., Tanaka, I, Harada, N., Sano, K., Kimura, M., et al.
(1997). Ribosomal Protein S7: A New RNA-Binding Motif with Structural

Structural and Dynamical Features of Ribosome

Similarities to a DNA Architectural Factor. Structure 5 (9), 1199-1208.
doi:10.1016/S0969-2126(97)00270-0

Hu, G. (2021).Identification of Allosteric Effects in Proteins by Elastic Network
Models. Methods Mol. Biol. 2253, 21-35. doi:10.1007/978-1-0716-1154-8_3

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: Visual Molecular
Dynamics. J. Mol. Graphics 14 (1), 33-38. do0i:10.1016/0263-7855(96)
00018-5

Hussain, T., Llacer, J. L., Wimberly, B. T., Kieft, J. S., and Ramakrishnan, V. (2016).
Large-Scale Movements of IF3 and TRNA during Bacterial Translation
Initiation. Cell 167 (1), 133-144. doi:10.1016/j.cell.2016.08.074

Jenner, L., Pascale, R., Rees, B., Schulze-Briese, C., Springer, M., Ehresmann, C.,
et al. (2005). Translational Operator of MRNA on the Ribosome: How
Repressor Proteins Exclude Ribosome Binding. Science 308 (5718), 120-123.
doi:10.1126/science.1105639

Julian, P., Milon, P., Agirrezabala, X., Lasso, G., Gil, D., Rodnina, M. V,, et al.
(2011). Rodnina, and Mikel Valle.the Cryo-EM Structure of a Complete 30S
Translation Initiation Complex from Escherichia Coli. PLoS Biol. 9 (7),
€1001095. doi:10.1371/journal.pbio.1001095

Kaminishi, T., Wilson, D. N., Takemoto, C., Harms, J. M., Kawazoe, M.,
Schluenzen, F., et al. (2007). A Snapshot of the 30S Ribosomal Subunit
Capturing MRNA via the Shine-Dalgarno Interaction. Structure 15 (3),
289-297. doi:10.1016/j.5tr.2006.12.008

Kirthi, N., Roy-Chaudhuri, B., Kelley, T., and Culver, G. M. (2006). A Novel Single
Amino Acid Change in Small Subunit Ribosomal Protein S5 Has Profound
Effects on Translational Fidelity. RNA 12 (12), 2080-2091. doi:10.1261/
rna.302006

Korostelev, A., Ermolenko, D. N., and Noller, H. F. (2008). Structural Dynamics of
the Ribosome. Curr. Opin. Chem. Biol. 12 (6), 674-683. doi:10.1016/
j.cbpa.2008.08.037

Koshland, D. E., Nemethy, J. G., and Filmer, D. (1966). Comparison of
Experimental Binding Data and Theoretical Models in Proteins Containing
Subunits. Biochemistry 5 (1), 365-85. doi:10.1021/bi00865a047

Kurkcuoglu, O., Doruker, P., Sen, T. Z., Kloczkowski, A., and Jernigan, R. L.
(2008). The Ribosome Structure Controls and Directs MRNA Entry,
Translocation and Exit Dynamics. Phys. Biol. 5 (4), 046005. doi:10.1088/
1478-3975/5/4/046005

Kurkcuoglu, O., Turgut, O. T., Cansu, S., Jernigan, R. L., and Doruker, P. (2009).
Focused Functional Dynamics of Supramolecules by Use of a Mixed-Resolution
Elastic Network Model. Biophys. J. 97 (4), 1178-1187. doi:10.1016/
1.bpj.2009.06.009

Laursen, B. S., Serensen, H. P., Mortensen, K. K., and Sperling-Petersen, H. U.
(2005). Initiation of Protein Synthesis in Bacteria. Microbiol. Mol. Biol. Rev. 69
(1), 101-123. doi:10.1128/mmbr.69.1.101-123.2005

Levi, M., Nguyen, K., Dukaye, L., and Whitford, P. C. (2017). Quantifying the
Relationship between Single-Molecule Probes and Subunit Rotation in the
Ribosome. Biophys. J. 113 (12), 2777-2786. doi:10.1016/j.bp;j.2017.10.021

