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ABSTRACT: An integrated and controlled migration of leuko-
cytes is necessary for the legitimate functioning and maintenance of
the immune system. Chemokines and their receptors play a
decisive role in regulating the leukocyte migration to the site of
inflammation, a phenomena often referred to as chemotaxis.
Chemokines and their receptors have become significant targets for
therapeutic intervention considering their potential to regulate the
immune system. Monocyte chemoattractant protein-1 (MCP-1/
CCL2) is a preeminent member of CC chemokine family that
facilitates crucial roles by orchestrating the recruitment of
monocytes into inflamed tissues. Baicalin (BA), a major bioactive
flavonoid, has been reported to attenuate chemokine-regulated
leukocyte trafficking. However, no molecular details pertaining to its direct binding to chemokine(s)/receptor(s) are available till
date. In the current study, using an array of monomers/dimers of human and murine CCL2 orthologs (hCCL2/mCCL2), we have
shown that BA binds to the CCL2 protein specifically with nanomolar affinity (Kd = 270 ± 20 nM). NMR-based studies established
that BA binds CCL2 in a specific pocket involving the N-terminal, β1- and β3-sheets. Docking studies suggested that the residues
T16, N17, R18, I20, R24, K49, E50, I51, and C52 are majorly involved in complex formation through a combination of H-bonds and
hydrophobic interactions. As the residues R18, R24, and K49 of hCCL2 are crucial determinants of monocyte trafficking through
receptor/glycosaminoglycans (GAG) binding in CCL2 human/murine orthologs, we propose that baicalin engaging these residues
in complex formation will result in attenuation of CCL2 binding to the receptor/GAGs, thus inhibiting the chemokine-regulated
leukocyte trafficking.

1. INTRODUCTION
Inflammation is a pivotal biological response of the immune
system, elicited due to various injurious stimuli and toxic
compounds such as damaged cells and pathogens.1,2 During
acute inflammatory conditions, several molecular and cellular
interactions adroitly abate the impending infection. This
mitigation process is regulated by various immune mediators
such as cytokines, interferons (IFNs), chemokines, colony-
stimulating factors (CSFs), and tumor necrosis factors
(TNFs).3 Chemokines are a specific subclass of cytokines
that contribute to the restoration and resolution of tissue
homeostasis. Chemokines are the small, secreted chemotactic
proteins that direct the migration of immune cells to the foci of
inflammation and function as intracellular messengers.4 Based
on the chromosomal location, the position of conserved
cysteine residues, and their specific cell targets, these
chemotactic proteins have been classified into four families:
CXC, CX3C, CC, and C.5 Chemokines interact with G-
protein-coupled receptors (GPCRs) embedded in the cell
membranes of leukocytes and glycosaminoglycans (GAGs)
present on the endothelial cell surface during leukocyte
migration.4,6 As the chemokine−receptor/GAG interaction is
a fundamental pivot that regulates chemokine-mediated

leukocyte trafficking, their involvement in several inflammatory
and infectious conditions is well documented.7 For instance, an
enhanced level of peripheral blood during the hepatitis C virus
(HCV) infection is explicitly arbitrated by chemokines and
their receptors.8 Moreover, these interacting partners play
critical roles in tumor progression,9 autoimmune diseases,10

lung infection,11 and several neurodegenerative conditions.12

The monocyte chemoattractant protein (MCP) family is a
small subfamily of CC chemokines that mediate immune
responses in various inflammatory processes.13,14 The family
constitutes four small, secreted, and structurally related
proteins known as MCP-1, -2, -3, and -4.15 Among these
four members, MCP-1, also termed as CCL2, is the most
studied member of the MCP family and is a potent agonist for
monocytes, memory T cells, basophils, and dendritic cells.16
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Earlier, NMR studies have unveiled that the monomeric
structure of CCL2 comprises an N-terminal loop and four
antiparallel β-strands, followed by a C-terminal helix (Figure
1A).17 In solution, CCL2 forms a symmetric dimer topology

