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As the ribosomal proteins are assembled sequentially at each stage, the 16S rRNA changes from an unfolded to a well-folded structure.

Public summary
m Our simulations provide some dynamic details during the assembly process of the 30S small subunit.
m S9 and S3 may have more important contributions to the assembly of the 30S subunit than other ribosomal proteins.

m Our strategy can be applied for studying the assembly dynamics of any large biomolecular complex as long as the as-
sembly map is known.

Citation: Liu X, Zhang Z Y. Dynamics in the assembly of the 30S ribosomal subunit investigated by coarse-grained simulations. JUSTC, 2023, 53(9):
0906. DOI: 10.52396/JUSTC-2023-0064


mailto:zzyzhang@ustc.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/

N

UST
http://justc.ustc.edu.cn

Dynamics in the assembly of the 30S ribosomal subunit
investigated by coarse-grained simulations

+

Received: April 18, 2023; Accepted: June 08, 2023

Xin Liu', and Zhiyong Zhang'”* >

!School of Data Science, University of Science and Technology of China, Hefei 230027, China;
’Department of Physics, University of Science and Technology of China, Hefei 230026, China

BCorrespondence: Zhiyong Zhang, E-mail: zzyzhang@ustc.edu.cn
© 2023 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Read Online

Cite This: JUSTC, 2023, 53(9): 0906 (8pp)

Abstract: The ribosome is a large biomolecular complex responsible for protein synthesis. In Escherichia coli (E. coli), a
complete ribosome is composed of a 30S small subunit and a 50S large subunit. For approximately half a century, the 30S
subunit has been a key model system for studying the in vitro assembly of the ribosome, and an assembly map has been
proposed. However, structural details in the assembly of this protein—RNA complex remain elusive. In this paper, we con-
ducted a series of coarse-grained simulations following the order of the assembly map to investigate conformational dy-
namics during the assembly process of the 30S subunit. It has been found that the tertiary structure of naked 16S rRNA is
very unstable, which is the case after binding of early-assembly proteins. The mid-assembly proteins can significantly re-
strict the mobility of the 16S rRNA and make the latter close to the native structure. The final binding of the late-assembly
proteins would fully obtain the collective motion of the 16S rRNA. In particular, proteins S9 and S3 may have more im-
portant contributions to the assembly of the 30S subunit than other S proteins. Our strategy of coarse-grained simulations
can be generally used to study assembly dynamics of large biomolecular complexes as long as the assembly map is
available.

Keywords: biomolecular complexes; assembly; ribosome; 30S subunit; coarse-grained simulation; principal component

analysis
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1 Introduction

The ribosome is a large biomolecular complex that includes
proteins and RNAs and is responsible for catalyzing protein
synthesis'!. A complete ribosome contains a large subunit and
a small subunit. In prokaryotes and archaea, the 50S large
subunit is composed of a 23S rRNA, a 5S rRNA, and 33 pro-
teins, whereas the 30S small subunit consists of a 16S rRNA
and 21 proteins®.

The evolution of a large biomolecular complex can be seen
as a long period of assembly, so the assembly can reflect the
pathway of complex evolution”. The assembly process of a
complex is dynamic!, which is related to the order in which
the same or different components come together™ ™. The as-
sembly of the ribosome in vivo requires hundreds of as-
sembly factors to work together under certain conditions, but
the assembly in vitro can be done without any assembly
factors', which has been studied for a long time. As early as
the 1960s, the in vitro spontaneous assembly ability of the
30S subunit in the E. coli ribosome was confirmed by the
Nomura laboratory™, and subsequently, the assembly of the
50S subunit was confirmed by the Nierhaus laboratory®.
Later, the ability of ribosomes from other bacteria to as-
semble into catalytically active structures through separate
natural RNA and proteins was also demonstrated"® !,
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The 16S rRNA in the 30S ribosomal subunit has four inde-
pendent domains: the 5’ domain, the central domain, the 3’
major domain, and the 3’ minor domain. Each of the first
three main domains can be independently assembled with the
corresponding S proteins in vitro!"*'¥. Naked 16S rRNA is
very active and requires the assembly of S proteins to form a
stable ordered structure. The 30S subunit can be reconstit-
uted in vitro with 16S rRNA as a starting point by adding the
necessary S proteins to exhibit their relevant biochemical
characteristics!'”. Under reconstitution conditions, several
methods of adding proteins to the 16S rRNA using combined
binding allow the S proteins to be divided into three classes to
form an assembly map“”. Primary binding proteins bind dir-
ectly and independently to the 16S rRNA, which is thought to
initiate the folding of each of the three main domains. Sec-
ondary binding proteins require at least one primary binding
protein before binding to the 16S rRNA, and tertiary binding
proteins require at least one protein from the first two stages
to be assembled. Through in vitro assembly kinetic experi-
ments, a kinetic assembly map was formed, and the S pro-
teins were divided into early-, mid-, mid-late- and Iate-
assembly proteins. The kinetic assembly data reflect various
aspects of domain assembly and binding trends, indicating
that the assembly ranges from the 5’ domain to the 3’ domain,
which is consistent with the cotranscriptional assembly®'.
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In recent years, various experimental techniques have been
used to study the assembly of the 30S subunit. Electrospray
ionization mass spectrometry (MS), along with the latest cryo-
EM techniques, can visualize intermediates at near-atomic
resolution throughout the pathway of subunit construction and
is therefore widely used to study the assembly pathway of
complexes”. While such data have proven to be a very useful
starting point, they do not provide detailed information about
dynamics in the assembly process. That is, only the structure
can be obtained, and there is not enough information on how
the complex forms the existing structure.

