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ABSTRACT: Streptococcus pyogenes (group A streptococcus, GAS), a
Gram-positive bacterium, is a major cause of mild to severe life-
threatening infections. Antibacterial resistance to penicillin and macrolides
poses a major threat in the treatment of GAS and necessitates alternate
drugs and newer antibiotics. In this direction, nucleotide-analog inhibitors
(NIAs) have emerged as important antiviral, antibacterial, and antifungal
agents. Pseudouridimycin (PUM), a nucleoside analogue inhibitor
discovered from the soil bacterium Streptomyces sp., has proven to be
effective against multidrug-resistant S. pyogenes. However, the mechanism
of its activity remains elusive. In this study, subunits of the RNA
polymerase of GAS have been identified as targets for PUM inhibition and
the binding regions have been mapped to the N-terminal domain of the β′
subunit, using computational methods. The antibacterial activity of PUM
against macrolide-resistant GAS was evaluated. PUM showed effective inhibition at 0.1−1 μg/mL concentration, which was higher
when compared to earlier reports. The molecular interaction between PUM and the RNA polymerase β′-N terminal subunit was
investigated using isothermal titration calorimetry (ITC), circular dichorism (CD), and intrinsic fluorescence spectroscopy. The
thermodynamic characterization by ITC showed an affinity constant of 6.175 × 105 M−1 denoting a moderate affinity. Fluorescence
studies revealed that the interaction of protein-PUM was spontaneous in nature and follows a static quenching of tyrosine signals
from the protein. The near- and far-UV CD spectral analysis concluded that PUM induced local tertiary structural changes in the
protein, predominantly contributed by aromatic amino acids rather than notable changes in the secondary structure. Hence PUM
could be a promising lead drug target for macrolide-resistant strains of S. pyogenes and enable eradication of pathogen in the host
system.

■ INTRODUCTION
A worldwide endemic outbreak by pathogens always poses a
threat to humankind. Among pathogens, Gram-positive
bacteria are of concern since they can cause life-threatening
diseases. One of the well-known species of Gram-positive
extracellular bacterial pathogens is Streptococcus pyogenes
(group A streptococcus, GAS). Group A streptococci populate
the skin or throat and possess sophisticated virulence
mechanisms enabling escape from host defense mechanisms
and causing bacterial pharyngitis, scarlet fever, and impetigo.1

In a recent study, GAS pharyngitis was found to co-occur with
COVID-19 infection, causing genuine concern about strepto-
coccal diseases.2 In light of this, internalization and intra-
cellular survival offer a unique explanation for the ineffective-
ness of penicillin. Further, incidence of macrolide resistance
has been reported in GAS strains, pushing the edge to find new
antibiotics or vaccine candidates to forestall disease mortality.3

Among various drug targets, bacterial RNA polymerases
(bRNAPs) have been the most attractive for a multitude of
broad-spectrum antibacterial therapies for three reasons: (a)
the cruciality of the enzyme for bacterial survival, (b) highly
conserved sequence similarity of the subunits across bacterial

species, and (c) diversity of sequences among prokaryotes and
eukaryotic RNA polymerases I, II, and III.4 bRNAP inhibitors
attach to the multienzyme complex at various sites, particularly
the β′ subunit, which harbors the active center. The well-
known antibiotic Rifamycin and its derivatives, namely
rifampicin, rifabutin, and rifamexyl (RMX), inhibit bacterial
infection by sterically impeding the expansion of emerging
RNA.5 Streptolydigin, lipiarmycin, CBR hydroxamidines and
their pyrazole derivatives inhibit the bRNAPs by averting the
chain elongation and transcription initiation mechanism.6,7

The notable cyclic peptide GE23077 targets active center i and
i+1 sites, thus stalling the transcription process.8 Apart from
the active center, the switch regions of RNAPs have been
targets for inhibitors such as myxopyronin, ripostatin,
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corallopyronin and squaramides.9,10 Despite the fact that there
are numerous bRNAP inhibitors, rifamycins and lipiarmycins
are currently in clinical use to date.11

Apart from the conventional antibiotics, a new paradigm,
nucleoside analogue inhibitors (NAIs), have demonstrated
selective bacterial RNAP inhibition, imposing functional
constraints by substituting RNAP nucleoside-triphosphate
(NTP) binding sites and minimizing the substitutions that
confer resistance.12 These nucleoside analogues are routinely
used to treat viral and fungal infections but have gained less
attention as antibacterial compounds.13 Most researchers
believed that it would be impossible for a drug to specifically
block the nucleoside triphosphate binding site of bacterial
RNA polymerase because its sequence and structure are
comparable to human RNA polymerase. In a recent discovery,
pseudouridimycin (PUM), a new microbially synthesized
nucleoside-analogue inhibitor of bacterial RNA polymerase
with wide-ranging antibacterial action and a low rate of
resistance acquisition has been reported.14 Pseudouridimycin is
selective because of its side chain that binds in a region that is
conserved in bacterial RNA polymerases but not in humans. It
is shown that PUM particularly inhibits bRNAP in vitro, with
an IC50 of ∼0.1 μM and also with a minimum inhibitory
concentration (MIC) of 4 to 6 μg/mL. In vitro bactericidal
activity is reported for PUM against drug-sensitive, drug-
resistant, and multidrug-resistant Streptococcus species.
Further, PUM has been shown to clear S. pyogenes infection
in vivo in a mouse peritonitis model. From the crystal structure
of Thermus thermophilus, PUM was shown to strive for UTP
occupancy and binds to the bRNAP NTP addition site.15