Levi, M., Walak, K., Wang, A., Mohanty, U., and Whitford, P. C. (2020). A Steric
Gate Controls P/E Hybrid-State Formation of TRNA on the Ribosome. Nat.
Commun. 11 (1), 5706. doi:10.1038/s41467-020-19450-0

Ling, C., and Ermolenko, D. N. (2016). Structural Insights into Ribosome
Translocation. WIREs RNA 7 (5), 620-636. doi:10.1002/wrna.1354

Lodmell, J. S., and Dahlberg, A. E. (1997). A Conformational Switch in Escherichia
Coli 16S Ribosomal RNA During Decoding of Messenger RNA. Science 277
(5330), 1262-1267. doi:10.1126/science.277.5330.1262

Long, D., and Briischweiler, R. (2011). Atomistic Kinetic Model for Population
Shift and Allostery in Biomolecules. J. Am. Chem. Soc. 133 (46), 18999-19005.
doi:10.1021/ja208813t

Makarov, G. I, Makarova, T. M., Sumbatyan, N. V., and Bogdanov, A. A. (2016).
Investigation of Ribosomes Using Molecular Dynamics Simulation Methods.
Biochem. Mosc. 81 (13), 1579-1588. doi:10.1134/S0006297916130010

Monod, J., Wyman, J., and Changeux, J.-P. (1965). On the Nature of Allosteric
Transitions: A Plausible Model. J. Mol. Biol. 12 (1), 88-118. doi:10.1016/S0022-
2836(65)80285-6

Nguyen, K., and Whitford, P. C. (2016). Steric Interactions Lead to Collective
Tilting Motion in the Ribosome during MRNA-TRNA Translocation. Nat.
Commun. 7, 10586. doi:10.1038/ncomms10586

Noller, H. (2006). Biochemical Characterization of the Ribosomal Decoding Site.
Biochimie 88 (8), 935-941. doi:10.1016/j.biochi.2006.04.006

Frontiers in Molecular Biosciences | www.frontiersin.org

13

August 2021 | Volume 8 | Article 654164


https://doi.org/10.1016/S0959-440X(94)90321-2
https://doi.org/10.1016/j.jmb.2005.10.039
https://doi.org/10.1016/j.jmb.2005.10.039
https://doi.org/10.1038/msb4100075
https://doi.org/10.1371/journal.pcbi.0030172
https://doi.org/10.1006/jmbi.2001.4778
https://doi.org/10.1016/j.jmb.2005.03.075
https://doi.org/10.1016/S1097-2765(03)00275-2
https://doi.org/10.1038/msb4100063
https://doi.org/10.1261/rna.040030.113
https://doi.org/10.1261/rna.040030.113
https://doi.org/10.1016/j.sbi.2015.03.001
https://doi.org/10.1016/j.sbi.2015.03.001
https://doi.org/10.1002/jcc.1160
https://doi.org/10.1002/prot.24284
https://doi.org/10.1002/prot.24284
https://doi.org/10.1038/nsmb.2645
https://doi.org/10.1038/376441a0
https://doi.org/10.1017/S1355838299991550
https://doi.org/10.1101/sqb.2001.66.363
https://doi.org/10.1101/sqb.2001.66.363
https://doi.org/10.1021/bi00477a001
https://doi.org/10.1073/pnas.1218999109
https://doi.org/10.1016/j.bbagen.2017.09.005
https://doi.org/10.1261/rna.2520405
https://doi.org/10.1016/S0969-2126(97)00270-0
https://doi.org/10.1007/978-1-0716-1154-8_3
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/j.cell.2016.08.074
https://doi.org/10.1126/science.1105639
https://doi.org/10.1371/journal.pbio.1001095
https://doi.org/10.1016/j.str.2006.12.008
https://doi.org/10.1261/rna.302006
https://doi.org/10.1261/rna.302006
https://doi.org/10.1016/j.cbpa.2008.08.037
https://doi.org/10.1016/j.cbpa.2008.08.037
https://doi.org/10.1021/bi00865a047
https://doi.org/10.1088/1478-3975/5/4/046005
https://doi.org/10.1088/1478-3975/5/4/046005
https://doi.org/10.1016/j.bpj.2009.06.009
https://doi.org/10.1016/j.bpj.2009.06.009
https://doi.org/10.1128/mmbr.69.1.101-123.2005
https://doi.org/10.1016/j.bpj.2017.10.021
https://doi.org/10.1038/s41467-020-19450-0
https://doi.org/10.1002/wrna.1354
https://doi.org/10.1126/science.277.5330.1262
https://doi.org/10.1021/ja208813t
https://doi.org/10.1134/S0006297916130010
https://doi.org/10.1016/S0022-2836(65)80285-6
https://doi.org/10.1016/S0022-2836(65)80285-6
https://doi.org/10.1038/ncomms10586
https://doi.org/10.1016/j.biochi.2006.04.006
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Bheemireddy et al.

