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Abstract

Background Antibiotics are frequently used to treat infections caused by Chlamydia pneumoniae; an obligate
intracellular gram-negative bacterium commonly associated with respiratory diseases. However, improper or
overuse of these drugs has raised concerns about the development of antibiotic resistance, which poses a significant
global health challenge. Previous studies have revealed a link between mutations in the rpoB-encoded protein of C.
pneumoniae and antibiotic resistance. This study assessed these mutations via various bioinformatics tools to predict
their impact on function, structural stability, antibiotic binding, and, ultimately, their effect on bacterial sensitivity to
antibiotics.

Results Eight mutations in the rpoB-encoded protein (R421S, F450S, L4561, S454F, D461E, S476F, L478S, and

S519Y) are associated with resistance to rifampin and rifalazil. These mutations occur in conserved regions of the
protein, leading to decreased stability and affecting essential functional sites of RNA polymerase, the target of these
antibiotics. Although the structural differences between the native and mutant proteins are minimal, notable changes
in local hydrogen bonding have been observed. Despite similar binding energies, variations in hydrogen bonds

and hydrophobic interactions in certain mutants (for instance, D461E for rifalazil and S476F for rifampin) indicate

that these changes may diminish ligand affinity and specificity. Furthermore, protein-protein network analysis
demonstrated a strong correlation between wild-type rpoB and ten C. pneumoniae proteins, each fulfilling specific
functional roles. Consequently, some of these mutations can reduce the bacterium’s sensitivity to rifampin and
rifalazil, thereby contributing to antibiotic resistance.

Conclusion The findings of this study indicate that mutations in the rpoB gene, which encodes the beta subunit of
RNA polymerase, are pivotal in the resistance of C. pneumoniae to rifampin and rifalazil. Some of these mutations may
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challenge.
Clinical trial number Not applicable.

result in reduced protein stability and changes in the structure, function, and antibiotic binding. As a consequence,
the efficacy of these drugs in inhibiting RNA polymerase is compromised, allowing the bacteria to persist in
transcription and replication even in the presence of antibiotics. Overall, these insights enhance our understanding
of the resistance mechanisms in C. pneumoniae and could guide the development of strategies to address this
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Background

Chlamydia is a gram-negative, obligate intracellular
bacterium that causes various infections in humans and
animals [1, 2]. The Chlamydiaceae family includes many
species, and those pathogenic to humans are Chlamydia
trachomatis and Chlamydia pneumoniae, in addition to
several Candidatus species [1], as well as the recently
described Chlamydiifrater genus, C. phoenicopteri, and
C. volucris [3]. C. pneumoniae is primarily associated
with respiratory tract infections. Untreated or prolonged
C. pneumoniae infection can lead to several conditions,
including lung cancer, Alzheimer’s disease, asthma, ath-
erosclerosis, multiple sclerosis, temporal arteritis, stroke,
and macular degeneration [4, 5]. The first line of treat-
ment for Chlamydia infections typically involves antibi-
otics, depending on the specific Chlamydia species [5].
However, several factors, such as improper prescription,
overuse, or misuse of these drugs, can lead to antibiotic
resistance, making treatment ineffective [6, 7]. Antibiotic
resistance is a global public health issue that has pro-
gressed faster than ever since the discovery of the first
antibiotic [8, 9]. Mutations in specific genes are related
to the development of antibiotic resistance [5, 7, 10, 11].
In the case of C. pneumoniae, mutations in the rpoB-
encoded protein are linked to resistance to rifampin or
rifalazil [11-13]. In silico analysis of gene mutations is a
valuable tool that helps enhance experimental research
by providing insights into how changes in the genetic
code affect the stability, structure, and antibiotic bind-
ing. This, in turn, determines the protein’s function and
the bacterium’s sensitivity to antibiotic treatment [14,
15]. While this method has been used to some extent, its
application in the study of gene alterations in C. pneu-
moniae is still limited. Notably, Benamri and colleagues
reviewed the genes and mutations related to antibiotic
resistance in Chlamydia species [11]. The study focused
on specific mutations in the rpoB gene of C. trachoma-
tis and C. pneumoniae that are associated with resis-
tance to rifamycins, such as rifampin. It also identified
mutations in the gyrA gene linked to resistance against
fluoroquinolones. Additionally, C. trachomatis displayed
resistance to macrolides (due to mutations in 23 S rRNA,
rplD, and rplV), tetracyclines (rpoB), fosfomycin (murA),
and MDQA (secY). C. psittaci demonstrated resistance