Another interesting feature of PUM is that it did not exhibit
any cross-resistance with the well-known clinical inhibitors.
PUM binds to the NTP site, making it considerably more
difficult for the bacteria to build resistance because blocking its
binding would probably also abrogate RNAP activity. The N-
hydroxy, glutamine, and guanidinyl moieties of PUM were
shown to be crucial in preliminary lead-optimization studies
(Figure 1). Any alteration or repression of these groups

resulted in a sharp decline in activity while protection of the
glutamine side-chain amide was tolerated.16 Despite the
enthusiasm of the discovery of a new antibiotic, molecular-
level interactions of PUM with bRNAP have not been
reported. Hence, an attempt has been made to show the
actual binding nature of PUM. Here, we report the

antibacterial activity of PUM against macrolide-resistant GAS
and postulate a possible mechanism of PUM inhibition of
RNAP in S. pyogenes through various biophysical and
computational methods.

■ MATERIALS AND METHODS
Antibacterial Activity. The antibacterial activity of PUM

against S. pyogenes was evaluated by the micro dilution method.
Clinical samples obtained from the Voluntary Health Services
(VHS), Adyar, Chennai, and standard cultures obtained from
The Microbial Type Culture Collection and Gene Bank
(MTCC) were grown in Mueller−Hinton broth (MHB)
supplemented with 5% defibrinated sheep blood and used for
the activity studies. The inoculum was prepared from a single
colony in MHB liquid medium with 5% defibrinated sheep
blood and incubated at 37 °C in a candle jar for 24−48 h. The
derived bacterial suspension after 24 h was diluted to 108
CFU/mL (turbidity = McFarland barium sulfate standard 0.5)
with sterile MHB medium. PUM was dissolved in sterile water
to a final concentration of 1 mg/mL and further serially diluted
in a 1:1 ratio to the concentrations ranging from 1 to 0.0156
μg/mL; 100 μL of each dilution was distributed in 96-well
microtitration plates, along with sterility control (MHB alone)
and growth control (MTCC culture). All the test and growth
control wells were inoculated with 5 μL of bacterial suspension
and the 96-well microtitration plates were incubated for 24 h in
a candle jar at 37 °C. The experiments were performed in
triplicate, and the microtitration plates were checked for
inhibition by streaking each well in the MHB agar plate with
5% defibrinated sheep blood incubated at 37 °C for 24 h.
Molecular Docking. The mechanism of PUM binding to

the RNAP complex has been studied by docking ligand with
the RNAP beta (β) and beta prime (β′) subunits. The binding
pocket of PUM was identified by comparing the RNA
polymerase complex of S. pyogenes with the crystal structure
of the Thermus thermophilus RNAP-PUM complex, retrieved
from the PDB (PDB id: 5X21). A sequence alignment of the β
and β′ prime subunits of S. pyogenes against those of T.
thermophilus was carried out. The interacting residues were
aligned and the binding pocket was identified in the modeled
RNA polymerase β and β′ complex of S. pyogenes. The β and β′
subunits were docked using the HADDOCK web interface,17

and the docked complex was subjected to hydrogen bond
optimization and energy minimization using a protein
preparation wizard under the OPLS-2005 (Optimized
Potential for Liquid Simulations) force field.18 The 3D
coordinates of the ligand were generated using the Ligprep
module,19 and energy was minimized under the OPLS-2005
force field. The docking of ligand PUM with the β-β′ protein
complex was carried out using the Induced Fit Docking (IFD)
module of Schrödinger.20 The best docked poses from 20
generated structures were chosen based on the glide energy,
docking score, and favorable interactions.
Molecular Dynamics Simulation. The stability of the

docked complex was assessed by performing a molecular
dynamics (MD) simulation using GROMACS 2020.3.21 The
docked complex was placed in a solvated cubic box using the
space point charge (SPC) water model at a distance of 1.0 nm
for all atoms to the edge of the box. The topology file for the
ligand was generated using the PRODRG server22 followed by
energy minimization of the complex for 500 steps by the
steepest descent algorithm.23 The β-β′-PUM complex was
equilibrated using the Berendsen thermostat velocity with

