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Abstract

The human Respiratory Syncytial Virus (hRSV) is the main responsible for occurrences of
respiratory diseases as pneumonia and bronchiolitis in children and elderly. M2-1 protein from
hRSV is an important antitermination factor for transcription process that prevents the premature
dissociation of the polymerase complex, making it a potential target for developing of inhibitors
of the viral replication. The present study reports the interaction of the M2-1 tetramer with pera
(Q1) and tetracetylated (Q2) quercetin derivatives, which were synthesized with the objective of
generating stronger bioactive compounds against oxidation process. Fluorescence experiments
showed binding constants of the M2-1/compounds complexes on order of 10* M with one
ligand per monomeric unit, being the affinity of Q2 stronger than Q1. The thermodynamic
analysis revealed values of AH >0 and AS >0, suggesting that hydrophobic interactions play a
key role in the formation of the complexes. Molecular docking calculations indicated that
binding sites for the compounds are in contact interfaces between globular and zinc finger
domains of the monomers and that hydrogen bonds and stacking interactions are important
contributions for stabilization of the complexes. Thus, the interaction of the acetylated quercetin
derivatives in the RNA-binding sites of M2-1 makes these potential candidates for viral

replication inhibitors.
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1. Introduction

The human Respiratory Syncytial Virus (hRSV) is the main cause of respiratory infections as
pneumonia and bronchiolitis in children, elderly, and immunocompromised people all over the
world [1]. This virus is formed by a nucleocapsid of helical symmetry and lipid envelope with its
genome composed of a non-segmented, single-stranded negative sense RNA that having ten coding
genes of which encode eleven proteins. Of these proteins, two are expressed by M2 gene which
contains two overlapping open reading frames, encoding M2-1 and M2-2 proteins [2].

The hRSV M2-1 protein functions as a transcriptional cofactor of the viral RNA dependent RNA
polymerase (RdRp) complex by increasing polymerase processivity and preventing stopping of
chain elongation and release of the nascent RNA. Therefore, this RNA-binding protein is an
antitermination factor essential for the viral replication that promotes an efficient synthesis of full-
length mRNAs of the virus [3,4]. The M2-1 monomer has 194 residues of amino acids that are
mainly arranged in a-helices. The tertiary structure is divided into four distinct functionally regions:
the thirty-two initial residues in the N-terminal region linked to a zinc finger domain; an a-helix
region responsible for the oligomerization; a globular domain capable of binding to the
phosphoprotein and RNA; and an unstructured C-terminal region with low degree of conservation.
The quaternary structure of the M2-1 is biologically stable at a tetrameric arrangement [5-7].

It is known that previous infections by hRSV do not secure permanent immunity [8]. The usual
treatment is not efficient to reduce the hospitalization period of children infected with RSV [9, 10].
Many therapies have been developed during the years, as Synagis (palivizumab) an antibody that
binds to the fusion protein [11]; the antiviral ribavirin (commercial name Virazole) an analog to the
guanosine [12]; and BMS-433771, VP-14637, TMC-353121 compounds that interact with the
Tyr198 residue of the F protein and inhibit the viral fusion. However, current treatments against
hRSV have shown limitations, including: high cost, substantial side effects, long-term therapy and

low efficacy against the virus [11-14].



Quercetin is a natural product belongs a flavonoid class (upside, Fig. 1) and presented potent
antiviral activity, exhibiting against several viruses, including hepatitis B virus [15], dengue virus
[16], human cytomegalovirus [17], poliovirus type 1 [18], parainfluenza virus type 3 [19],
adenovirus [20], and RSV [21]. In a previous paper, we showed the binding of the antitermination
factor M2-1 with the quercetin [22]; however, due to the potential oxidation of its hydroxyl groups
bound to the aromatic rings, pera (Q1) and tetracetylated (Q2) derivatives (bottom, Fig. 1) were
synthetized with objective of generating stronger bioactive compounds which are prone to larger
bioavailability. Thus, in the present work we investigated of interaction of the M2-1 protein with
acetylated quercetin derivatives (Q1 and Q2) by using fluorescence spectroscopy experiments and
molecular docking simulations. The identification and characterization of the compounds Q1 and Q2
were performed by 'H NMR spectroscopy.