Molecular dynamics (MD) simulations have long been
used in studying the dynamic processes of large bio-
molecules. They are generally atomic based on classical
mechanics as kinetic principles, and molecular mechanical
force fields are constantly improving®!. However, all-atom
MD is very expensive in simulating large biomolecular com-
plexes such as the ribosome, and it would be difficult to de-
scribe the complete and long time-scale kinetic process™. In
recent years, coarse-grained (CG) models have been used to
reveal the physical mechanism of a series of protein/nucleic
acid molecules™ " because their computational efficiency is
significantly higher than that of all-atom MD. CG simula-
tions have been continuously optimizing and calibrating rel-
evant force fields and methods due to their ability to display
processes such as the assembly of large biomolecular com-
plexes on a long time scale™. There are many CG models
available, such as the structure-based model®”, the multiscale
coarse-grained (MS-CG) method®", the MARTINI model® ",
and the SAFT model”.

Therefore, in this work, based on the kinetic assembly map,
we study structural dynamics in the assembly process of the

30S subunit through CG simulations. The simulation data are
compared with the existing experimental data of in vitro as-
sembly, which can reveal the role of the specific S proteins in
the assembly process.

2 Materials and methods

2.1 Simulated systems

The 30S ribosomal subunit of E. coli is composed of 16S
rRNA and 21 ribosomal proteins (S proteins, named S1-S21
in decreasing order of molecular weight). An atomic model of
the 30S subunit was taken from Ref. [35], in which the 16S
rRNA contains 1536 nucleotides and 20 S proteins (S2—-S21)
are available (Fig. 1). The three main domains (5', central,
and 3’ major) of the 16S rRNA make up the body, platform,
and head, respectively. The assembly of the S proteins is di-
vided into four stages according to the kinetic map (Table 1).
The early-assembly proteins include S4, S6, S11, S15, S16,
S17, S18, and S20 (Fig. 1, magenta), the mid-assembly pro-
teins include S7, S8, S9, S13, and S19 (Fig. 1, orange), the
mid-late-assembly proteins include S5 and S12 (Fig. 1, blue),
and the late-assembly proteins include S2, S3, S10, S14, and
S21 (Fig. 1, red).

We built the following systems to run CG simulations. (i)
The naked 16S rRNA is the starting state of the assembly. (ii)
The 30S subunit is the end state of the assembly. (iii)
Between the starting and end states, we added the S proteins
one by one, following the order shown in Table 1.

2.2 The CG models

In the off-lattice GO model of a protein, each amino acid
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Fig. 1. Structure of the 30S ribosomal subunit. (a) The front side (the interface with the 50S subunit) and (b) the back. The 16S rRNA is colored black,
and the S proteins are colored differently according to the kinetic assembly map (Table 1). The body, platform, head, and beak are labeled.
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Table 1. Kinetic assembly map of the S proteins in the 30S ribosomal
subunit.