to aminoglycosides (mutations in 16 S rRNA and rpoB)
and macrolides (23 S ¥rRNA). On the other hand, C. suis
exhibited resistance to tetracyclines (tet(C)), while C.
caviae developed resistance to macrolides (23 S rRNA).
These mutations affect mechanisms such as protein syn-
thesis inhibition and transcription, contributing to antibi-
otic resistance across different species of Chlamydia [11].
Furthermore, they performed an in-silico analysis of rpoB
mutations to understand their impact on C. trachomatis
susceptibility to rifamycin [16]. However, despite these
significant contributions, a comprehensive understand-
ing of gene mutations and antibiotic resistance across
Chlamydia species is still relatively lacking, especially in
C. pneumoniae. In this study, we performed an in-silico
analysis of mutant proteins encoded by the rpoB gene in
C. pneumoniae to understand the functional, structural
and antibiotic binding impacts of the mutations on the
bacterium’s resistance to antibiotic treatment.

Methods

In this study, we conducted an in-silico analysis utiliz-
ing various bioinformatics tools. Our approach included
predicting the functional impact and pathogenicity of
genetic variants, assessing changes in thermodynamic
stability, analyzing evolutionary conservation, perform-
ing structural comparisons of wild-type and mutant
models, examining protein-ligand interactions through
docking analysis, and investigating protein-protein inter-
actions through network analysis (Fig. 1).

Mutations and native protein sequence retrieval

To identify all rpoB gene mutations associated with C.
pneumoniae antibiotic resistance, we performed a com-
prehensive literature search targeting databases such
as PubMed, ScienceDirect, Google Scholar, and Web of
Science, using the following keywords: Chlamydia pneu-
moniae, resistance gene, rpoB gene, mutations, antibiotic,
and sensitivity to antibiotics. The C. pneumoniae rpoB-
encoded protein sequence and its 3D structure were
obtained from UniProt (https://www.uniprot.org/) and
the AlphaFold Protein Structure Database (https://alpha
fold.ebi.ac.uk/), respectively.
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Functional impact and pathogenicity prediction of
variants

To predict the functional impact of amino acid substi-
tutions and their pathogenicity, we used two web-based
tools: MutPred2 (http://mutpred.mutdb.org/#qform)
[18] and PredictSNP1.0 (https://loschmidt.chemi.muni
.cz/predictsnpl/) [19]. MutPred2 is a machine-learning
tool that predicts the impact of amino acid substitutions
on protein function and pathogenicity. It classifies sub-
stitutions as pathogenic or benign, forecasting effects
on over 50 protein properties. Integrating genetic and
molecular data generates a pathogenicity score from
0 (likely benign) to 1 (likely pathogenic) and identifies
affected molecular processes with associated scores [18].
On the other hand, PredictSNP1.0 incorporates nine dif-
ferent bioinformatics tools: SIFT [20], PolyPhen-1 [21],
PolyPhen-2 [22], MAPP [23], PhD-SNP [24], SNAP [25],
PANTHER [26], PredictSNP [27], and nsSNPAnalyzer
[28]. This tool displays the confidence scores from each
tool and provides an overall prediction expressed as per-
centages based on their accuracy levels. We classified
mutations as deleterious when the results of five of the
nine tools were determined to be deleterious [16].

Prediction of changes in protein thermodynamic
stability

Protein stability is crucial for maintaining a protein’s
structure and function. It is influenced by factors such
as amino acid residue interactions, covalent bonds, and
environmental conditions such as temperature, pH, and
solute concentration [29]. The stability of a protein can
be measured by the difference in the Gibbs free energy of
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unfolding between its native and denatured states (AAG
= AGpyeant = AGyiid—type)- The sign of AAG determines
if a variation increases (AAG >0) or decreases (AAG <0)
protein stability [16, 29]. Numerous computational
approaches have been developed to predict changes in
the thermodynamic stability of proteins due to mutations
[30]. This study carefully selected two tools, Dynamut2 (
https://biosig.lab.uq.edu.au/dynamut2/submit_predictio
n_mm) [31] and SAAFEC-SEQ (http://compbio.clemson
.edu/SAAFEC-SEQ/index.php#started) [32], to perform
this analysis.

Analysis of conserved amino acid residues

The amino acid sequence of a protein provides insight
into its structure and function. A comparison of homolo-
gous sequences revealed which amino acids are essential
for this function. The Consurf server (https://consurf.tau
.ac.il) was utilized to identify the locations of amino acids
based on evolutionary conservation [33-35]. The con-
servation scores range from 1 to 9, with 1 being the least
conserved region and 9 being the most conserved region.

