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Bacterial pathogens have developed multidrug resistance which is a major challenge to global health. Fusidic acid (FA)
is a steroid antibiotic commonly used against gram positive Staphylococcus aureus (S. aureus) infections in clinics.
It binds to Elongation Factor-G (EF-G) and inhibits translation by stalling EF-G on ribosome after GTP hydrolysis.
Disease causing infectious gram positive bacteria such as Mycobacterium tuberculosis (M. tuberculosis), Mycobacterium
leprae (M.leprae) and Bacillus anthracis (B. anthracis) pose major health challenge. In order to investigate if FA can
be repurposed against these bacterial pathogens, we carried out multiple sequence alignment of EF-G from these
bacterial species followed by prediction of their three dimensional structure using homology modeling. These predicted
dimensional structures after validation were used for structural analysis with crystal structure of EF-G from Thermus
thermophilus (T.thermophilus) and S.aureus. Molecular docking was performed to dock FA into its putative binding site
of the predicted three dimensional structures of these bacterial EF-G.Multiple sequence alignment of EF-G sequences
from these bacteria showed sufficient sequence identity. Homology models of EF-G from these bacteria were compared
with available crystal structure of EF-G from Thermus thermophilus (T.thermophilus) Staphylococcus aureus (S. aureus)
which revealed overall conserved tertiary structure. Docking of FA to homology models suggested that the antibiotic in
principle bind to EF-G from these gram positive infectious bacteria. We therefore propose that fusidic acid as a strong
potential drug candidate against infections caused by these gram positive bacteria.

FUSIDIC ACID, ELONGATION FACTOR-G (EF-G), GRAM POSITIVE BACTERIA, INFECTIOUS DISEASES.

nocardia, anaerobes, and Neisseria species, but is used
almost exclusively as an anti-staphylococcal agent

Fusidic acid (FA) is a steroid antibiotic derived from
fungus Fusidium coccineum and is commonly used
against infections caused by gram positive bacterium
Staphylococcus aureus (S.aureus) (Verbist, 1990). It has an
unusual spectrum of activity that includes corynebacteria,
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(Collignon, and Turnidge,1999.). FA inhibits protein
synthesis by acting directly on elongation factor-G (EF-G)
(Bodley et al., 1969). EF-G is a GTPase which catalyzes
the translocation step during elongation phase of protein
synthesis. EF-G in complex with GTP translocates the
peptidyl-tRNA from A-site to P-site along with GTP
hydrolysis. After GTP hydrolysis, EF-GeGDP dissociates
from ribosome (Rodnina et al.1999). In the presence of
fusidic acid, EF-G remains bound to the ribosome after
GTP hydrolysis, sterically blocking the next stage in
protein synthesis. (Burns et al., 1974; , Willi et al., 1975
Belardinelli and Rodnina, 2017).

Resistance to fusidic acid is primarily caused by mutations
in fusA gene which encodes EF-G and several mutants
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conferring FA resistance in EF-G from Salmonella
typhimurium [S. typhimurium) and from S. aureus were
identified and phenotypically characterized in vivo
(Johanson and Hughes, 1994; Laurberg et al.,2000)..
Crystal structures of EF-G have been determined from
Thermus thermophilus (T. thermophilus) and S.aureus
(Avarsson,et al.,1994; Chen et al., 2010; Czworkowski
et al.,1994; Laurberg et al., 2000;). The protein is an
elongated molecule composed of five domains (I-V)
whose overall shape resembles that of a tadpole. Domain
I (G domain) is the nucleotide binding domain. Domain
I and II constitute a single globular unit while domain
III, IV and V constitute another block. The domain
interface (domain G/ Ill/ V) has been proposed to undergo
conformational change implicating conformational
dynamics of the molecule (Lin et al., 2015; Stark et
al.,2000 Waterhouse et al 2018).

Availability of the structure of EF-G allowed to map
FA resistant mutants as well as to provide possible
explanation for their mechanism of action and for the
probable binding site of FA. Main conclusions were a)
resistant mutants are spread all over the EF-G indicating
that few mutants might be directly interacting with FA
binding site. b) Three prominent clusters of mutants were
identified mapping to G domain, domain Il and domain
V. ¢) Most likely these mutations in clusters shall restrict
the conformational dynamics of EF-G required for its
function or shall modulate affinity of EF-G for ribosome/
FA or both. d).The domain interface is the most likely
binding site for fusidic acid. Among bacterial pathogens,
M.leprae, M. tuberculosis and B. anthrasis have posed
serious health challenges globally, (Katale et al 2020).