Park, J.-K., Jernigan, R., and Wu, Z. (2013). Coarse Grained Normal Mode Analysis
vs. Refined Gaussian Network Model for Protein Residue-Level Structural
Fluctuations. Bull Math. Biol. 75 (1), 124-160. doi:10.1007/s11538-012-
9797-y

Philippe, C., Eyermann, F., Benard, L., Portier, C., Ehresmann, B., and Ehresmann,
C. (1993). Ribosomal Protein S15 from Escherichia Coli Modulates its Own
Translation by Trapping the Ribosome on the MRNA Initiation Loading Site.
Proc. Natl. Acad. Sci. 90 (10), 4394-4398. doi:10.1073/pnas.90.10.4394

Piovesan, D., Minervini, G., Tosatto, S. C. E., and Tosatto, E. (2016). The RING 2.0
Web Server for High Quality Residue Interaction Networks. Nucleic Acids Res.
44 (W1), W367-W374. doi:10.1093/nar/gkw315

Proctor, E. A., Kota, P., Aleksandrov, A. A., He, L., Riordan, J. R., and Dokholyan,
N. V. (2015). Rational Coupled Dynamics Network Manipulation Rescues
Disease-Relevant Mutant Cystic Fibrosis Transmembrane Conductance
Regulator. Chem. Sci. 6 (2), 1237-1246. doi:10.1039/c4sc01320d

Ramakrishnan, V., and Moore, P. B. (2001). Atomic Structures at Last: The
Ribosome in 2000. Curr. Opin. Struct. Biol. 11 (2), 144-154. doi:10.1016/
$0959-440X(00)00184-6

Ramakrishnan, V. (2002). Ribosome Structure and the Mechanism of Translation.
Cell. 108 (4), 557-572. doi:10.1016/50092-8674(02)00619-0

Ramaswamy, P., and Woodson, S. A. (2009). Global Stabilization of RRNA
Structure by Ribosomal Proteins S4, S17, and S20. J. Mol. Biol. 392 (3),
666-677. doi:10.1016/j.jmb.2009.07.032

Ratje, A. H., Loerke, J., Mikolajka, A., Briinner, M., Hildebrand, P. W, Starosta, A.
L., et al. (2010). Head Swivel on the Ribosome Facilitates Translocation by
Means of Intra-Subunit TRNA Hybrid Sites. Nature 468 (7324), 713-716.
doi:10.1038/nature09547

Rozov, A., Khusainov, I, El Omari, K., Duman, R., Mykhaylyk, V., Yusupov, M.,
et al. (2019). Importance of Potassium Ions for Ribosome Structure and
Function Revealed by Long-Wavelength X-Ray Diffraction. Nat. Commun.
10 (1), 1-12. doi:10.1038/s41467-019-10409-4

Sali, A., and Blundell, T. L. (1993). Comparative Protein Modelling by Satisfaction
of Spatial Restraints. . Mol. Biol. 234 (3), 779-815. doi:10.1006/jmbi.1993.1626

Schmeing, T. M., and Ramakrishnan, V. (2009). What Recent Ribosome Structures
Have Revealed about the Mechanism of Translation. Nature 461, 1234-1242.
doi:10.1038/nature08403