Figure 1. Structure of pseudouridimycin (PUM) showing the N-
hydroxylated Gly-Gln dipeptide conjugated to 6′-amino-pseudour-
idine.
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NVT (constant number of particles, volume, and temper-
ature).24 For long-range electrostatics, the particle mesh Ewald
(PME) coulomb followed by 1 ns NPT (constant number of
particles, pressure, and temperature) coupled with Parrinello−
Rahman pressure was used.25 Production MD was carried out
for 150 ns, and the coordinates were saved for further analysis.
PCA and FEL Analysis. The energy profile of proteins

through their trajectories can be obtained from principle
component analysis (PCA).26 The cosine content (ci) of the
principal component (pi) of the covariance matrix was defined
by atomic fluctuations of the dihedral angles (Φ, Ψ) of the
protein molecule during simulation. The free energy landscape
(FEL) derived from PCA denotes intervals from the
trajectories and was selected by the cosine content value.
Generally, the values of cosine content range from 0 to 1 for
simulation time. The value near 1 exhibits the larger motion
whereas values between 0.2 and 0.5 represent smooth and
single basin.27

= ( ) ( )Ci
T

i t Pi t dt Pi t dt
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cos( ) ( ) ( )
2

2
1

The eigenvectors of the docked β-β′-PUM complex were
generated, and their cosine content values were analyzed. The
PCs having cosine content values less than 0.2 were chosen for
the FEL and used to select the models with favorable
interaction.
Binding Energies. The energy contribution and binding

free energy (ΔGbind) contribution of the protein-ligand
complex were calculated using the GROMACS tool
g_mmpbsa, which is based on the molecular mechanics
Poisson−Boltzmann surface area (MM-PBSA) method.28 The
binding free energy is calculated using the following equation,

= +
= + + +

G E G T

E E G G T S

Sbind MM solv

vdw elec polar nonpolar

where TΔS is the conformational entropy at temperature T,
ΔGsolv denotes the solvation free energy, which includes
nonpolar (Gnonpolar) and polar (Gpolar) contributions, and EMM
represents the molecular mechanics of the free energy in the
gas phase, including the van der Waals (EvdW) and electrostatic
(Eelec) contributions. The energy components were calculated
using the 10 snapshots extracted from 75 to 150 ns of the
production MD trajectory of the β-β′-PUM complex. The
energy decomposition method was employed between the
protein and the ligand for calculation of the interaction energy.
The EMM was used to determine the binding interaction in the
complex.
Cloning Expression and Purification of the β′ N-

Terminal Domain. The rpoC gene (RpoC, accession no.:
NP_268496.1) coding for N-terminal residues Phe7-Asp818
was amplified by polymerase chain reaction (PCR) from the
genomic DNA of the S. pyogenes M1 strain (MTCC) and
cloned in the pEC-K-HT-HIS (2) in-house vector at EcoR1
and BamH1 sites. The construct was transformed into the
expression host BL21 (DE3) strain of Escherichia coli. For
protein expression, the transformed E. coli cells were cultured
in Luria−Bertani (LB) medium. An overnight culture (10 mL)
was prepared and transferred to 1 L of LB medium
supplemented with 50 mg/mL kanamycin. The culture was
grown at 37 °C at 150 rpm shaking until the desired optical
density of 0.6 at A600 was obtained. The culture was induced
with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for

protein expression and incubated further for 4 h with shaking.
The cells were harvested by centrifugation at 4000 rpm for 20
min at 4 °C. The cell pellet was suspended in lysis buffer
containing 20 mM Tris pH 7.0, 300 mM NaCl, and 10%
glycerol, and the cells were lysed by sonication on ice. The cell
lysate was centrifuged at 10,000 rpm for 45 min at 4 °C, and
the pellet was used for purification.
The protein was solubilized from the pellet using buffer

containing 20 mM Tris pH 7.0, 300 mM NaCl, 10% glycerol,
and 10% N-lauroylsarcosine by continuous stirring at 150 rpm
for 1 h at 4 °C and centrifuged at 10,000 rpm for 30 min at 4
°C. The solubilized protein was further refolded by stepwise
membrane dialysis against lysis buffer containing 5, 2.5, 1, and
0% N-lauroylsarcosine, respectively, for 3 h at 4 °C. As the
protein was expressed with an N-terminal His-tag, purification
was carried out by nickel-affinity chromatography. At each
step, the purity of the fractions was analyzed on a 10% SDS-
PAGE gel. The concentration of protein was measured using a
UV spectrophotometer (A280) and presumed calculated
absorption coefficient of 0.789 from the PROTPARAM online
tool.29

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) using a Nano-ITC (TA Instruments-
Waters, New Castle, DE, USA) was performed to analyze
the interaction of protein with PUM. The buffers used for
preparation of protein and ligand samples were degassed
systematically to remove air bubbles. Purified protein (10 μM)
was dialyzed for 16 h at 4 °C against 20 mM Tris pH 7.0 and
20 mM NaCl and was taken in the sample cell. The PUM
ligand (obtained from Med Chem Express LLC) prepared in
the same buffer was injected in small volumes (2 μL) at equal
intervals (300 s) into the sample cell in a series of 25
injections. The experiment was conducted at 25 °C with the
stirrer at the constant speed of 309 rpm. The integrated heat
data was investigated in an independent model by nonlinear
least-squares minimization fitting using NanoAnalyze (TA
Instruments), and the thermodynamic factors enthalpy change
(ΔH), change in entropy (ΔS), association constant (Ka),
dissociation constant (Kd), and free energy change (ΔG) were
calculated.
Circular Dichorism (CD) Spectroscopy. The far-UV