In this report, we have addressed the following issues: a)
To what extent EF-G from these select bacteria display
sequence identity to EF-G from T. thermophilus and
S.aureus so as to permit homology modeling. b) Whether
the tertiary structure is conserved among EF-G homology
models when compared with EF-G crystal structure and
¢) If fusidic acid can bind to proposed putative binding
site in these modeled structures. We report that there
exists significant overall sequence identity among
EF-G sequences from these bacteria to allow homology
modeling. The overall structural similarity of these models
is quite good when compared with EF-G structure from
T. thermophilusand S.aureus. The domain interface, the
putative binding site for fusidic acid is quite conserved
at sequence as well at structure level. Docking of fusidic
acid to these models demonstrated that domain interface
is the only cavity, where fusidic acid may bind. These
results strongly suggest that fusidic acid as a potential
drug candidate against these pathogenic bacteria.

MATERIAL AND METHODS

Sequence alignment: EF-G sequences of select infectious
gram positive bacteria were retrieved from the SWISS
PROT (Table 1.). Multiple sequence alignment of the
sequences was performed using CLUSTALW with default
parameters (Larkin et al., 2007).

Homology modeling: The three dimensional structure of
the EF-G from the select bacteria were modeled using the
SWISS MODEL (Waterhouse et al., 2018). Stereochemical
quality of the homology models were validated through
PROCHECK (Laskowski et al.,2001) Visualization of the
models and analysis was performed using PyMOL and
figures were also generated through PyMOL.

Molecular Docking: Fusidic acid was docked with
homology models using Patchdock (Schneidman-
Duhovny et al., 2005). Patchdock is geometry- based
molecular docking algorithm which evaluates molecular
shape complementarity between macromolecule and
ligand.

Figure 1: Multiple Sequence Alignment of EF-G sequences.
Identical residues are marked (*) and similar with (:).
Bold and numbered residues shows few select residues of
domain interface.
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RESULTS AND DISCUSSION

Elongation factor-G belongs to the GTPase superfamily
of proteins. The members of this superfamily shares a
nucleotide binding domain and two structural dynamic
regions, called switch I, switch I, along with phosphate -
binding loop (P- loop) which forms the part of nucleotide
binding site (Bourne et al., 1991). The protein is composed
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of five domains and can be thought of two structural
blocks, block 1(domain I and II) and block II (domains
III - V). Block II can rotate with regard to block I (Lin et
al., 2015). Alignment of EF-G sequences from these select
gram positive bacteria reveals significant conservation
of consensus elements of GTP binding proteins like
P-loop (19-25), switch-I (40-65), switch II (84 -100).
Also, secondary structural elements which are part of
interface between domain G, domain Il and domain V,
like helix BG [91-100), helix CG (117-123) and helix BIII
(456-467) are also quite conserved (Fig. 1).

Pairwise alignment of each of the EF-G sequence from
these bacteria with that of T. thermophilus reveals
significant overall sequence identity, 62 % with
S. aureus, 61% with M. tuberculosis, 67% with B.
anthracis and 60% with M. leprae (data not shown).
Significant sequence overall identity of these bacterial
sequences with EF-G from T. thermophilus and S. aureus
allowed structure prediction of these bacterial EF-G
using homology modeling. All the models were evaluated
for their stereo-chemical quality. The homology models
displayed satisfactory Ramachandran plot statistics
(data not shown).The overall fold of the modeled
structures are very similar to the elongated shape of the
EF-G crystal structure (Fig. 2).

Figure 2: Superimposition of C, traces of crystal structure
of EF-G from T. thermophilus (green), S. aureus (magenta)
with homology models of EF-G from B.anthracis (yellow),
M. tuberculosis (cyan) and M.leprae (red).

Domain G
Domain II

Domain V

Domain IIT

Domain [V

Superimposition of C_ backbone coordinates of EF-G.
from T. thermophilus with homology models showed
root — mean - square deviations (rmsd’s) of 1.24 A in case
of M. tuberculosis, 1.29 in case of M. leprae and 0.72 A
in case of B. anthracis respectively. The crystal structure
of EF-G from T. thermpophilus when superimposed with
crystal structure of S.aureus (PDB 2xex) showed rmsd of
0.71 A.This reflects quite conservation of the overall fold
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of the protein in case of EF-G from these gram positive
bacteria suggesting strong conservation of the tertiary
structure. It has been proposed that the probable binding
site of fusidic acid is domain interface (Belardinelli and
Rodnina 2017). Some of the key residues located at this
interface are Thr84, Phe90, His458, Asp435, Thr437,
G453, which are highly conserved in all the sequences
(Fig.1).A close inspection of the domain interface of
the models revealed, the putative binding pocket is also
significantly conserved at structural level. The important
elements of this interface are helix BG and helix CG from
G domain, helix BIII and strand 4V from domain III and
domain V respectively (Fig.3).