Fig. 1

2. Materials and Methods
2.1.Synthesis, purification and identification of acetylated quercetin derivatives (Q1 and Q2)
Acetylation of quercetin was performed as previously described by Sardi and co-authors, with
minor modifications [23]. Quercetin (3.0 g) was dissolved in acetic anhydride (100 mL) and pyridine
(100 mL). The mixture was heated at 80 °C for 5 days. After conversion of quercetin confirmed by
Thin-Layer Chromatography (TLC) analysis, the reaction medium was poured onto crushed ice. The
precipitate was filtered, washed with cold water (3 times) and dried at room temperature. The crude
product (2.5 g) was subjected to TLC analysis, using hexane and ethyl acetate (1:1). Revelation of
TLC plates under UV light (254 nm) indicated two intense spots, with Retention factor values (Rf)
of 0.27 and 0.57.
The crude product (1.8 g) was subjected to chromatography column over silica gel (3 cm x 13
cm) eluted with mixtures of hexane and ethyl acetate, ranging from 20% to 100% of ethyl acetate,

yielding 40 fractions (35 mL) (F1-F40). These fractions were combined according to their
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chromatographic profile delineated by TLC plates developed with hexane and ethyl acetate (1:1).
Fractions F4—F10 (Rf = 0.57) and F30-F40 (Rf = 0.27) furnished compounds Q1 (50 mg) and Q2
(20 mg), respectively.

The structure of the compounds Q1 and Q2 was identified by *H NMR spectra analyses
(Supplementary material, Fig. S1 — S6). NMR experiments were performed in a Bruker AVANCE
I11 HD (Bruker, Germany) operating at 400 MHz for *H. The samples of Q1 and Q2 (15 mg) were
dissolved in 0.7 mL of deuterated dimethylsulfoxide (DMSO-ds) and deuterated chloroform
(CDCls), respectively. Chemical shifts (ppm) confirmed acetylation of phenolic quercetin sites, due
singlets between 2.33-2.35 and 2.36-2.40 ppm for compounds Q1 and Q2, respectively. These
signals were attributed to methyl hydrogens of acetyl group (Supplementary material, Fig. S3 and
S6).

Peracetylated quercetin (Q1): White solid. 'H NMR (DMSO-ds, 400 MHz) ¢ [multiplicity,
coupling constant (J)]: 7.19 (d, J = 2.0 Hz, H-6); 7.66 (d, J = 2.0 Hz, H-8); 7.85 (d, J = 2.0 Hz, H-
2); 7.54 (d, J = 8.0 Hz, H-5'); 7,86 (dd, J = 2.0 and 8.0 Hz, H-6"); 2.33-2.34 (s, CH3CO2).

Tetracetylated quercetin (Q2): White solid. "H NMR (CDCls, 400 MHz) 6 [multiplicity, coupling
constant (J)]: 6.62 (d, J =2.0 Hz, H-6); 6.87 (d, J = 2.0 Hz, H-8); 7.78 (d, J = 2.0 Hz, H-2"); 7.38 (d,
J=8.0 Hz, H-5Y); 7,87 (dd, 3 = 2.0 and 8.0 Hz, H-6); 12.12 (s, 5-OH); 2.32-2.36 (s, CH3CO2).
2.2.Expression and purification of the M2-1 protein

A M2-1 cDNA from hRSV A2 strain was inserted into pet28A (GE healthcare) vector, allowing
the expression of the full-length M2-1 with N-terminal fused to a Hise-tag. M2-1 was expressed and
purified as described previously [22], considering that glutathione-affinity chromatography was
replaced by Nickel-affinity chromatography, being the protein elution performed by an imidazole
gradient.
2.3.Sample preparation for fluorescence experiments

The stock solutions of Q1 (512.42 Da) and Q2 (470.38 Da) were prepared in DMSO at

concentrations of 2.6 and 1.1 mM, respectively. The M2-1 sample (3.5 uM/monomer) was prepared
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in phosphate buffer of 50 mM (pH 7.0) containing 100 mM NaCl. The protein concentration was
determined spectrophotometrically (UV-Visible Spectrophotometer, BIOMATE 3S, Thermo
Scientific, USA) at 280 nm using the molar extinction coefficient of 13,200 M*.cm™ per monomeric
unit [24].
2.4.Fluorescence spectroscopy