(190−250 nm) and near-UV (250−350 nm) spectra for
refolded protein and protein-PUM complex were recorded on
the JASCO J-815 spectrophotometer using 0.1 and 1 cm path
length cuvettes, respectively. The concentration of protein was
kept at 20 μM in 20 mM phosphate buffer pH 7.4; protein and
the ligand were incubated in the molar ratios 1:1, 1:5, and
1:10, respectively, for 30 min. The baseline correction was
performed using phosphate buffer, and the data was converted
to mean delta epsilon θ, in mdeg·cm2·dmol−1. The secondary
structural details of the protein alone and the protein-ligand
complex were analyzed using the K2D2 online tool.30 The
protein secondary structure prediction based on sequence was
carried out using the Self Optimized Prediction Method with
Alignment (SOPMA)31 tool.
Intrinsic Fluorescence Quenching. Intrinsic fluores-

cence spectra of the protein and protein-ligand complex were
recorded on a SpectroMax M2e multimode reader using a 96-
well microtitration plate. All measurements were taken at four
different temperatures: 24 °C, 27 °C, 30 °C, and 33 °C. The
concentration of protein was kept constant at 1 mM in each
well, and PUM was added in increasing concentration from 0.1
to 0.9 mM. Intrinsic fluorescence was scanned at an excitation
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wavelength of 280 nm and an emission wavelength in the 300−
500 nm range. The excitation and emission bandwidth slits
were set to 5 nm.32 Experiments were repeated in triplicate,
and suitable blanks without PUM corresponding to buffer and
protein were used as control. The fluorescence quenching
titration results were examined for the quenching mechanism
involved in the protein-PUM interaction with the aid of the
Stern−Volmer equation:

= + [ ] = + [ ]F F K D K D/ 1 10 SV q 0

where F0 is the intensity of protein alone and F is the intensity
of fluorescence after the addition of PUM; KSV is the
quenching constant; Kq is the quenching rate constant; [D]
is the concentration of PUM; and τ0 is the average lifetime of
Trp and Tyr residues in protein without PUM.

■ RESULTS AND DISCUSSION
Minimum Inhibitory Concentration. One of the

simplest techniques for determining antimicrobial suscepti-
bility is the broth microdilution method. Pseudouridimycin, a
microbial nucleoside analogue inhibitor, was reported as a lead
compound targeting RNA polymerase complex in some drug-
resistant bacterial species.15 Though PUM was shown to be
effective against both Gram-positive and Gram-negative
strains, further study was carried out to ascertain its efficacy
on demographically different strains. The antibacterial activity
of PUM against erythromycin-resistant clinical strains of S.
pyogenes was evaluated. Two clinical samples, characterized as
erythromycin resistant and a standard MTCC strain, were
employed for the PUM sensitivity assay. The antimicrobial
agent PUM (initial stock�1 mg/mL) was diluted in sterile
water and dispensed in a 96-well microtitration plate with
sterile MHB medium (100 μL). Each well was inoculated with
S. pyogenes inoculum prepared in MHB medium. For
erythromycin-resistant clinical strains, the MIC values obtained
were in the range of 0.1−1 μg/mL, which was greater than the
reported concentration 2−12 μg/mL (Figure S1).15 The MIC
results were in concordance with earlier reports, showing that
PUM is able to inhibit erythromycin-resistant strains of S.
pyogenes.15

Molecular Docking between β-β′ Protein Complexes
with PUM Ligand. Considering the potential antibacterial
activity of PUM against macrolide-resistant strains of S.
pyogenes and based on previous studies of PUM in T.
thermophilus, the RNA polymerase subunits β and β′ of GAS
were chosen as possible targets of our study. Three-
dimensional structural models of the RNA polymerase
complex composed of the major subunits (encoded by rpoB
and rpoC genes) were generated. Molecular docking was
performed to understand the precise mechanism of the
interaction of PUM with the β-β′ complex. Earlier studies
have reported PUM binding to the NTP addition site the of T.
thermophilus RNA polymerase complex.15 Consequently, in
GAS, PUM binding sites were predicted by sequence
comparison (Figures S2 and S3) and induced fit docking
methods. The binding pocket consisted of residues from both
subunits: Glu525 and Lys928 from β subunit and Arg415,
Asn448, Gly787, Thr791, and Gln934 from the β′ subunit. The
key moiety of PUM, namely glutamine amide, interacts with
the β subunit while the guanidinyl terminus and 6′ amino
pseudouridine interact with the β′ subunit (Figure 1). The
docked complex was stabilized by nine hydrogen bonds
showing key interactions with the Tyr800 residue and sixty-
four nonbonded contacts (Figure 2). The binding energy ΔG
-64.38 kJ/mol, docking score −10.11, and glide energy score
−64.84 kcal/mol of the docked complex were calculated
(Table 1).
Molecular Dynamics Simulation of the β-β′-PUM