Site-directed mutagenesis analysis

Hydrogen bonds play a crucial role in stabilizing protein
structures and influencing their functional properties.
Therefore, understanding how mutations affect hydro-
gen bonding is essential for evaluating their impact on
protein function [36]. In this study, we introduced site-
directed mutations in the rpoB-encoded protein using
Swiss PDB Viewer software version 4.1.0 [37]. This
allowed us to transform the 3D structure from its native
form into mutant forms, enabling us to examine the
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hydrogen bonding patterns in both the native and mutant
structures of the protein.

Protein 3D mutant structure modeling and validation

To evaluate the impact of each mutation on protein
structure, we constructed 3D models of the mutant pro-
teins encoded by rpoB gene using SWISS-MODEL (ht
tps://swissmodel.expasy.org/) [38]. This tool employs a
homology modeling algorithm to generate 3D structures
based on sequence alignment with established templates.
We chose the model of highest quality based on sequence
identity and the Global Model Quality Estimation
(GMQE) [38]. To verify the reliability of the models, we
created Ramachandran plots using MolProbity version
4.4 [39]. Following the modeling process, we conducted
energy minimization with UCSF Chimera v.1.18 using
the steepest descent algorithm [40, 41]. This step opti-
mizes the molecular arrangement by minimizing steric
clashes and achieving a more stable, energetically favor-
able conformation.

Comparison of the structures of wild-type and
mutant models

We compared the structures of the native and mutated
proteins by calculating the Root-Mean-Square Deviation
(RMSD) between the wild-type and mutated structures
using PyMol software version 3.0.3. A smaller RMSD
value indicates a greater structural similarity [42].

Molecular docking analysis

To understand how structural changes resulting from
mutations can affect antibiotic sensitivity, we conducted
a molecular docking analysis using AutoDock4 (version
4.2.6) [43—45]. This analysis simulates the binding of anti-
biotics to both wild-type and mutant protein structures,
allowing us to predict how mutations may alter binding
affinity. We determined the grid box coordinates and
dimensions in the x, y, and z directions using CavityP-
lus 2022 (http://www.pkumdl.cn:8000/cavityplus#/) tool
with ligand mode whenever possible [46]. Additionally,
we utilized BIOVIA Discovery Studio v.24.1 to create 2D

Table 1 rpoB-encoded protein mutations related to antibiotic
resistance in C. pneumoniae
Study Reference
Kutlin et al. 2004 2]

Mutation
L456l
D461E
S454F
L4785
F450S
R421S
S519Y
456l
S476F

Antibiotic
Rifampin

Rifalazil

Rothstein et al. 2008 [13] Rifampin
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visualizations that highlight key aspects of the protein-
ligand interactions [47].

Prediction of protein-protein interactions

To investigate the interaction of the rpoB-encoded pro-
tein with various proteins, the STRING server (version
12.0) (https://string-db.org) [48] was used. This allowed
us to contextualize the rpoB gene within its broader pro-
tein interaction network, helping to explore its functional
relationships with other proteins within the C. pneumo-
nia system [48, 49].

Results

Retrieved and collected data

A literature search revealed eight mutations in the rpoB-
encoded protein related to the antibiotic resistance of
C. pneumoniae to rifampin or rifalazil. These mutations
were identified in studies by Kutlin et al. in 2004 [12] and
Rothstein et al. in 2008 [13] (Table 1). The sequence data
for the wild-type rpoB-encoded protein were obtained in
FASTA format from the UniProt database (UniProt ID:
Q9Z9A0). The predicted 3D structure was retrieved from
the AlphaFold database (AlphaFold DB: AF-Q9Z9A0-F1,
https://alphafold.ebi.ac.uk/search/text/AF-Q9Z9A0-F1),
with an average quality score (pLDDT) of 88.5. This score
indicates that the predicted 3D structure of the wild-type
protein is of high quality.

Functional impact of variants and their pathogenicity

The eight mutations previously collected were analysed
with both MutPred2 and PredictSNP1.0 tools. Patho-
genic mutations (R421S, F450S, S454F, D461E, S476F,
L478S, and S519Y) consistently show harmful predic-
tions across both tools (Table 2), leading to alterations
in critical motifs and multiple molecular modifications
that disrupt protein structure and function (Table 3). The
benign mutation L4561 (MutPred2 score<0.5), despite
being predicted to be deleterious by PredictSNP1.0,
shows no affected motifs or molecular alterations. Simi-
larly, although the D461E mutation is expected to be
harmful, it does not involve modifications to specific
molecular mechanisms.