Group Protein

I (early) S4
S6
S11
S15
S16
S17
S18
S20

I (mid) s7
S8
89
S13
S19

II' (mid-late) 85
S12

11T (late) S2
S3
S10
S14
S21

residue is represented by a CG particle, most often at the posi-
tion of its C, atom. The potential energy function is:

V(RIR)) = Z kb(ri,i+1 - ri,i+],0)2 + Z kﬁ(ei - 9i,0)2+

Z {ka[ 1= cos(p; — @i0)] + kys[1 = cos3(, — .01} +

nat’ivs . 12 - 10 non-native d 12
Yl )l <)o

i<j-3 i<j-3

The first three terms represent potentials for virtual bond
lengths, bond angles, and dihedral angles, respectively. The
fourth term is the native contact potential between nonlocal
residue pairs, where the summation is restricted to those pairs
in the reference structure. The last term represents an ex-
cluded volume effect that is a penalty for nonnative contacts.

In this work, a Go-like protein model called AICG2+"
was used:

Vacars (RIR) = Vigua + ViR + VI VI 4V, 2

loc loc nloc

Viows 18 the first term of Eq. (1). V¥ is a generic flexible
local potential for the virtual bond angles and dihedral angles.
Vi is the structure-based local potential. Vi is the structure-
based nonlocal contact potential, which is similar to the fourth
term of Eq. (1) except that these ¢, are not uniform but de-
termined from atomic interactions between specific residue
pairs. V,,, is the last term of Eq. (1). Additionally, electrostat-
ic forces were computed using the Debye—Hiickel equation

with a cutoff of 20 A and ion strength of 0.15 mol/L. The
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dielectric constant was set as 78.0 F/m. The off-lattice Go
model”” and its derivatives represent quasiharmonic fluctu-
ations near native structures while achieving a perfect funnel
energy landscape.

In the 16S rRNA, each nucleotide is represented by three
CG particles, which are phosphate (P), sugar (S), and base
(B). This model is a rational treatment for the chemical distri-
bution of nucleotides. The potential is described by the fol-
lowing terms: the local potential, the nonlocal contact interac-
tion, the excluded volume term, and the electrostatic interac-
tion. Since the 16S rRNA is largely double-stranded, a
PAIR_RNA potential needs to be included to maintain the
stability of base pairs. This interaction has a similar form as
the general contact interaction but uses different coefficients
discriminated by the number of base-paring hydrogen bonds.

For interactions between the 16S rRNA and the S proteins,
we also used the Go model with the addition of repulsion and
electrostatic interactions.

2.3 CG simulations

All the CG simulations were conducted by CafeMol version
3.2.1" using Langevin dynamics, with a time step of 0.3 in
CafeMol time units. Each CG simulation was run for 10°
steps, and the temperature was set to 300 K. The overall
translation and rotation of the entire molecule were allowed.

go_unit is an overall scaling factor of the pairwise interac-
tion strength. For each native contact (intramolecule or inter-
molecule), the default value of go_unit is 1.0. We need to de-
termine a proper value of go unit to observe significant con-
formational dynamics of the 30S subunit while preserving its
tertiary structure. Therefore, CG simulations of the 30S sub-
unit were conducted by trying different values of go_unit, and
three independent simulations were run for each go unit. It
has been found that a go_unit of 0.8 is appropriate. We then
fixed the go unit as 0.8 for both intra- and intermolecular
contacts in the following CG simulations.

2.4 Principal component analysis

Principal component analysis (PCA) on a simulation traject-
ory of a large biomolecule is used to extract large-scale col-
lective motion of the biomolecule from its small and random
internal motion®*. This method comprises the following steps.
(i) All conformations in the trajectory are fitted to a reference
structure to eliminate the overall translation and rotation of
the biomolecule. (ii) A covariance matrix of positional fluctu-
ation is constructed, o, = {((r; = (r;)) (r;—r;)), where r; and r;
represent Cartesian coordinates of the particles selected for
PCA, and (-) means the coordinate average. (iii) The covari-
ance matrix is diagonalized to obtain eigenvectors (PCA
modes) and corresponding eigenvalues. The PCA modes with
the largest eigenvalues generally describe the collective mo-
tion of the biomolecule™. For each system, 1000 conforma-
tions were contained in the CG trajectory, and the P particles
were used to construct the covariance matrix.

To clearly see the motion along certain PCA modes, one
can project the conformations in the trajectory onto these
modes individually. The root mean square inner product
(RMSIP) between two sets of PCA modes can measure their
dynamic similarity"*"
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RMSIP:{%ii(vf.vﬁ)z]z , 3)

=1 j=1

where v; and v, represent the ith and jth PCA modes obtained
from two different sets of PCA modes (A and B), and # is the
number of PCA modes used to compute RMSIP. Since the
PCA modes are normalized, an RMSIP of 1 means that the
two sets of PCA modes are identical, and an RMSIP of 0 in-
dicates that they are orthogonal.