Complex. The stability of the RNAP β-β′-PUM complex
was further examined using MD simulations. The protein
complex and protein-ligand complex were subjected to 150 ns
simulation. The RMSD profiles for the protein (apo form) and
protein-ligand complex showed a deviation ranging from 0.5 to
1.5 nm without a major drastic change throughout the
simulation. The individual chain (β and β′) analysis for both
the apo form and the ligand-bound form showed deviations in
the range of 4−7 nm. The apo form showed rms deviations in
the range of 4−7 nm while the ligand-bound complex was
stable with deviations in the 5−6 nm range illustrating the
stabilization of protein complex after binding with ligand

Figure 2. (A) Molecular docked structure of the RNA polymerase β subunit (RpoB�green), β′ subunit (RpoC�red), and pseudouridimycin
(PUM�pink); Mg2+ ion is shown as a blue sphere. (B) Close-up view of the residues of the β and β′ subunits interacting with PUM. Hydrogen
bonds are shown in dotted lines.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07805
ACS Omega 2023, 8, 7989−8000

7992

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07805/suppl_file/ao2c07805_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07805/suppl_file/ao2c07805_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07805?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07805?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07805?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07805?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 3). Throughout the simulations, PUM remained in the
binding pocket and FEL analysis was performed to obtain the
lowest energy structure (depicted in dark blue in Figure 4).
Protein-ligand interactions were investigated for all 38
structures obtained from the cluster. Analysis of a representa-
tive structure from the cluster at 120 ns showed PUM forming
five hydrogen bonds: two with Ser960 from the β subunit, two
with Tyr800, and one with Phe940 from the β′ subunit (Table
2). The interactions of the critical residue Tyr800 of the β′
subunit were maintained throughout the simulations, depicting
its major role in complex formation (Figure 5).
The molecular mechanics energies applied to the protein-

ligand complex have led us to estimate the free energy of ligand
binding at the cavity of the protein. It emphasizes the ligand
binding affinities over the simulation time along with the
solvent accessibility. The dynamic studies along with MM/
GBSA results provide insight into the PUM ligand interaction.
The overall values of the electrostatic and van der Waals
energies are −0.710 kJ/mol and −206.108 kJ/mol, respec-
tively. The uncertainty in the protonation of protein holds the
polar solvation energy to be in the range of 89.654 kJ/mol. The
solvent-accessible surface area energy of the complex is
−18.658 kJ/mol, indicating the magnitude of its ligand affinity
toward the protein. From the simulations, the free ligand
interacts with the protein with an overall binding energy
ΔGbind of −135.821 ± 17.111 kJ/mol, demonstrating favorable
binding affinity (Table 3). The protein-ligand complex
interaction pattern and energy analysis revealed that PUM
remained intact in the binding region and was stabilized via

hydrogen bonds. Interestingly, the binding environment of
PUM in the complex is comprised of Tyr800 and Phe940
residues of the β′ subunit around 5 Å distance before and after
MD simulations and has been characterized further through
spectroscopic studies.
Protein-PUM Interaction Analysis by ITC. Under-

standing the physicochemical mechanics behind the inter-
action between a protein and ligand is crucial to comprehend
the molecular recognition between them. The thermodynamic
properties involved in molecular interactions such as Ka, Kd,
ΔS, ΔH, and n were calculated from ITC. The real-time
interaction of protein-ligand complex formation was assessed
from the thermodynamic signature for the N-terminal domain
of the β′ subunit with PUM. The N-terminal domain of the β′
subunit was chosen based on the location of the highly
conserved catalytic active center (NADFDGD)17 where PUM
binding was identified (Figures 6 and 7). In Figure 8 the upper
panel shows the heat released during the titration of 2 μL of
100 μM PUM into 10 μM protein in 25 injections. The lower
panel (Figure 8) depicts the curve fitting using an independent
model of binding to the protein and its corresponding
thermodynamics parameters.
In a thermodynamic system, enthalpy is determined by

adding the internal energies of its solute and solvent as well as
the energy needed to create space for them. The binding
enthalpy is typically the change in energy brought on by the
formation of noncovalent interactions at the binding interface,
such as van der Waals contacts, hydrogen bonds, ion pairs, and
any other polar and apolar interactions.33 The ΔH value
obtained was −524 kJ/mol, demonstrating an exothermic
process. The entropy (ΔS) system is a thermodynamic
attribute, with positive and negative values denoting an overall
increase or decrease in the degree of freedom. In our
experiment, a negative value of −1648 J/mol·K during the
protein-PUM interaction implies a decrease in the disorder of
the system, promoting tight binding of PUM to protein.
Numerous favorable noncovalent interactions result in tight
binding between association partners with a significant
negative enthalpy change. Subsequently, this change was
accompanied by negative entropy due to the restricted
mobility of interacting partners, as evidenced by a marginal
change in the binding free energy.34 Interestingly, it was noted

Table 1. Hydrogen Bond Interaction of Docked β′-β-PUM
Complex Analyzed Using the PDB-Sum Server

s.no. RpoC-RpoB PUM hydrogen bond distance (Å)