Prediction of changes in protein thermodynamic stability
The prediction of changes in protein stability for the
eight mutations within the rpoB-encoded protein was
conducted via two distinct tools, SAAFECSEQ and
Dynamut2. The mutations were predicted to decrease the
stability of the rpoB-encoded protein in C. pneumoniae
strains (AAG <0) (Fig. 2).

Analysis of conserved amino acid residues
The Consurf tool results suggest that the rpoB-encoded
protein’s specific residues are conserved. Each of the 8
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Table 2 Prediction of the functional impact and the
pathogenicity of variants via the MutPred2 and PredictSNP1.0
tools

Amino MutPred2 PredictSNP1.0

acid Score Predic- Affected PROSITE and Prediction

change tion ELM Motifs

R421S 0892 P ELMEO00062, D
ELME000233.

F450S 0853 P ELMEO00053,ELME000146, D
ELME000336.

S454F 0631 P ELMEOO0063,ELMEQ D
00202,ELME000328,
ELME000336.

L456l 0384 B ND D

D461E 0592 P ELMEQO00052, ELME000336 D

S476F 0876 P ELMEOOOO08,ELMEQ00062, D
ELME000085, ELMEO00106
LELME000146,ELME000249,
ELMEQ00334, PS00004.

L478S 0854 P ELMEOO0008,ELMEO D
00062,ELME000085,
ELME000336.

S519Y 0919 P ELMEO00053,ELMEO D
00063,ELME000182,
ELME000333,

ELMEO00336, PSO0008.

B: refers to the benign variant, D: refers to the deleterious/nonstable effect, P:
stands for the pathogenic variant, and ND: Not Determined

residues had a high conservation score (9). More specifi-
cally, 3 positions were located on surface-exposed resi-
dues (F), and 5 positions were buried within the protein
(S) (Table 4).

Site-directed mutagenesis results

Using Swiss PDB Viewer version 4.1.0, we converted the
3D structure of the rpoB-encoded protein from its native
form to its mutant form. The Comparison of the native
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Table 3 Results of the molecular mechanism predictions of
amino acid substitutions via MutPred2

Amino  Molecular mechanisms with P values <=0.05
acid (Probability)
change |oss Gain Altered
R421S Allosteric Proteolytic cleav- DNA binding (0.22),
siteat R421  age at D426 (0.11).  Metal-binding (0.14),
(0.37), Disordered interface
Helix (0.27). (0.29),
Coiled-coil (0.10).
F450S ND Intrinsic disorder Disordered interface
(0.32), (0.28),
Methylation at Stability (0.12).
K448 (0.10).
S454F ND ND Disordered interface
(0.33),
Ordered interface (0.33).
S476F Methyla- Allosteric site at DNA binding (0.19),
tion at K472 R474(0.33), Metal-binding (0.14).
(0.12). Catalytic site at
R474 (0.10).
1478S Allosteric Relative solvent ac-  Metal binding (0.14),
siteat R474  cessibility (0.27), DNA binding (0.18),
(0.25). B-factor (0.26), Stability (0.26),
Intrinsic disorder Ordered interface (0.31).
(0.42),
Catalytic site at
G479(0.12).
S519Y Catalytic Allosteric site at Metal binding (0.31),
site at S519  S519 (0.36). Ordered interface (0.28),
0.17). DNA binding (0.23),

Transmembrane pro-
tein (0.15).

ND: Not Determined

and mutant structures (Fig. 3a and b) revealed significant
changes in the positioning of hydrogen bonds.

N Dynamut2

RA21S 1 o SAAFEC-SEQ

FA50S A
S454F A
L456 +
D461E 4
S476F 4
L4785

S$519Y A

-35 -30 -25

-2.0

-15

AAG (kcal/mol)

Fig. 2 Prediction of changes in protein stability via the SAAFECSEQ and Dynamut2 tools

-1.0

-0.5

0.0



Esskhayry et al. BMC Microbiology (2025) 25:157

Table 4 Evolutionary conservation analysis of amino acids in the
RpoB gene-encoded protein
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Table 5 Assessment of the structure of 3D models of mutant
proteins generated by SWISS-MODEL

Amino acid Conservation  Prediction

change score

R421S 9 Highly conserved and exposed
(F)

F450S 9 Highly conserved and buried (S)

S454F 9 Highly conserved and exposed
()

L456l 9 Highly conserved and buried (S)

D461E Highly conserved and exposed
(F)

S476F Highly conserved and buried (S)

1478S Highly conserved and buried (S)

S519Y 9 Highly conserved and buried (S)