where both the monomeric units are placed antiparallel and
interact through intermonomer β-strand contacts, thus forming
a canonical CC chemokine dimer (Figure 1B).18−20 A recent
study on murine CCL2 suggested that it also exhibits similar
dimeric topology to that of human orthologs with some minor
structural differences at the C-terminal end.21 CCL2 has been
reported to be associated with various deleterious inflamma-
tory ailments, including atherosclerosis,22 tumor neovascular-
ity,23 tuberculosis,24 inflammatory bowel diseases,25 and
multiple sclerosis.26 In these clinical manifestations, it is
apparent that to exacerbate the inflammation, CCL2 induces
the activation of leukocytes, specifically macrophages/mono-
cytes, in the tissues by interacting with its GPCR receptor
CCR2.
Since most of the chemokines tend to oligomerize at higher

concentrations, an ardent effort has been inflicted to depict the
stoichiometry of chemokine−receptor interactions.27−29 It has
been widely accepted that most of the CC chemokines interact
with their cognate receptors in their monomer conforma-
tions.30−32 In line with this, the monomeric variant of human
CCL2 (P8A*) preferably interacts and activates its receptor
CCR2 to that of its dimeric conformation.30 Chemokine−
receptor interactions arbitrate a significant immune response
under various inflammatory conditions and prevent the
damage of the host. Several monoclonal antibodies and
receptor antagonists have been identified to regulate the
interactions on the CCL2−CCR2 axis.33−35 In the same

context, Wang et al. have reported the disruption of
chemokine−receptor interactions using the flavonoid baicalin
(BA) with an array of CXC/CC chemokines, which resulted in
reduced chemotactic activity.36 Baicalin (7-glucuronic acid,
5,6-dihydroxyflavone), the flavone glycoside extracted from
Scutellaria baicalensis Georgi, has been used as a potent anti-
inflammatory agent in Asian traditional medicine (Figure
1C).36 Further, it has also been reported that baicalin
dramatically hinders the superantigen-mediated generation of
various cytokines and chemokines from human PMBC cells
and inhibits the T-cell proliferation induced by the staph-
ylococcal superantigens.37 In addition to this, baicalin also
exhibits diverse therapeutic properties such as anti-allergic,
antitumor, antioxidant, antibronchitis, and antinephritis and
anticardiovascular actions.38−40

Although baicalin has been reported as a potent anti-
inflammatory agent and it regulates the chemotactic activity of
chemokines, no molecular/structural details are available
regarding its interaction with chemokine oligomers (mono-
mer/dimers). The current study is designed to elucidate the
binding features of baicalin to the chemokine CCL2. As CCL2
exhibits the monomer−dimer equilibrium, the interaction of
baicalin was investigated using both CCL2 dimers and
monomers. To obtain a comprehensive knowledge about the
binding, CCL2 orthologs from both human and murine species
were studied against baicalin. Fluorescence spectroscopy and
multidimensional solution NMR spectroscopy techniques and
molecular docking tools were applied to unravel the molecular
interactions. Our results unveiled that baicalin binds
specifically to CCL2 monomers and dimers with similar
affinities (Kd in range of ∼270 ± 20 nM). Further, the
extensive overlap of the chemokine binding pocket observed in
this study with that of the GAG/receptor binding sites
substantiates the earlier cell-based reports of baicalin
interference in chemokine−receptor interactions and thus the
attenuated chemotactic activity of chemokines in its presence.

2. RESULTS
2.1. Assessing the Oligomeric State of the P8A

Mutant in CCL2 Orthologs. The oligomeric state is crucial
for activation and regulation of proteins. The principles of the
oligomerization process remain unclear especially when these
oligomers are formed through a domain swap or arm-exchange
mechanism. The frequent existence of proline residues at the
dimeric interface has been extensively reported.41 It has been
suggested that these residues impose restraints on the
conformation of the protein and assist in oligomerization
through the “arm-exchange” process.41 Earlier studies have
reported that mutation of proline into alanine (P8A) in the
wild-type (WT) hCCL2 resulted in an obligate monomer that
potentially interacts and activates its receptor (CCR2) (Figure
1B).30 Sequence analysis of CCL2 chemokines from primate
and rodent families has suggested that the proline residue at
the 8th position is highly conserved among all of the members
(Figures S1 and 2A). These observations are consistent with
the previous studies, where the conserved profile of the proline
residue at the 8th position has been reported to exert an
essential impact on the efficiency of the dimerization.41 To
generate the monomeric variants of the CCL2 orthologs, we
have constructed the P8A mutant proteins using the human/
murine CCL2-WT genes (Figure S2A−F and Table S2). The
mutant proteins along with the wild-type constructs of both
human and murine species were expressed and purified using a