3 Results and discussion

3.1 Structural dynamics in the four-stage assembly of
the 30S subunit

To measure conformational changes of the 16S rRNA in the
CG simulations, the root mean squared deviations (RMSD) of
all the P particles were calculated using the native structure of
the 16S rRNA in the 30S subunit as the reference. In the CG
simulation of the naked 16S rRNA, the system is very un-
stable, with an RMSD greater than 30.0 A (Fig. 2, black). The
tertiary structure of the 16S rRNA is unfolded. Both the plat-
form and the head are expanded, and the junction between the
head and the body is extremely mobile (Fig. 3a). The results
indicate that, without the S proteins, the 16S rRNA itself can-
not maintain its native structure.

We now want to investigate how the overall stability of the
16S rRNA changes after the S proteins at each stage are
added sequentially. When only the early-assembly proteins
are assembled to the 16S rRNA (denoted as 16S+I), the ter-
tiary structure is still not stable, with RMSD values essen-
tially between 20-30 A (Fig. 2, magenta). These early-as-
sembly proteins bind to the 5’ and central domains (Fig. 3b,
magenta), which make up the body and platform, respect-
ively. Therefore, the body is stabilized, and the platform
moves close to the body at the early stage compared to the na-
ked 16S rRNA (Fig. 3a). However, no early-assembly pro-
tein is assembled to the 3’ major domain that makes up the
head, so the head is nearly as mobile as that in the naked 16S
rRNA. This may explain why the RMSD values of the 16S+I
systemarestilllarge.A fterthemid-assemblyproteinsareassembled

16S
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Fig. 2. Time evolution of RMSD during the CG simulations. Black: the
naked 16S rRNA, magenta: the 16S rRNA with the early-assembly pro-
teins, orange: the 16S rRNA with the early- and mid-assembly proteins,
blue: the 16S rRNA with early-, mid-, and mid-late-assembly proteins,
and red: the 30S subunit.
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(denoted as 16S+I-1I), the stability of the system is greatly in-
creased. The RMSD values fluctuate by approximately 10.0
A (Fig. 2, orange). According to the positions of the five mid-
assembly proteins on the 16S rRNA (Fig. 3¢, orange), four of
them are located on the head that joins the two halves of the
3" major domain together; therefore, the mobility of the head
is significantly decreased. Only one mid-assembly protein
(S8) is located at the back of the body. The two mid-late as-
sembly proteins are close to the central junction between the
body and the head (Fig. 3d, blue). Once they are assembled
(denoted as 16S+I-II-11"), the stability is increased slightly
(Fig. 2, blue) compared to the 16S+I-II system (Fig. 2, or-
ange). The 16S+I-II-1I" system is also called the 21S reconsti-
tution intermediate®™”, which lacks most of the head-body con-
tacts, and the beak region in the head is flexible. The late-
assembly proteins would make additional connections
between the head and the body and restrict the motion of the beak
(Fig. 3¢, red). Therefore, in the final 30S subunit, the 16S
rRNA is well folded with an average RMSD of 3.7 A (Fig. 2,
red).

The assembly order of the S proteins is basically from 5’ to
3" of the 16S rRNA", which does not mean that the early-
assembly proteins contribute most to the stability of the sys-
tem. It has been found that mid- and late-assembly proteins
play the most important roles in the assembly process due to
their locations on 16S rRNA.

We conducted PCA on the CG trajectory of the 30S sub-
unit, and only P particles were used to construct the covari-
ance matrix. Conformations in the trajectory were then pro-
jected onto a 2D subspace defined by the first two PCA
modes (denoted as PC1 and PC2). The sampled region of the
30S subunit is centered at approximately (0 A, 0 A) (Fig. 4a,
red). For each PCA mode, we took conformations with the
most negative and the most positive projection values, super-
imposed them, and then drew arrows between the correspond-
ing particles. Along PC1, the movement of the body tail
(spur) is significant (Fig. 4b), whereas along PC2, the
open/close movement between the head and the body is pro-
nounced (Fig. 4c¢).

The other CG trajectories were also projected onto the
same subspace. The naked 16S rRNA wildly samples a very
large conformational space (Fig. 4a, black). With the S pro-
teins at the different stages assembled, one can clearly see an
“assembly path” on the subspace. At the early stage, although
the sampled space is still quite large (Fig. 4a, magenta), it is
somewhat narrower than that of the naked 16S rRNA
(Fig. 4a, black). At the mid-stage, the conformational space is
sharply decreased (Fig. 4a, orange), and at the mid-late-stage
(Fig. 4a, blue), the conformational space approaches that of
the folded 16S rRNA (Fig. 4a, red).