3D modeling of mutant proteins and validation

All mutant models were generated using the SWISS-
MODEL, achieving a sequence identity of 79.55% with
the template and a GMQE score of 0.89, indicating high
confidence in the reliability and quality of the predicted

Mutant structure

Native structure

Lasel

Amino acid Sequence GMQE Ramach-
change Identity andran
favourable
region (%)
R421S 79.55% 0.89 96.14%
F450S 79.55% 0.89 96.14%
S454F 79.55% 0.89 97.35%
L456l 79.55% 0.89 96.31%
D461E 79.55% 0.89 96.14%
S476F 79.55% 0.89 96.31%
L478S 79.55% 0.89 96.14%
S519Y 79.55% 0.89 97.27%

3D structures (Table 5). The Ramachandran favorable
region percentages are consistently high, ranging from
96.14 to 97.35%, reflecting well-optimized structural
geometries (Fig. 4).

Mutant structure

Native structure

D461E

(e)

S476F
(f)

L4785
(g)

S519Y
(h)

(b)

Fig. 3 [a] Comparison of rpoB-encoded protein hydrogen bonding, from the native to the mutant structure. a Wild type R and mutant S residues at 421th
position (R421S). b Wild type F and mutant S residues at 450th position (F450S). ¢ Wild type S and mutant F residues at 454th position (S454F). d Wild type
L and mutant | residues at 456th position (L4561). [b] Comparison of Hydrogen Bonding in the rpoB-Encoded Protein Between the Native and Mutant
Structures. e Wild type D and mutant E residues at 461th position (D461E). f Wild type S and mutant F residues at 476th position (54767). g Wild type L
and mutant S residues at 478th position (L478S). h Wild type S and mutant Y residues at 519th position (S519Y)
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Structural comparison between mutant and wild- Binding site alterations analysis

type proteins The analysis of the binding sites for both the wild-type
To evaluate the structural impact of mutations, we super-  and mutant forms revealed significant reductions in bind-
imposed the 3D structures of the native and mutant ing pocket volume and surface area across all mutants
forms of the rpoB-encoded protein (Fig. 5). The analysis compared to the wild-type. The wild-type protein had
revealed minimal structural deviations, with RMSD val-  a larger pocket volume of 7940.62 A® and a surface area
ues ranging from 0.022 A to 0.024 A for all the studied of 2553.50 A% In contrast, the mutants consistently
mutations (Table 6). exhibited reduced volumes, ranging from 5830.62 A® to

O N
1o RO
-180°

-
0]

o<

180°)

180°

180°

Ramachandran favorable region: 97.27%

Ramachandran favorable region: 96.31% fp

L J \ J

o=

Fig. 4 Three-dimensional structures of the predicted mutant proteins, along with Ramachandran favorable regions and corresponding plots generated
by MolProbity
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pasie )/

L456l

V3

Fig. 5 The superimposed structures of the mutant and wild-type amino acids of the rpoB-encoded protein at different positions. The native amino acid

is red, and the mutant amino acid is green

5905.62 A®, with surface areas approximately between
1885 A” and 1896 A? (Table 7).

Molecular docking results
The docking results indicate that the binding energies for
both the wild-type and mutant proteins are comparable.

Notably, rifalazil shows a slightly stronger binding affinity
in the wild-type (-10.56 kcal/mol) compared to rifampin
(-9.79 kcal/mol) (Fig. 6). Mutants such as D461E, F450S,
and R421S exhibit binding energies similar to those of
the wild-type, while others, including S476F and 1L478S,
demonstrate marginally weaker binding affinities (Fig. 6).
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Table 6 RMSD values of the rpoB-encoded protein between the
native and mutant structures

Amino acid change RMSD (A)
R421S 0.024
F4505 0.024
SA54F 0.022
456l 0.024
D461E 0.024
S476F 0.023
14785 0.024
S519Y 0.023

Table 7 Binding site properties of wild-type and mutant rpoB-
encoded proteins predicted by CavityPlus