Figure 1. Structural characteristics of CCL2 protein and baicalin
(BA): (A) Three-dimensional structure of human CCL2 protein’s
monomeric subunit depicting all of the structural elements (PDB ID:
1dok). The structure comprises a long N-terminal, three antiparallel
β-strands, and a C-terminal α-helix. The disulfide bonds are
highlighted in yellow (stick representation). (B) Three-dimensional
structure of the human CCL2 dimer (PDB ID: 1dok). The proline
residues involved in the arm-exchange process are represented by
spheres. (C) Chemical structure of flavonoid baicalin (BA).
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series of chromatographic techniques to obtain the pure
proteins (Figures 2B, S3A−E, and Table S2).
To unravel the impact of the proline mutation on

oligomerization of the mCCL2-P8A mutant, size exclusion
chromatography (SEC) and proton-based 2D-DOSY measure-
ments were carried out on the wild-type and P8A mutant
proteins. The elution profiles of both mutant proteins were
compared with standard proteins along with their respective
WT proteins (mCCL2 and hCCL2). In contrast to the wild-
type proteins, which exist in dimeric conformations (∼18
kDa), both P8A mutant proteins were eluted corresponding to
the molecular weight of ∼9 kDa, thus suggesting the
monomeric nature of the P8A mutants in both the orthologs
(Figure 2C).21 The observed dimeric state of the wild-type
CCL2 ortholog proteins and the monomeric conformations of
the P8A mutants are in line with the earlier published
reports.30,42

Further, to substantiate the oligomerization results obtained
from the SEC, NMR-based translational diffusion measure-
ments were performed. The diffusion profiles of CCL2
oligomeric variants and the standard proteins are presented
in Figure 2D. Diffusion coefficient (D) values of 1.309 × 10−10

and 1.305 × 10−10 m2 s−1 were obtained for mCCL2-P8A and
hCCL2-P8A and 0.9 × 10−10 and 0.96 × 10−10 m2 s−1 for
mCCL2-WT and hCCL2-WT, respectively. The obtained D
values are consistent with the previously reported D values of
other CC monomeric and dimeric chemokines (Figure
2E).43,44 The monomeric nature of the P8A mutants and the
dimeric nature of the wild-type proteins were also
independently assessed by comparing the diffusion coefficients
of these proteins with standard proteins HEL and SH3 domain
(Figure 2E). All of these results comprehensively establish the
dimeric conformation of the wild-type proteins and the
monomeric conformation of the P8A mutants of both CCL2
orthologs at the chosen experimental conditions.

2.2. Secondary and Tertiary Structural Features of
CCL2-P8A. It is essential to characterize the secondary and
tertiary structural features of CCL2-P8A, as structural changes
are associated with various aspects of functional capabilities.
Far-UV circular dichroism (CD) (190−250 nm) offers an
imperative means to monitor the changes that occur in the
secondary structure of the protein.45,46 To assess the secondary
structural features, the CD profiles of all four CCL2 orthologs
have been compared (Figure 3A). Although the wild-type
spectra and P8A spectra of both the orthologs overlaid well,

Figure 2. Comparative biophysical characterization of monomeric
and dimeric CCL2 orthologs: (A) Sequence alignment of murine and
human CCL2-WT and monomeric orthologs. The proline-to-alanine
mutation is highlighted in blue, and marked with an arrow. The
conserved cysteine residues in proteins are highlighted in red. The
secondary structure elements are shown on the top of the sequences,
and the presence of C-terminal βc-strand present specifically in
mCCL2 is highlighted in dark cyan. (B) Pure protein profiles of
CCL2 orthologs: Lane M, marker bovine serum albumin (BSA) (66
kDa) and hen egg lysozyme (HEL) (14kDa); Lane 2, pure mCCL2-
WT protein (9 kDa); Lane 3, pure murine mCCL2-P8A protein (9
kDa); Lane 4, pure hCCL2-WT protein (9 kDa); and Lane 5, pure
hCCL2-P8A protein (9 kDa). (C) Size exclusion chromatography
(SEC) profile for mCCL2-WT (blue), mCCL2-P8A (orange),
hCCL2-WT (red), and hCCL2-P8A (green) proteins. The standard
molecular weight (MW) proteins are depicted by dotted lines at their
respective elution maxima, which are describing their MW. (D) Two-
dimensional diffusion-ordered spectroscopy (2D-DOSY) profiles for
mCCL2-WT (blue), hCCL2-WT (green), mCCL2-P8A (purple), and
hCCL2-P8A (cyan) proteins. The standard reference proteins hen egg
lysozyme (HEL) and chicken SH3 protein domain are shown in
orange and dark yellow, respectively. (E) DOSY-diffusion plot
between the molecular weight and diffusion coefficients. The
histograms of mCCL2-WT and hCCL2-WT are highlighted in orange
and light blue, whereas mCCL2-P8A and hCCL2-P8A are highlighted
in pink and green, respectively. Standard proteins are highlighted in
teal (HEL) and dark yellow (SH3 domain), respectively.