3.2 The role of specific S proteins in assembly

After investigating the S proteins at the four stages, another
question is, what is the specific role of individual S proteins
in the assembly of the 30S subunit? We carried out a series of
CG simulations starting from the naked 16S rRNA, then
adding the S proteins one by one following the order shown
in Table 1, and finally ending with the 30S subunit. From S4
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16S
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Fig. 3. Stability of the 16S rRNA after assembling the S proteins at each stage sequentially. (a) Naked 16S rRNA. (b) The 16S rRNA with only the early-
assembly proteins. (c) The 16S rRNA with the early- and mid-assembly proteins. (d) The 16S rRNA with the early-, mid- and mid-late-assembly proteins.
(e) The 30S subunit. At each stage, the final structure of the CG simulation is shown.

to S20, which are the early-assembly proteins, the systems are
all very mobile, with RMSD values fluctuating approxim-
ately 30.0 A (Fig. 5a, dashed curves in magenta). When S7
and S8, the first two added mid-assembly proteins, are as-
sembled, the RMSD values are only slightly decreased
(Fig. 5a, the two dashed curves in orange essentially between
20-25 A). Once S9 is assembled, the system is significantly
stabilized, with the RMSD values suddenly dropping to ap-
proximately 10.0 A (the solid curve in orange). S9 has a long
C-terminal tail inserting deeply into the head (Fig. 5b), which
can join the two halves of the 3’ major domain together and
reduce the mobility of the head significantly. The assembly of
the two mid-late-assembly proteins (S5 and S12) does not de-
crease the RMSD much (Fig. 5a, dashed curves in blue).
When S2, the first added late-assembly protein, is assembled,
the RMSD values are decreased to approximately 7.0 A (Fig.
Sa, the dashed curve in red). However, once S3 is assembled,
the RMSD values again drop to approximately 4.0 A (Fig. 5a,

0906-5

the solid curve in red). S3 spans the gap between the beak in
the head and the shoulder in the body (Fig. 5¢), so it can sta-
bilize the conformation of the beak and make contacts
between the head and the body. The assembly of the last three
late-stage proteins (S10, S14, and S21) no longer lowered the
RMSD values (Fig. 5a, dashed curves in red). The separated
RMSD values suggest key events in the assembly process of
the 30S subunit. The first event is the folding of the head
starting with the assembly of S9, and the second event is the
restricted domain motion between the head (beak) and the
body starting with the assembly of S3. That is, the two divid-
ing S proteins (S9 and S3) play important roles in the as-
sembly of the 30S subunit due to their unique locations on the
16S rRNA (Fig. 5b, ¢).

To quantify how the 16S rRNA obtains its collective mo-
tion in the 30S subunit during the assembly process, PCA was
performed on every CG trajectory using the P particles to
construct the covariance matrix. For each simulated system,
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Fig. 4. An assembly path of the 30S subunit shown on a subspace defined
by the PCA modes. PCA was conducted on the CG trajectory of the 30S
subunit, and only P particles were used to construct the covariance mat-
rix. The first two PCA modes with the largest eigenvalues (PC1 and PC2)
were chosen to define the 2D subspace. (a) Projections of the different
CG trajectories onto the subspace. (b) Collective motion along PC1. (c)
Collective motion along PC2.

the first ten PCA modes with the largest eigenvalues were se-
lected as a set. We used the PCA modes from the 30S sub-
unit as a reference set and then computed RMSIP (Eq. (3))
between any other set of PCA modes and the reference
(Fig. 6). The RMSIP between the PCA modes of the naked
16S rRNA and the reference is only 0.48, indicating that the
conformational dynamics of the naked 16S rRNA are very
different from those in the 30S subunit. The early-assembly
proteins and the first two added mid-assembly proteins do not
increase RMSIP much, remaining at approximately 0.55.
Once S9 is assembled, the RMSIP is significantly increased
to more than 0.8. The assembly of S9 would make the head
essentially fold (Fig. 5b), and thus, the collective motion of
the head relative to the body becomes dominant as that in the
30S subunit. The two mid-late-assembly proteins (S5 and
S12) do not increase RMSIP much. After S3 is assembled, the
RMSIP reaches 0.9, which means that the collective motion
of the system is already very similar to that in the 30S sub-
unit. The results here also support the key events during the
assembly process, as shown in Fig. 5a.