Amino acid Box Size (A) Box Center(A)  Volume Sur-
change (A3) face
Area
Ay
Wild type 29.032.031.0 -11.51006.5 7940.62 2553.50
R421S 265285235 -12.7511.259.75 5858.12  1888.00
F450S 265285235 -12.7511.259.75 585812  1888.00
S454F 265285235 -127511.259.75  5860.75 1885.75
456l 265285235 -12.7511.259.75 585825 1887.75
D461E 265285235 -12.7511.259.75 583062 1886.25
S476F 265285235 -12.7511.259.75 5905.62 1896.00
1478S 265285235 -12.7511.259.75 585825 1887.75
S519Y 265285235 -12.7511.259.75 585725 1885.25
Mutations significantly alter the interaction patterns
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of both rifalazil and rifampin compared to the wild-
type protein (Table 8). In the wild-type, rifalazil forms
a strong binding interaction through a hydrogen bond
with ASN:45 and has extensive hydrophobic interactions
with residues such as ILE:46 and GLU:528 (Table 8). In
contrast, rifampin forms a single hydrogen bond with
SER:398 and has fewer hydrophobic interactions. When
mutations occur, rifalazil completely loses its hydrogen
bonding (e.g., in D461E), with its interactions shifting
solely to hydrophobic contacts involving residues like
TYR:166 and LYS:28 (Table 8). For rifampin, mutations
such as F450S and R421S enhance hydrogen bonding
(e.g., with ASN:45 and ARG:337), increasing its polar
interactions. However, in other mutants, such as S476F
and L4561, rifampin loses its native hydrogen bonds and
relies heavily on hydrophobic interactions with residues
like ILE:36 and VAL:76 (Table 8).

While the binding energies remain similar across differ-
ent protein variants, the distinct patterns of interactions,
particularly regarding hydrogen bonds and hydrophobic
contacts, suggest that these variations may influence the
ligand’s affinity and specificity (Figs. 7 and 8).

Protein-protein interactions

Analysis of protein-protein interactions has revealed
insights into the activities and connections of several
important proteins in the bacteria C. pneumoniae (Fig.
9 ). The protein encoded by the rpoB gene interacts with

Binding Energy Trends for Wild-Type and Mutant Proteins
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Fig. 6 Binding energy (Kcal /Mol) trends for wild-type and mutant proteins

Protein
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Table 8 Docking analysis of wild-type and mutant rpoB proteins
withrifalazil and rifampin: interactions involving conventional
hydrogen bonds and hydrophobic interactions (Pi-Sigma &
Pi-Alkyl, alkyl and Amide-Pi Stacked)

Protein Ligand Interactions
Conventional Hydrophobic (Pi-
Hydrogen bond  Sigma & Pi-Alkyl,
alkyl and Amide-Pi
Stacked)
Wild-type Rifalazil ASN:45 ILE:46, GLU:528,
ILE:526, LYS:28, ILE:25,
LYS:525, PRO:20
Rifampin SER:398 ILE:25, ILE:526
D461E Rifalazil - TYR:166, ILE:46,
LYS:525, LYS:28
F450S Rifampin ASN:45, ASN:334,  ILE:46
VAL:338, ARG:337
S454F Rifampin VAL:338, ARG:337,  ILE:46
ASN:334, ASN:45
L456l Rifampin - ILE:36, THR:981,
LEU:74, VAL:76,
ARG:985
R421S Rifampin VAL:338, ARG:337,  ILE:46
ASN:334, ASN:45
S476F Rifampin LEU:39 ILE:36, VAL:76, VAL:93,
PRO:77,LEU:119
L4785 Rifampin LEU:39 ILE:36, LEU:119,
PRO:77,VAL:76
S519y Rifampin THR:690 ILE:687

various proteins, including RpoC, RpoA, RpIK, RpIF,
RpIC, RplV, RplJ, RpsE, RpIL, and RpsC, as indicated by
the scores (Table 9). Each protein has a unique function
that is crucial for cellular activities such as transcription
and translation. These interactions are supported by high
confidence values, highlighting their reliability.