1 B: ASP 797[OD1] LIG [O3] 2.60
2 B: MET 788[O] LIG [N5] 3.10
3 B: ASP 790[OD1] LIG [N7] 2.98
4 B: TYR 800[OH] LIG [O7] 3.08
5 B: THR 939[OG1] LIG [O7] 3.00
6 B: PRO 755[O] LIG [N8] 2.89
7 B: ASP 790[OD1] LIG [N8] 2.75
8 A: SER 960[N] LIG [O9] 2.92

Figure 3. RMSD profile of 150 ns production MD of the β-β′-PUM complex. (A) Overall RMSD regions of the β-β′ complex with PUM (red) and
without PUM (black). (B) RMSD profile of the β subunit with PUM (red) and without PUM (black). (C) RMSD profile of the RpoC chain with
PUM (red) and without PUM (black).
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that both the enthalpy and entropy changes were negative, and
upon closer inspection, it is evident that the entropy
contribution was two times lesser than the enthalpy change.

Protein-ligand binding, like any spontaneous process, happens
only when the change in the system’s Gibbs free energy ΔG is
negative where the system reaches an equilibrium state under
constant pressure and temperature.35 The overall free energy
was −33.05 kJ/mol, which determines the stability of the
protein-ligand complex and represents the reaction as a
spontaneous process.
The association constant between protein and PUM

interaction was calculated as 6.175 × 105 M−1, denoting a
moderate affinity. Hence this affinity would eventually induce a
faster diffusion of ligand to reach the target site.36 The number
of binding sites of PUM on the protein was observed as 1.1
(Table 4). PUM binding is therefore enthalpy-driven, and
noncovalent interactions such as van der Waals forces and
hydrogen bonds stabilize the binding.
Circular Dichroism Spectroscopy of Protein and

Ligand. The secondary structure and conformational changes
in the protein upon PUM binding were evaluated using CD

Figure 4. Free energy landscape (FEL) analysis used to retrieve the lowest energy structure during the MD simulation. The dark blue cluster
indicates a collection of lowest energy structures. From this cluster, the complex with lowest energy and favorable interactions was chosen for
analysis. The RNA polymerase β subunit (RpoB�green), β′ subunit (RpoC�red), and pseudouridimycin (PUM�pink) are shown.

Table 2. Hydrogen Bond Interaction of the Lowest Energy
Structure of the β′-β-PUM Complex Obtained from FEL
Analysis

s.no. RpoC-RpoB PUM hydrogen bond distance (Å)

1 A: SER 960[N] LIG [O9] 3.00
2 A: SER 960[OG] LIG [O5] 2.55
3 B: TYR 800[OH] LIG [O7] 2.97
4 B: TYR 800[OH] LIG [N3] 2.88
5 B: PHE 940[N] LIG [O7] 3.31

Figure 5. Protein-ligand interaction of the lowest energy docked
complex obtained from FEL analysis. The active site residues involved
interaction of the RNA polymerase β subunit (RpoB�green), β′
subunit (RpoC�red), and pseudouridimycin (PUM�pink).

Table 3. MM-GBSA Calculation for the β′-β-PUM Complex
Obtained from Molecular Dynamics Simulation

S.No. MM-GBSA calculation

1 van der Waal energy −206.108 ± 15.878 kJ mol−1

2 electrostatic energy −0.710 ± 23.402 kJ mol−1

3 polar solvation energy 89.654 ± 19.344 kJ mol−1

4 SASA energy −18.658 ± 1.100 kJ mol−1

5 binding energy −135.821 ± 17.111 kJ mol−1

Figure 6. 10% SDS/PAGE gel showing expression of the RpoC N-
terminal construct. Lanes: 1, broad range molecular weight ladder
(kDa); 2, pellet fraction induced with 1 mM IPTG; 3, supernatant
fraction induced with 1 mM IPTG; 4, uninduced supernatant; and 5,
uninduced pellet fraction.
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spectroscopy. The CD spectra of the protein and protein with
PUM at 190−250 nm reveal no notable structural changes
upon ligand binding. The CD spectrum of the protein showed
two negative bands in the UV region between 208 and 222 nm,
which were caused by the n-π* transition37 (Figure 9). A
gradual decrease in band intensity was observed with the
addition of PUM in various molar ratios without any
appreciable change in peak positions. The percentage of
secondary structures was computed from the CD results using
the K2D2 web server. CD data showed the protein contains
39% helices and 11% sheet (Table 5). The helicity percentage

Figure 7. 10% SDS/PAGE gel showing purification of the RpoC N-
terminal construct. Lanes: 1, induced supernatant; 2, flow through; 3,
buffer wash with 10 mM imidazole; 4, buffer with 100 mM imidazole;
5, buffer with 200 mM imidazole; 6, buffer with 300 mM imidazole; 7,
buffer with 400 mM imidazole; 8, broad range molecular weight
ladder (kDa). Elutions seen in lanes 5 and 6 were chosen for further
studies.