The fluorescence quenching experiments were performed using the Cary Eclipse Fluorescence
Spectrometer (Varian, USA) with single cell Peltier temperature control and quartz cell of 1.0 cm of
optical path length. The emission spectra of the M2-1 in the absence and presence of Q1 and Q2
were collected in the 300—450 nm range with the excitation at 280 nm with the increment of 1.0 nm,
which was corrected for the background fluorescence of the buffer and for inner filter effects [25].
Both excitation and emission bandwidths were set at 5.0 nm. Each point in the emission spectrum is
the average of 10 accumulations. The titrations were performed by adding small aliquots from
acetylated quercetin derivatives stock solutions to protein solution (2.0 mL) with constant
concentration of 3.5 uM at 19, 28, and 37 °C. The compounds concentration varied from 0 to 18.7
uM for Q1 and from 0 to 16.9 uM for Q2. In the analysis of the fluorescence data is admitted that the
formation of the protein-ligand complex quenches the emission of the M2-1 after each addition of
the compounds and the reminiscent fluorescence corresponds to the unbound protein. Thus, it is

possible to calculate the fraction of protein bound ( f;) to the compounds from the fluorescence

change with increment of ligand:

F,—F [PL]
f,= =

Foo[R]

(1)

where F, and Fis fluorescence intensity of the protein in the absence and presence of the
compounds, respectively. [PL] is the concentration of protein bound to n ligands and [P ]is the
concentration of total protein. From the fraction of bound protein ( f;) may be determined the

fraction of bound ligand (v ) and concentration of free ligand ([LF ]) by the following equation:
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where n is the number of bound ligands by protein. From the values of v and [LF], it is possible to

obtain the Scatchard plot (v/[LF] versus v) for the interaction between M2-1 and compounds (Q1

and Q2). The Scatchard plot was analyzed by using the following equation:

v

[Le]

where K, is the binding constant for the M2-1/compounds complex, and it is obtained from the

=n-K, - K, v (4)

slope of the linear fitting. The number of bound ligands (n) is determined from the ordinate and it is
used recursively during the fitting process in the Egs. (2) and (3), until a constant value is achieved
at a convergence point and thus the process stops.
2.5. Thermodynamic analysis

The driving forces responsible for the interaction between the M2-1 and the acetylated quercetin
derivatives were calculated from the van’t Hoff equation:

d
at

In(K,) =2 (5)

where AH is the enthalpy changes, R 1is the universal gas constant and K, is the apparent

dissociation constant at the correspondent temperature (T ). The AH value was obtained from the
slope of the van’t Hoff plot, with the respective values of Gibbs free energy changes (AG) and
entropy change ( AS ) as calculated from the relation:

AG =-RT In(K,) (6)

_AH-AG
T

AS (7

2.6.Molecular docking simulation



The crystal structure of the hRSV M2-1 tetramer (PDB ID: 4C3D) [5] was obtained from the
Protein Data Bank. Swiss-Model server [26] was used to build some loop regions absent in the
crystal structure. The three-dimensional structures of Q1 and Q2 were obtained from Gaussian 09
program [27] using the semi empirical PM6 method for the optimization -calculations.
AutoDockTools (ADT) [28] was used to prepare M2-1 and acetylated quercetin derivatives by
merging non-polar hydrogen atoms, adding partial charges and atom types. The ligand rigid root was
generated automatically, setting all possible rotatable bonds and torsions were defining them as
active for the compounds. Grid maps were generated with 0.375 A spacing and dimensions of
126x126x126 points by the AutoGrid 4.2 program [29], these maps were centered on one of the
monomers because of the rotational symmetry of the tetramer (Supplementary material, Fig. S7).
The AutoDock 4.2 program was employed to study the binding site between acetylated quercetin
derivatives and M2-1 by applying the Lamarckian Genetic Algorithm (LGA) for minimization using
a number of energy evaluations of 25 million, a population size of 250 and root-square-mean
deviation (RMSD) tolerance for cluster analysis of 2.0 A. Random starting positions on the entire
protein surface and random orientations were used for the ligands. For each docking simulation, 100
different conformers were generated. The representation structural was prepared using PyMOL [30]

and the map of interaction was calculated using PoseView [31].

3. Results and Discussions
3.1.Characterization of the M2-1/compounds interaction by fluorescence spectroscopy

The titration of the acetylated quercetin derivatives with the M2-1 tetramer caused a decrease in
the intensity of the fluorescence signal of the protein (Fig. 1), indicating that the microenvironment
of the fluorophores (Tyr and Trp residues) is affected by the presence of Q1 and Q2. Fig. 2 shows
the Scatchard plots for the M2-1/compounds interaction generated from fluorescence quenching data

(at 340 nm) at 19, 28, and 37 °C. The results of the linear adjustment using the Scatchard equation



are presented in Table 1. The binding constants (K,) determined for the M2-1/compounds

complexes are on order of 10* M, the interaction affinity was found to increase as the temperature

increased. Q2 showed a relativity larger affinity than Q1 and also more significant temperature-

dependence of its binding constant (Table 1). K, values for the binding of the acetylated quercetin

derivatives to M2-1 are lower than previously reported values for the M2-1/quercetin interaction
[22]. The values of number of bound ligands by protein (n) obtained from fitting (Table 1) suggest
two possibility for the structural model of interaction: 1) one ligand binds to each monomer of the
tetramer; or 2) the binding of the acetylated quercetin derivatives takes place in the interface
between the monomers of the tetramer.