Schymkowitz, J., Borg, J., Stricher, F., Nys, R, Rousseau, F., and Serrano, L. (2005).
The FoldX Web Server: An Online Force Field. Nucleic Acids Res. 33 (Suppl. 2),
W382-W388. doi:10.1093/nar/gki387

Sethi, A., Eargle, J., Black, A. A., and Luthey-Schulten, Z. (2009). Dynamical
Networks in tRNA:protein Complexes. Proc. Natl. Acad. Sci. 106 (16),
6620-6625. doi:10.1073/pnas.0810961106

Shannon, P., Markiel, A., Owen, O., Baliga, N. S., Wang, J. T., Ramage, D., et al.
(2003). Cytoscape: A Software Environment for Integrated Models of
Biomolecular Interaction Networks. Genome Res. 13 (11), 2498-2504.
doi:10.1101/gr.1239303

Shatsky, I. N., Bakin, A. V., Bogdanov, A. A., and Vasiliev, V. D. (1991). How Does
the mRNA Pass through the Ribosome ?. Biochimie 73 (7-8), 937-945.
doi:10.1016/0300-9084(91)90135-N

Sheppard, D., Sprangers, R., and Tugarinov, V. (2010). Experimental Approaches
for NMR Studies of Side-Chain Dynamics in High-Molecular-Weight Proteins.
Prog. Nucl. Magn. Reson. Spectrosc. 56, 1-45. d0i:10.1016/j.pnmrs.2009.07.004

Simonetti, A., Marzi, S., Jenner, L., Myasnikov, A., Romby, P., Yusupova, G., et al.
(2009). A Structural View of Translation Initiation in Bacteria.Cell. Mol. Life Sci,
66, 423-436. doi:10.1007/s00018-008-8416-4

Structural and Dynamical Features of Ribosome

Srivastava, A., and Sinha, S. (2017). Uncoupling of an Ammonia Channel as a
Mechanism of Allosteric Inhibition in Anthranilate Synthase of Serratia
Marcescens: Dynamic and Graph Theoretical Analysis. Mol. Biosyst. 13 (1),
142-155. d0i:10.1039/c6mb00646a

Takyar, S., Hickerson, R. P., and Noller, H. F. (2005). MRNA Helicase Activity of
the Ribosome. Cell 120 (1), 49-58. doi:10.1016/j.cell.2004.11.042

Tobin, C., Mandava, C. S., Ehrenberg, M., Andersson, D. I, and Sanyal, S. (2010).
Ribosomes Lacking Protein $20 Are Defective in MRNA Binding and Subunit
Association. J. Mol. Biol. 397 (3), 767-776. doi:10.1016/j.jmb.2010.02.004

Van Der Spoel, D., Lindahl, E., Hess, B., Groenhof, G., Mark, A. E., and Berendsen,
H.J. C. (2005). GROMACS: Fast, Flexible, and Free. J. Comput. Chem. 26 (16),
1701-1718. doi:10.1002/jcc.20291

Wang, Y., and Jernigan, R. L. (2005). Comparison of TRNA Motions in the Free
and Ribosomal Bound Structures. Biophys. J. 89 (5), 3399-3409. doi:10.1529/
biophysj.105.064840

Wang, Y., Rader, A. J.,, Bahar, I, and Jernigan, R. L. (2004). Global Ribosome
Motions Revealed with Elastic Network Model. J. Struct. Biol. 147 (3), 302-314.
doi:10.1016/j.jsb.2004.01.005

White, S. W., Clemons, W. M., Davies, C., Ramakrishnan, V., and Wimberly, B. T.
(2014). Structures of Bacterial Ribosomal Proteins: High-Resolution Probes of
the Architecture and Mechanism of the Ribosome,” in The Ribosome. Editor
R. A. Garrett. ASM Press, 73-83. doi:10.1128/9781555818142.ch8

Whitford, P. C., Onuchic, J. N., and Sanbonmatsu, K. Y. (2010). Connecting Energy
Landscapes with Experimental Rates for Aminoacyl-TRNA Accommodation in
the Ribosome. J. Am. Chem. Soc. 132 (38), 13170-13171. d0i:10.1021/ja1061399