Figure 3: Zoom in view of the superimposition of the
backbone coordinates of domain interface (domain G/
IM1/V) a). T.thermophilus (green) with B.anthracis (yellow),
and S.aureus (magenta) b) T. thermophilus (green) with
M.tuberculosis (cyan) and M.leprae (red). Secondary
structure elements, helix BG, helix CG, helix BIII and
strand4V are labeled.
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Spontaneous mutations observed under fusidic
acid selective pressure are mainly clustered
in helix BG and helix CG. The domain interface
is structurally well conserved both in case of B.
anthracis and S. aureus (Fig. 3a) as well as in case of
M. tuberculosis and M. leprae (Fig.3b). Many of the
domain interface residues (Phe90, His458, Asp435,
Thr437, G453) in fact are known to confer strong
resistance to fusidic acid upon mutation (Hansson et
al., 2005). Structural aspects of fusidic acid resistance
and sensitivity have emphasized the role of domain G/
domain III/domain V interface as a key component of
the FA binding site, (Hansson et al., 2005).

In order to investigate the domain interface as most
probable binding cavity for fusidic acid, docking of fusidic
acid with all homology models as well as with the crystal
structure of EF-G from T. thermophilus and S. aureus was
performed with Patchdock, a geometry based molecular
docking algorithm. This algorithm focus on local shape
feature matching. The sequential three major stages in
the algorithm are a) molecular shape representation of
the target and the ligand b) surface patch matching of
the target and ligand c) Filtering and scoring of candidate
complexes from second stage. Solutions with significant
unacceptable steric clashes between target and ligand
atoms are filtered out and discarded. Solutions with
minor clashes (reflects conformational change of the
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molecular surface upon docking of the ligand) are scored
based on geometric compatibility based on the size of
the computed interface.

Thus solutions are ranked based on geometry scores,
interface area size and desolvation. The top twenty
solutions were analyzed and the best solution among
them based on above mentioned scores as well as
visual inspection was selected in each case. In order to
evaluate the binding position, domain interface of each
EF-G model was compared with the docked structure
of crystal structure of EF-G from T. thermophilus by
superimposition of protein C_backbone coordinates.
Inspection of the domain interface of docked structures
of EF-G from T. thermophilus, along with S.aureus and B.
anthracis, showed quite similar position and orientation
of fusidic acid in the putative binding site.

Figure 4: Close up view of domain interface of EF-G
structures docked with fusidic acid. Docked FA is shown
in the same color as the color code of the protein. a) T.
thermophilus (green) with B. anthracis (yellow), S.aureus
(magenta) b) T. thermophilus with M.tuberculosis (cyan)
and M.leprae (red)
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FA is docked in quite similar position as well as
orientation in a) while the position seems to be similar
in b), orientation is different in each case. Both in a) and
b), FA is in close proximity to helix BG, helix BIIl and
strand 4V. Figure 4b shows the results of superimposition
at domain interface when docked structure of EF-G from

T. thermophilus is compared with that of M. tuberculosis
and M. leprae. FA seems to bind almost in similar
position in the interface as in case with S.aureus and B.
anthracis (Fig. 4a), yet the orientation seems to be quite
different. It is known that FA binds to EF-G only when it
is bound to ribosome (Belardinelli and Rodnina 2017).

Fusidic acid does not inhibits GTP hydrolysis and
translocation by EF-G but prevents the dissociation of
EF-Ge GDP from ribosome binding (Borg et al., 2015).
Nonetheless, structural mapping of fusidic acid resistant
mutants in S. aureus and S. typhimurium led to proposal
of a putative binding site for fusidic acid, implicating
the interface of domain G with domain II and domain V
as the most probable binding site (Laurbert et al., 2000)
The current hypothesis is that that the domain interface
is the most likely binding site for fusidic acid, especially
implicating the role of Phe 90 in binding of FA to its
putative site (Koripella et al., 2012). It is also interesing to
note that some strong FA resistant mutations are located
in the domain interface (Nagaev et al., 2001). Among
these residues, Thr 84, Phe 90 are part of a loop which
comprises switch II preceding helix BG . His 458 is part
of helix BIII and G453 is part of domain interface.

Fusidic acid has been shown to be effective in vitro
against certain clinical isolates of M.tuberculosis
[Hoffner et al., 1990; Cicek-Saydam et al., 2001). Also
strains of M. tuberculosis mono- or multiresistant to
standard antituberculosis drugs have been reported to be
susceptible to fusidic acid (Fuursted et al., 1992). It has
been demonstrated that FA has excellent pharmacokinetics
and in vitro activity against extracellular and intracellular
M. leprae (Franzblau et al., 1992). There is only one
reported clinical trial of FA for lepromatous leprosy
[Franzblau et al., 1994). Little FA resistance has been
reported against B. anthracis isolates [Odendaal et al.,
1991). The results presented in this paper demonstrate
significant conservation of EF-G sequence as well as
structure along with strong conservation of domain
interface among these gram positive pathogenic
bacteria.

These findings strongly suggests that FA shall not
be exclusively used as anti-staphylococcal and has a
potential to be used as a drug against these gram positive
bacterial pathogens.

CONCLUSION

In conclusion, this study demonstrates that fusidic
acid, an important antibiotic primary used against
S. aureus can be repurposed for other gram positive
infectious bacteria namely B.anthracis, M. leprae, and
M. tuberculosis.
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