Fig. 2

The binding constants obtained at varying temperatures were used to evaluate the

thermodynamic properties of compounds binding. K, values were plotted using the van’t Hoff

equation (Eq. (5)) at 19, 28, and 37 °C (insert in Fig. 2). The plot is linear over the temperature range
studied and the enthalpy changes (AH ) determined from the slope were 1.34 and 2.36 kcal.mol™! for
Ql and Q2, respectively, therefore showing endothermic binding reactions enthalpically
unfavorable. The values of AG and AS were obtained from Egs. (6) and (7), respectively. AG <0
and T -AS >0 values indicate that the interaction process is spontaneous and entropically favorable.
The favorable entropic term provides the major contribution to the Gibbs free energy change,
showing that the reaction is entropically driven. The values of AH >0 and T -AS >0 suggest that
hydrophobic interactions play a key role in the formation of the M2-1/compounds complexes, as it
was determined for the M2-1/quercetin interaction (weak site) [22]. This large positive value of AS
may be interpreted as a release of ordered water molecules (desolvation) from the binding regions of
the compounds in the protein [32]. However, it is not possible to account for the stability of
association complexes on the basis of hydrophobic interactions alone, thus the electrostatic

contributions should be considered [33].



Table 1
3.2.Structural model of the M2-1/compounds complexes determined by molecular docking

The fluorescent quenching results were used to drive the molecular docking calculations
positioning the compounds Q1 and Q2 as mentioned in Material and Methods (section 2.6). After
100 runs, the docking output was clustered using RMSD of 2.0 A and the potential binding site was
found taking into account the lowest energy conformer of the compound (Q1l and Q2) from the
largest cluster, which is the most populated. Fig. 3A shows the most representative structural model
for the interaction of the acetylated quercetin derivatives with the M2-1 protein. The binding region
of the compounds in M2-1 takes place in the contact interface between the a-helix 6 of the globular
domain (which interacts with phosphoprotein and RNA) of the current chain and the zinc finger
domain of the neighbor chain, preceding the structure of the tetramer (Fig. 3B and 3C). Similar
result was determined computationally for the M2-1/quercetin interaction [22]. Therefore, the results
of molecular modeling suggest that the structural model of interaction follows the second possibility
raised from the fluorescence data.

Fig. 3D and 3E show the analysis of the non-covalent interactions in the binding site for Q1 and
Q2, respectively. In both sites, hydrophobic contacts, hydrogen bonds, and stacking interactions
were determined. For Q1, Lys8D and His22D form hydrogen bonds with the oxygen atoms of the
acetyl groups of Q1; Ile173A and Phe23D participate in hydrophobic contacts; and the side chain of
Phe23D performs a stacking interaction with the aromatic ring B (Fig. 1). For Q2, Pro6D, Lys8D,
and Lys196A make up hydrogen bonds with the acetyl and ketone groups of the compound Q2,
being that Lys8D form two; Lys8D, Phe23D, and Ile1 73A are involved in hydrophobic contacts; and
benzene ring of the side chain of Phe23D participates in a stacking interaction with the conjugated
rings A and C of Q2. The larger affinity determined experimentally for binding of Q2 than Q1 to
M2-1 may be explained by formation of two more hydrogen bonds in the stabilization of the M2-

1/Q2 complex.
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The analysis of the non-covalent interactions in the binding site (Fig. 3D and 3E) of the
acetylated quercetin derivatives in M2-1 protein shows that Lys8D, Phe23D, and Ilel73A are
important residues for the binding of these polyphenolic compounds. The balance between
hydrophobic contacts (Phe23D and 1le173A), hydrogen bonds (Lys8D), and stacking interaction
(Phe23D) determined by the molecular modeling calculations corroborates with the experimental
results of the thermodynamic analysis, showing the importance of the hydrophobic contribution for
the formation of the association complexes between M2-1 and acetylated quercetin derivatives.