Discussion

C. pneumoniae is a pathogenic bacteria known for caus-
ing respiratory tract infections [4, 5]. Antibiotics that
target DNA and protein synthesis, such as macrolides,
tetracyclines, and quinolones, are effective against C.
pneumoniae [4, 50-52]. However, with the overuse or
misuse of these drugs, this bacterium can develop resis-
tance to specific antibiotics through different mecha-
nisms [6, 10, 53-55]. Mutations in the rpoB-encoded
protein of C. pneumoniae are associated with resistance
to rifampin and rifalazil antibiotics [11-13]. these drugs
inhibit bacterial RNA polymerase by binding to its beta-
subunit, disrupting RNA synthesis which is critical for
bacterial survival [5]. These mutations can alter the pro-
tein’s structure, stability, and antibiotic binding, thereby
impacting its function and the bacterial response to anti-
biotics. To investigate these effects, we conducted an in-
silico analysis using bioinformatics tools to evaluate the
structural and functional implications of these mutations.
Each tool provides a different perspective—functional,
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evolutionary, structural, or interaction-based—regard-
ing how a mutation could influence protein behavior and
its subsequent role in bacterial sensitivity to antibiotics.
The deleterious effects of the eight identified mutations
(Table 1) were predicted via PredictSNP 1.0 [19]. The
analysis revealed that all mutations in the rpoB-encoded
protein are predicted to be deleterious (Table 2). Using
the MutPred2 tool, mutations R421S, F450S, S454F,
S476F, L478S, and S519Y were identified as potentially
affecting critical functional sites. These sites include
those involved in DNA binding, metal binding, and cata-
lytic activity, which may compromise the effectiveness
of RNA polymerase— the target for various antibiotics
(Table 3). As a result, these alterations could diminish
the efficacy of antibiotics and contribute to resistance by
obstructing their ability to bind to target proteins. The
benign mutation L4561 has minimal functional impact
with no affected motifs or molecular alterations, as
shown in Tables 2 and 3, despite being predicted as del-
eterious by PredictSNP1.0. Similarly, the D461E mutation
was also predicted to be pathogenic across different tools,
and lacks affected motifs (Table 2) and specific molecular
mechanism alterations (Table 3), suggesting a potentially
less severe impact. The discrepancies in the results high-
light the need for deeper predictions via new tools. The
results from the Consurf server [33-35] show that the
specific residues of the mutant proteins are conserved,
with conservation scores equal to 9 (Table 4). Mutations
in these areas can significantly affect the function and
stability of the protein, potentially leading to misfold-
ing or loss of function. These areas typically encompass
active sites, binding sites, or interaction domains cru-
cial for protein activity. This, in turn, could lead to drug
resistance or altered drug efficacy. On the other hand, the
use of Dynamut2 [31] and SAAFECSEQ [32] to predict
alterations in protein thermodynamic stability revealed
negative values of the difference in the Gibbs free energy
of unfolding (Fig. 2), indicating that the mutations would
likely disrupt the protein structure, potentially resulting
in misfolding degradation or abnormal protein aggrega-
tion. The predicted three-dimensional structures of the
mutant proteins, validated through Ramachandran plots,
demonstrate their reliability, with over 90% of residues
situated in favored regions (Table 5 ) and (Fig. 4). The
minimal RMSD values, ranging from 0.022 to 0.024 A,
indicating that the mutations do not significantly affect
the overall architecture of the protein. However, these
mutations disrupt or modify crucial hydrogen bonding
patterns that are essential for the binding and stability of
the protein (Fig. 3. a and b). Although the global structure
of the protein remains intact, these localized changes
are likely to diminish ligand efficacy, underscoring the
impact of specific amino acid substitutions on the devel-
opment of antibiotic resistance [36]. The docking results
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Fig. 7 2D representations of interactions between mutant models of rpoB-encoded protein and rifalazil and rifampin

indicate that mutations influence the binding affinity and
interaction patterns of rifalazil and rifampin, providing
valuable insights into potential mechanisms of antibiotic
resistance. The comparable binding energies observed

between the wild-type and mutant proteins suggest
that the overall energy landscape of ligand binding is
not significantly altered due to these mutations (Fig. 6,
). However, the changes in interaction patterns indicate
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Table 9 Prediction of the molecular interactions of the rpoB-encoded protein with other proteins via the STRING server
Protein Description Score
RpoC DNA-directed RNA polymerase, beta’ subunit; DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA 0.999
using the four ribonucleoside triphosphates as substrates.
RpoA DNA-directed RNA polymerase, alpha subunit; DNA-dependent RNA polymerase catalyzes the transcription of DNA into RNA 0.998
using the four ribonucleoside triphosphates as substrates.
RplK Ribosomal protein L11; Forms part of the ribosomal stalk, which helps the ribosome interact with GTP-bound translation factors. 0.993
RplF Ribosomal protein L6 binds to the 23 S rRNA and is essential in its secondary structure. It is located near the subunit interface 0.992
in the base of the L7/L12 stalk and the tRNA binding site of the peptidyltransferase center; it Belongs to the universal ribosomal
protein uL6 family.
RplC Ribosomal protein L3: One of the primary rRNA binding proteins, it binds directly near the 3-end of the 23 S rRNA, where it 0.989
nucleates the assembly of the 50 S subunit and belongs to the universal ribosomal protein uL3 family.
RplvV Ribosomal protein L22 binds specifically to 23 S rRNA; its binding is stimulated by other ribosomal proteins, e.g. L4, L17, and L20.  0.987
Itis important during the early stages of 50 S assembly. It makes multiple contacts with different domains of the 23 SrRNA in
the assembled 50 S subunit and ribosome (By similarity).
RplJ Ribosomal protein L10; Forms part of the ribosomal stalk, playing a central role in the interaction of the ribosome with GTP- 0.984
bound translation factors. Belongs to the universal ribosomal protein uL10 family.
RpsE Ribosomal protein S5, With S4 and S12, plays an essential role in translational accuracy and belongs to the universal ribosomal 0.983
protein uS5 family.
RplL Ribosomal protein L7/L12 Forms part of the ribosomal stalk, which helps the ribosome interact with GTP-bound translation fac-  0.983
tors. It is thus essential for accurate translation; it Belongs to the bacterial ribosomal protein bL12 family.
RpsC Ribosomal protein S3; Binds the lower part of the 30 S subunit head. Binds mRNA in the 70 S ribosome, positioning it for transla-  0.982