Wimberly, B. T., Brodersen, D. E., Clemons, W. M. R. J., Morgan-Warren, R. ],
Carter, A. P., Vonrhein, C., et al. (2000). Structure of the 30S Ribosomal
Subunit. Nature 407 (6802), 327-339. doi:10.1038/35030006

Yusupova, G. Z., Yusupov, M. M, Cate, J. H. D., and Noller, H. F. (2001). The Path
of Messenger RNA through the Ribosome. Cell 106 (2), 233-241. doi:10.1016/
$0092-8674(01)00435-4

Zhang, W., DunkKle, J. A., and Cate, J. H. D. (2009). Structures of the Ribosome in
Intermediate States of Ratcheting. Science 325 (5943), 1014-1017. doi:10.1126/
science.1175275

Zimmermann, M. T,, Jia, K., and Jernigan, R. L. (2016). Ribosome Mechanics
Informs about Mechanism. J. Mol. Biol. 428 (5), 802-810. doi:10.1016/
jjmb.2015.12.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Bheemireddy, Sandhya and Srinivasan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org

14

August 2021 | Volume 8 | Article 654164


https://doi.org/10.1007/s11538-012-9797-y
https://doi.org/10.1007/s11538-012-9797-y
https://doi.org/10.1073/pnas.90.10.4394
https://doi.org/10.1093/nar/gkw315
https://doi.org/10.1039/c4sc01320d
https://doi.org/10.1016/S0959-440X(00)00184-6
https://doi.org/10.1016/S0959-440X(00)00184-6
https://doi.org/10.1016/S0092-8674(02)00619-0
https://doi.org/10.1016/j.jmb.2009.07.032
https://doi.org/10.1038/nature09547
https://doi.org/10.1038/s41467-019-10409-4
https://doi.org/10.1006/jmbi.1993.1626
https://doi.org/10.1038/nature08403
https://doi.org/10.1093/nar/gki387
https://doi.org/10.1073/pnas.0810961106
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/0300-9084(91)90135-N
https://doi.org/10.1016/j.pnmrs.2009.07.004
https://doi.org/10.1007/s00018-008-8416-4
https://doi.org/10.1039/c6mb00646a
https://doi.org/10.1016/j.cell.2004.11.042
https://doi.org/10.1016/j.jmb.2010.02.004
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1529/biophysj.105.064840
https://doi.org/10.1529/biophysj.105.064840
https://doi.org/10.1016/j.jsb.2004.01.005
https://doi.org/10.1128/9781555818142.ch8
https://doi.org/10.1021/ja1061399
https://doi.org/10.1038/35030006
https://doi.org/10.1016/S0092-8674(01)00435-4
https://doi.org/10.1016/S0092-8674(01)00435-4
https://doi.org/10.1126/science.1175275
https://doi.org/10.1126/science.1175275
https://doi.org/10.1016/j.jmb.2015.12.003
https://doi.org/10.1016/j.jmb.2015.12.003
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Comparative Analysis of Structural and Dynamical Features of Ribosome Upon Association With mRNA Reveals Potential Role of  ...
	Introduction
	Materials and Methods
	Dataset
	RMSD Calculations
	Elastic Network Model
	Perturbation Response Scanning to Identify Effector and Sensor Residues
	Network Representation of Protein Structure and Analysis
	Communication Pathways

	Results and Discussion
	Conformational Changes in the Ribosome During Its Transition From 30S to 70S Initiation Complex
	Binding of mRNA to 30S Complex Results in Changes in the Protein Interaction Network
	Structural Fluctuations in 30S During Assembly of the Ribosomal Complex
	Messenger RNA Entry Gate Proteins Guide the Binding of Messenger RNA
	Exit Gate Proteins Regulate mRNA Movement
	S12 Mediates 30S Interaction With 50S Complex
	Dynamics of 50S Binding Proteins

	Network Analysis Reveals Possible Communication Routes for Allosteric Regulation in 30S Subunit

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