Figure 3. Structural characterization of CCL2 ortholog monomers
and dimers: (A) Overlay of the far-UV CD profiles of WT (human,
red; murine, blue) and monomeric (human, green; murine, pink)
proteins of CCL2 orthologs. (B) Overlay of ANS fluorescence spectra
of WT (human, red; murine, blue) and monomeric (human, green;
murine, pink) proteins of CCL2 orthologs. (C) Overlay of ANS
fluorescence decay profiles of WT (human, red; murine, blue) and
monomeric (human, green; murine, pink) proteins of CCL2
orthologs.

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

https://dx.doi.org/10.1021/acsomega.0c03428
ACS Omega 2020, 5, 22637−22651

22639

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03428/suppl_file/ao0c03428_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03428?ref=pdf


certain differences in the spectral features between the wild-
type and monomeric CCL2 were observed. Henceforth, to
evaluate the secondary structural characteristics, the CD
spectra of all of the four conformers are subjected to
quantitative measurements using Dichroweb-K2D software
(Table S3). These results unveiled that all four CCL2
orthologs exhibit a similar percentage of secondary structural
content, thus indicating that the mutation of P8A and the
formation of monomer do not influence the CCL2 secondary
structural features in murine, which is also in line with its
human counterpart.30

To elucidate the tertiary structural characteristics of CCL2
orthologs, intrinsic tryptophan- and ANS-based fluorescence
measurements were performed. For intrinsic fluorescence
experiments, tryptophan (W59) was used as a fluorophore,
and the fluorescence emission profiles of all proteins were
compared. No noticeable spectral shift/intensity was observed
for the measured CCL2 proteins, thus signifying no
measurable/significant changes in the Trp environment
(Figure S4). Further, to dissect the differential tertiary
structural/surface characteristics of CCL2 constructs, ANS
emission profiles of four proteins were analyzed. In comparison
to WT proteins, a noticeable change in the ANS fluorescence
profile was observed for both monomers, although both the
monomers exhibited similar spectral profiles (Figure 3B). The
binding of ANS to CCL2-WT proteins has resulted in a sharp
decrease of ∼2.2 times in the fluorescence intensity as
compared to their monomeric counterparts. It is also
noteworthy that, along with significant changes in the ANS
intensity, a spectral shift of ∼10 ± 2 nm in the emission spectra
was also observed for both WT proteins as compared to
monomeric proteins. Such differential spectral profiles of ANS
binding to CCL2 monomer proteins suggest that these
monomeric proteins possess a more exposed hydrophobic
surface than that of the WT proteins.
The differential nature of the fluorophore environment (Trp

and ANS) in the monomers and dimers of CCL2 orthologs
was also assessed in their excited states using the fluorescence
lifetime decays. Tryptophan lifetime decay profiles were
observed to be similar for both monomers and dimers,
suggesting the similar electronic environment of the excited
states of CCL2 proteins irrespective of the oligomerization
characteristics (Figure S5). These lifetime results are in line
with the steady-state tryptophan results discussed in the above
paragraph. In contrast to Trp behavior, distinguishable
fluorescence decay profiles of ANS were observed between
WT and monomeric CCL2 orthologs (Figure 3C). In general,
the ANS fluorescence decay is uniexponential with a lifetime of
∼0.25 ns. However, when it binds to proteins, it follows
triexponential decay.47−49 The triexponential decay represents
two different types of ANS binding to the protein molecules
(τ2, τ3), along with the decay of free ANS (τ1). The two decays
corresponding to the ANS−protein complex include a shorter
decay (τ2), where ANS binds to the surface of proteins, and a
longer decay (τ3), representing the binding of ANS specifically
to the protein hydrophobic core. In the case of CCL2 proteins,
we have noticed that the lifetime values and the amplitudes of
different lifetimes varied significantly between the wild-type
and monomeric proteins, although they are similar between
the orthologs (Table 1). The increase in lifetime/amplitude of
the longer decay (τ3) in monomers as compared to their wild-
type/dimeric counterparts clearly evidences the enhanced
binding of ANS at their hydrophobic core. This can be