Figure 8. Isothermal titration calorimetry thermogram of protein (15 μM) against PUM (100 μM). The upper panel shows the raw thermogram
data, and the lower panel indicates the isotherm obtained by the plot of integrated heat versus protein/ligand molar ratio.

Table 4. Thermodynamic Parameters Obtained by ITC
Experiments for Protein with PUM

S.No. ITC

1 Kd 1.620 × 10−6 M
2 n 1.167
3 ΔH −524.5 kJ mol−1

4 ΔS −1648 J/ mol−1 K−1

5 ΔG −33.05 kJ mol−1

6 −TΔS 491.4
7 Ka 6.175 × 105 M−1

Figure 9. Far-UV CD spectra of protein with various molar
concentrations of PUM. The graphs of protein alone (black) and
protein:PUM in 1:1 (red), 1:5 (green), and 1:10 (blue) ratios are
depicted.
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continuously fluctuated between 40 and 37% with the addition
of PUM at molar ratios of 1:1, 1:5, and 1:10, whereas the sheet
conformation remained unchanged and maintained in the
range of 10−11%. Therefore, this data indicates that addition
of PUM to protein did not alter the secondary structure
significantly.
The microenvironment of aromatic amino acid side chains

and disulfide bonds contributes to the near-UV CD of
proteins. Each aromatic amino acid typically has a distinctive
wavelength signature; tyrosine has a peak between 275 and 282
nm, whereas tryptophan has a peak between 290 and 305 nm.
A sharp reasonable peak of phenylalanine was observed
between the wavelengths 255 and 270 nm.38 The occurrence
of maxima around 255−280 nm in the near-UV CD spectra of
protein was attributed to the presence of aromatic amino acid
phenylalanine and tyrosine residues (Figure 10).39 Addition of

PUM at increasing concentrations clearly increases the peak
intensity, indicating a potential interaction with protein. From
the CD, it is deciphered that PUM binding does not alter the
secondary structural integrity but affects the local tertiary
structure of the Tyr and Trp aromatic side-chain residues
significantly.
Intrinsic Fluorescence Quenching of Protein. A

sensitive technique for examining the binding interaction of
small molecules with proteins is fluorescence quenching
measurement. Intrinsic fluorophores are naturally present in
proteins and undergo quenching when they form a complex
with ligand. Fluorophores in the excited state collide with
quenchers in a molecular process to cause dynamic quenching
while static quenching, on the other hand, is triggered by

development of a ground-state combination of fluorophores
and quenchers.40 The fluorescence lifetime and its dependence
on temperature change distinguish dynamic and static
quenching constants.41 Higher temperatures result in a larger
diffusion coefficient, which causes the dynamic quenching
constant to rise with temperature. In contrast, the static
quenching constant decreases with increasing temperature
because the complex becomes less stable.42 The fluorescence
spectra of protein-PUM at different temperatures were
measured to identify the varying tendency of the quenching
constant (Ksv). The fluorescence emission spectrum of protein
and protein with PUM at various concentrations ranging from
100 to 900 μM with 100 μM intervals was measured. The
protein emission spectrum showed a maximum emission peak
at 320 nm, which was attributed to the presence of 23 tyrosine
residues.43 The decrease in the protein fluorescence intensity
in the presence of PUM indicates protein-ligand interaction.
The observed quenching in protein fluorescence could be
attributed to various molecular interactions like collisional
quenching, energy transfer, complex formation of either
ground state or excited state, and reorganization of molecules44

(Figures 11, 12, 13, and 14).

Table 5. CD Analysis by Using SOPMA and the K2D2
Server for the Protein-PUM Complex

α-helix% β-sheet%
CD Prediction Using K2D2 Server

protein 39.37 11.52
protein + PUM (1:1) 40.18 10.65
protein + PUM (1:5) 37.03 11.69
protein + PUM (1:10) 37.03 11.69

Sequence Prediction Using SOPMA
protein 44.33 17.0

Figure 10. Near-UV CD spectra of protein with various molar
concentrations of PUM. The graphs of protein alone (black) and
protein:PUM in 1:1 (red), 1:5 (green), and 1:10 (blue) ratios are
depicted.

Figure 11. Steady state emission spectra of protein (1 mM) with
PUM concentrations ranging from 100 μM to 900 μM at 24 °C. The
graph in black indicates protein, and other colors depict protein with
varying concentrations of PUM.