Figure 3

4. Conclusions

The results of the present interaction study show that the acetylated quercetin derivatives Q1 and
Q2 can bind to the M2-1 protein with affinity constants on order of 10* M. The thermodynamic
analysis indicates that hydrophobic interaction plays a role key in the formation of the association
complexes between M2-1 and compounds. The molecular docking simulations suggest that the
possible binding site occurs between the globular domain (especially a-helix 6) from one monomer
with the zinc finger domain from the other monomer of the tetramer, and that the hydrogen bonds

and stacking interactions promote the stabilization of the M2-1/compounds complexes. Q2 forms
two more hydrogen bonds than Q1 in the interaction with M2-1; this fact may explain the higher K,
values of the M2-1/Q2 complex. These findings indicate that acetylated quercetin derivatives could
be to test as potential inhibitors of the replication process of hRSV because their probable binding
sites take place in the RNA-binding region, corresponding to the globular and zinc finger domain.
This fact may have an important implication for developing a new strategy of treatment against the

viral infection.
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Figure legends

Fig. 1. Molecular structure of the quercetin and its acetylated derivatives Q1 (pera) and Q2 (tetra).
Fig. 2. Emission spectra of M2-1 protein in absence and presence of increments of Q1 (A) and Q2
(B) concentrations (pH 7.0, T = 37 °C, 4, = 280 nm). [M2-1] = 3.6 uM; [Q1] = 0 — 18.7 uM, and
[Q2] =0 — 16.9 uM. Scatchard plot of the interaction between the M2-1 protein and the compounds
QI (A) and Q2 (B) at three different temperatures (19, 28, and 37 °C). The solid lines denote the
linear fitting to the experimental data by using the Scatchard equation (Eq. 4). The inserts correspond
to the van’t Hoff plots for the M2-1/compounds complexes. The solid lines depict the linear
adjustments to the experimental results by using the van’t Hoff equation (Eq. 5).

Fig. 3. (A) Location of the compounds Q1 and Q2 in the interface between the monomers of the
tetramer of M2-1. The protein is shown as cartoon and the zinc atoms as gray spheres. Three-
dimensional structural detail of the microenvironment interaction of Q1 (B) and Q2 (B) in the
contact interface between the a-helix 6 (06) of the globular domain of the current chain (green, chain
A) and the zinc finger domain of the neighbor chain (yellow, chain D), preceding the structure of the
tetramer. The compounds are shown as stick and ball model (C, grey; O, red). Two-dimensional
representation of the non-covalent interactions maps of Q1 (D) and Q2 (E) with the M2-1 protein.
The structural representation was performed using PyMOL [30] and the maps of the interactions
were calculated using PoseView [31].

Fig. S1. 'H-NMR spectrum of peracetylated quercetin (Q1) (DMSO-ds, 400 MHz).

Fig. S2. Expansion of *H NMR spectra of peracetylated quercetin (Q1) 6 7.90—7.15 (DMSO-ds, 400
MHz).

Fig. S3. Expansion of *H NMR spectra of peracetylated quercetin (Q1) 6 2.60—2.25 (DMSO-ds, 400
MHz).

Fig. S4. 'H-NMR spectrum of tetracetylated quercetin (Q2) (CDCls, 400 MHz).

Fig. S5. Expansion of *H NMR spectra of tetracetylated quercetin (Q2) ¢ 7.80—6.50 (CDCls, 400

MHz).
16



Fig. S6. Expansion of *H NMR spectra of tetracetylated quercetin (Q2) ¢ 2.45-2.30 (CDCls, 400
MHz).

Fig. S7. Tetrameric structure of M2-1 protein (PDB ID: 4C3D). The black lines denote the
subdivision limits of monomer units of the tetramer and also present the symmetric units. The red

box (Grid box) indicates the protein region where the grip maps of AutoGrid 4.2 were centered.
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Tables

Table 1
Binding constant (K, ), number of bound ligands (n), enthalpy change (AH ), Gibbs free energy

change (AG), and entropy change (AS) of the M2-1/compounds interaction determined using
fluorescence quenching experiments at 19, 28, and 37 °C.

i K, AH AG T-AS
Compounds  T(°C) (x10°M1) | (keal-mol™t) (kcal-mol™)  (kcal-mol?)
19 403 1.05 6.13 7.74
Ql 28 437 098 1.34 6.37 7.71
37 461  1.00 ~6.59 7.93
19 652 1.00 “6.41 8.77
Q2 28 722 1.00 2.36 6.67 9.03
37 827  1.07 6.95 9.31

All correlations coefficients are > (0.99.
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Highlights

v The acetylated quercetin derivatives bind to hRSV M2-1 protein.
v The hydrophobic interactions are important for formation of the complexes.
v The compounds can interact in the RNA-binding sites of the M2-1 tetramer.

v' M2-1/compounds complexes are stabilized by hydrogen bonds and stacking interactions.
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