tion; Belongs to the universal ribosomal protein uS3 family.

structural modifications within the binding pocket that
could impact ligand efficacy (Table 8) and (Figs. 7 and
8). In the wild-type protein, rifalazil establishes a strong
hydrogen bond with ASN:45, which is likely critical for
its binding stability. In mutant forms, rifalazil loses this
capability to form a hydrogen bond (as evidenced in
D461E) and instead depends solely on hydrophobic inter-
actions (Table 8). This reduction in polar interactions
may compromise rifalazil effectiveness, and facilitate the
development of antibiotic resistance. Rifampin exhibits

fewer interactions within the wild-type protein, suggest-
ing a weaker baseline affinity in comparison to rifalazil
(Fig. 6) and (Table 8). However, in certain mutants, such
as F450S and R421S, rifampin acquires additional hydro-
gen bonds (for instance, with ASN:45 and ARG:337),
which may enhance its binding stability (Table 8). Con-
versely, other mutants like S476F and L4561 exhibit
diminished hydrogen bonding capabilities, resulting
in a shift in rifampin interactions towards hydropho-
bic residues, which may reduce its overall effectiveness
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(Table 8). Mutations that decrease hydrogen bonding—
such as D461E for rifalazil and S476F for rifampin—alter
the interaction profile and may subsequently reduce the
binding stability of these antibiotics. In contrast, muta-
tions like F450S and R421S, which enhance rifampin
hydrogen bonding, may allow for compensation of
structural changes and enable the protein to adapt, con-
tributing to partial resistance. Finally, the prediction
of protein-protein interactions revealed that the rpoB-
encoded protein interacts with 10 different bacterial pro-
teins (Fig. 9). These proteins are essential for ribosome

function and RNA polymerase activity (Table 9). The
interactions between the rpoB-encoded protein and the
RNA polymerase subunits (RpoC and RpoA) underscore
the central role of rpoB in transcription—a process tar-
geted by antibiotics such as rifampin and rifalazil. Muta-
tions in the rpoB gene can disrupt these interactions,
potentially altering the structure or function of the RNA
polymerase complex. Such alterations may result in
reduced sensitivity or even resistance to transcription-
inhibiting antibiotics. Furthermore, the interactions of
rpoB-encoded protein with ribosomal proteins highlight
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the interconnected nature of transcription and transla-
tion, both of which are essential for bacterial survival.
Ribosomal proteins like RplC, RplF, and RpsE are known
targets for antibiotics, including macrolides and amino-
glycosides. These findings suggest that any changes to the
rpoB-encoded protein might impact its interactions with
these partners and the complex network of molecular
activities supporting cellular function. Importantly, some
of these tools have inherent errors and biases, such as
algorithmic limitations, reliance on potentially outdated
or incomplete databases, and an inability to fully capture
the complexities of gene expression and interactions.

Conclusion

This study used various bioinformatics tools to assess the
mutations in the rpoB-encoded protein associated with
C. pneumoniae’s resistance to rifampin or rifalazil. The
impact of the mutations on function, stability, structure,
antibiotic binding and interaction was analysed, consid-
ering their location in highly conserved regions. These
mutations can affect protein function, structure, and
interactions, explaining the observed antibiotic resis-
tance. However, not all mutations result in severe func-
tional impacts. Therefore, the information obtained from
this in silico analysis can serve as a valuable resource
for further exploration into the mechanisms of C. pneu-
moniae resistance, ultimately assisting in the manage-
ment of infections and the prevention of complications.

Abbreviations

C Chlamydia

AG Gibbs free energy of unfolding

ANG Change in Gibbs free energy of unfolding
RMSD  Root means square deviation

rpoB RNA polymerase 3-subunit gene
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