Figure 12. Steady state emission spectra of protein (1 mM) with
PUM concentrations ranging from 100 μM to 900 μM at 27 °C. The
graph in black indicates protein, and other colors depict protein with
varying concentrations of PUM.
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The Stern−Volmer equation was used to analyze the
quenching mechanism involved in the protein-PUM inter-
action at four temperatures: 24 °C, 27 °C, 30 °C, and 33 °C.
The quenching constant Ksv was obtained for all four
temperatures using linear fit (Figure 15). From the values
(Table 6), it is inferred that Ksv values decrease with an
increase in temperature, indicating static quenching rather than
dynamic quenching, forming a stable complex.44 Furthermore,
the calculated biomolecular quenching constant was in the
order of 1014 for four different temperatures, which is higher
than the maximum dynamic collisional quenching constant of
2.0 × 1010 L mol−1 s−1, which affirms the interaction between
protein and PUM. These findings resoundingly support the
theory that static collisions cause quenching and result in the
formation of a complex between protein and PUM.
Implication of PUM Interaction with Protein. Analysis

of the interacting pattern of the protein-ligand complex
through molecular dynamics showed that PUM remained
intact within the binding regions, stabilized by hydrogen
bonds. A close inspection of the binding environment reveals
the presence of aromatic amino acid Phe328, Phe940, and

Tyr800 residues of the β′ subunit at a distance of 6 Å, before
and after MD simulation (Figure 16). The binding environ-
ment of PUM in the protein-ligand complex was further
ascertained by the intrinsic aromatic amino acid signals using
other biophysical techniques. The CD measurements in the
near-UV absorption spectrum shed light on the tertiary
structural change of the complex, as the peaks obtained
corresponded to phenylalanine and tyrosine residues present in
the protein (Figure 17). The changes in the absorbance upon
PUM addition clearly indicate micro environmental alterations
around protein chromophores due to protein-PUM complex
formation. Further, the quenching mechanism of the tyrosine
residues in the binding environment of PUM was investigated
by the intrinsic fluorescence signal of the protein, which was
quenched by addition of PUM. The experimental results were
comparable to the MD studies, which highlight the fact that
PUM binds to a hydrophobic pocket comprised of Phe and
Tyr residues. The overall binding free energy of the complex
was higher along with the van der Waal energy which favored
tight association of PUM toward the protein throughout the
simulation. Concurrently, the thermodynamic parameters by
ITC show that the major contribution of complex formation
was favored by noncovalent interactions, van der Waals forces,
and hydrogen bonds. Hence these results illustrate the
importance of phenylalanine and tyrosine residues and
stabilization of the complex by hydrogen bonds and van der
Waals forces.

■ CONCLUSION
In this work, the interaction of the RNA polymerase β′ subunit
of GAS with pseudouridimycin, a nucleotide analogue
inhibitor, has been characterized using spectroscopy, calorim-
etry, and computational studies. Previous studies have reported

Figure 13. Steady state emission spectra of protein (1 mM) with
PUM concentrations ranging from 100 μM to 900 μM at 30 °C. The
graph in black indicates protein, and other colors depict protein with
varying concentrations of PUM.

Figure 14. Steady state emission spectra of protein (1 mM) with
PUM concentrations ranging from 100 μM to 900 μM at 33 °C. The
graph in black indicates protein, and other colors depict protein with
varying concentrations of PUM.

Figure 15. Stern−Volmer plots for protein with PUM ligand at
different temperatures, namely 24 °C (red), 27 °C (black), 30 °C
(green), and 33 °C (blue).

Table 6. Quenching Constant and Biomolecular Quenching
Rate Constant Determined by Intrinsic Fluorescence for the
Protein-PUM Complex

T (K) Ksv (×104 L/mol) Kq (×1014 L mol−1 s−1)

298 2.20 5.66
301 1.78 4.57
304 1.37 3.51
307 1.37 3.51
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PUM as a lead compound for drug-resistant bacteria targeting
the RNA polymerase complex. In our study, PUM was tested
against erythromycin-resistant S. pyogenes clinical strains for its
antibacterial efficacy. The MIC values were obtained in the
range of 0.1−1 μg/mL concentration, which was higher
compared to the already reported efficacy of approximately 2−
12 μg/mL. Subsequently, the three-dimensional structural
models of the RNA polymerase β and β′ complex were docked
with PUM compound at the NTP addition site, and further
stability of the complex was assessed through MD simulations.
Although the overall RMSD profile of the apo form and the

docked complex failed to show any notable difference, the
individual chain fluctuations were higher in the apo form when
compared to the protein-ligand complex. Experimentally, the
real-time interaction of protein-ligand formation and their
thermodynamic signature was studied by ITC for the N
terminal domain of the β′ subunit with PUM. The result shows
that complex formation was predominantly enthalpy driven,
exothermic, and spontaneous in nature. These parameters
emphasize that the protein-PUM complex was evidently
stabilized by hydrogen bonds and van der Waals interactions
as reported in MD studies. Further insights into PUM-protein
interaction were deciphered from clues obtained from the
binding environment of the complex by exploiting the intrinsic
aromatic amino acid signal using CD and intrinsic fluorescence
quenching. The aromatic amino acids Tyr800 and Phe940 play
an important role in complex formation, and their interactions
were evident, as confirmed by our computational studies and
spectroscopic experiments. Apart from the noncovalent
interactions, hydrophobic interactions are crucial in capturing
PUM in the binding cavity, thus forming a steady complex. A
strong conclusion can be drawn from the combined findings
that PUM is a powerful inhibitor of the RNA polymerase
complex of S. pyogenes pathogen and can be used as a novel
inhibitor for macrolide-resistant strains.
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