3.3 Structural dynamics in a switched assembly order

What would happen if the assembly order of the S proteins is

0906-6
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Fig. 5. The role of individual S proteins in the assembly of the 30S sub-
unit. (a) Equilibriumed (from 80 to 100 million steps of the CG simula-
tions) RMSD values of all the simulated systems. Starting from the na-
ked 16S rRNA, then adding the S proteins one by one following the or-
der shown in Table 1, and finally ending with the 30S subunit. The
RMSD curves at the four stages are colored differently. In the color bar
on the right side, the two dividing proteins (S9 and S3) are labeled by *.
The two corresponding RMSD curves are shown by solid lines, while
other curves are shown by dashed lines. (b) The position of S9. (c) The
position of S3.
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Fig. 6. Evolution of RMSIP in the assembly process of the 30S subunit.
The x-axis represents the assembly order of the S proteins shown in
Table 1. For each system, the RMSIP was calculated between the PCA
modes of the system and those of the 30S subunit. The RMSIP ends at
1.0 because the system is the 30S subunit after S21 is assembled.

switched? To address this issue, we carried out another set of
CG simulations by not following the kinetic map (Table 1)
but assembling the S proteins in descending order of their
molecular weights (S2, S3, ..., S21).
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CG simulations) RMSD values of all the simulated systems. Starting
from the naked 16S rRNA, then adding the S proteins one by one in des-
cending order of their molecular weights, and finally ending with the 30S
subunit. The RMSD curves are colored according to the stages to which
the corresponding S proteins belong, as shown in Fig. 5a. In the color bar
on the right side, the two dividing proteins (S5 and S11) are labeled by *.
The two corresponding RMSD curves are shown by solid lines, while
other curves are shown by dashed lines. (b) The position of S5. (c) The
position of S11.

According to the RMSD curves shown in Fig. 7a, two di-
viding S proteins, S5 and S11, were detected in this switched
assembly order. Once S5 is assembled, the RMSD values sig-
nificantly drop from approximately 30.0 A to approximately
15.0 A (Fig. 7a, the solid curve in blue). S5 is located at the
junction (Fig. 7b), which can restrict the motion between the
head and the body. However, since there are only four pro-
teins (S2 to S5) assembled at this time, the body and the head
are not yet well folded, and the platform is still detached from
the body (Fig. 7b). When S11 is assembled, the RMSD val-
ues decrease from more than 10.0 A to approximately 8.0 A
(Fig. 7a, the solid curve in magenta). S11 binds to the plat-
form, which can significantly stabilize the latter. At this time,
S12 to S21 are not yet assembled, which makes the body still
partially unfolded (Fig. 7c). The results indicate that the struc-
tural dynamics in the switched assembly order are different
from those following the kinetic assembly map (Fig. 5). It
should be noted that, without knowing the kinetic assembly
map beforehand, the number of possible assembly orders is
tremendous, and the CG simulations alone have a limited pre-
dictive power for determining which assembly order is reas-
onable. That is, the current work can only study structural dy-
namics during the assembly process of the 30S subunit based
on its kinetic assembly map.

0906-7

4 Conclusions

An increasing number of structures of large biomolecular
complexes have been solved with the development of struc-
tural biology techniques, such as cryo-EM. However, with
only one static structure, the dynamic process of how differ-
ent components assemble into a complex is still unclear. As a
complement to experiments, computer simulation may serve
as an important tool for studying the assembly process of
large biomolecular complexes. Due to the generally large size
of a biomolecular complex and the long time scale of its as-
sembly, CG simulation is an appropriate choice.

This paper works on the 30S small subunit of the E. coli ri-
bosome, which is a model system for studying the assembly
of biomolecular complexes. Based on the proposed kinetic as-
sembly map, a series of CG simulations were carried out,
from a naked 16S rRNA to a fully assembled 30S subunit.
The CG simulations reveal conformational changes at the dif-
ferent assembly stages, and particularly those S proteins with
important contributions to the assembly are detected. Our
study has proven the rationality of the kinetic assembly map
and provided structural details during the assembly of the 30S
subunit.

Our strategy can be applied for studying structural dynam-
ics in the assembly of any large biomolecular complex as long
as the assembly map is available. However, due to the high
complexity, assembly orders for many biomolecular com-
plexes are unknown. In this case, one may obtain such in-
formation from advanced experimental techniques such as
time-resolved cryo-EM" or use additional computational
tools to predict the assembly order of biomolecular
complexes™.
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