attributed to the loss of dimeric contacts and exposure of the
hydrophobic surface in monomeric CCL2 proteins, as also
observed in steady-state ANS experiments (Figure 3B).

2.3. Residuewise Comparative Analysis of Dimeric
and Monomeric mCCL2 Proteins. The biophysical studies
using CD and fluorescence suggested that the monomeric and
the wild-type/dimeric proteins have similar secondary
structures; however, their intrinsic tertiary structures exhibited
differences due to the loss of quaternary interaction. Using
multidimensional NMR spectroscopy, the authors have
established that the monomeric hCCL2 (P8A) has similar
secondary structural features to those of the dimeric CCL2
protein, although some significant differences in the position of
the resonances were observed in the 1H−15N heteronuclear
single quantum coherence (HSQC) spectra of the monomer.30

The differences/chemical shift perturbations (CSP) were
attributed to the local structural changes due to the loss of
quaternary interactions at the dimer interface.
As no such information is available for the mCCL2-P8A

protein, first we assessed its concentration-dependent
oligomerization property. To rule out the oligomerization/
aggregation at higher protein concentrations, HSQC spectra
were recorded at 50 and 500 μM concentrations for mCCL2-
P8A (Figure S6). At both concentrations, HSQC yielded
identical spectra with a single set of well-dispersed NH cross-
peaks, indicating the existence of mCCL2-P8A as an exclusive
monomer in the measured experimental conditions. Further, to
assess such local changes in the monomeric mCCL2 (P8A)
protein, we have compared the 1H−15N chemical shifts of
mCCL2-P8A with those of the dimeric mCCL2 protein (∼800
μM). Overlay of the HSQC spectra for both proteins is shown
in Figure 4A. It is worth noting that wild-type mCCL2 forms a
dimer at high concentrations (∼800 μM) and equilibrium of
monomers and dimers at low concentrations (∼100 μM), thus
resulting in more number of resonances at the low
concentrations.21 The HSQC spectral overlay suggested that
∼70% NH cross-peaks were present at their respective
positions, and certain resonances were specifically shifted. To
identify the resonances with substantial shifts between the
monomeric and dimeric mCCL2 proteins, a chemical shift
perturbation (CSP) map has been plotted using 40
unambiguous resonances (Figure 4B). CSP results suggested
that residues A7, L9, T10, C12, S14, T16, I20, R30, and A53
have shown significant perturbations. Among these residues,
A7, L9, T10, C12, S14, T16, and I20 are present in the N-
terminal portion and constitute the dimer interface. Certain

Table 1. Fluorescence Lifetime Values of Free ANS and
ANS Complexed to CCL2 Wild-Type Proteins and
Monomeric Proteins from Murine and Human Speciesa

ANS τ1 (ns) τ2 (ns) τ3 (ns)
average

lifetime (ns) χ2

ANS 0.25 (100) 0.25 0.99
mCCL2-WT 0.23 (37) 2.5

(38)
9.2 (25) 3.3 1.1

hCCL2-WT 0.23 (38) 2.6
(37)

9.3 (25) 3.3 1.2

mCCL2-P8A 0.25 (46) 2.3
(26)

11.5
(28)

3.9 1.1

hCCL2-P8A 0.25 (45) 2.2
(27)

11.2
(28)

3.8 1.3

aThe values of the relative amplitude for each lifetime are presented
in the parenthesis.
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extent of the chemical shift perturbation for the residues A7,
L9, and T10 in the N-terminal can be attributed to the
mutational effect of the neighboring residue (P8A). Other
perturbed residues such as R30 and A53 can be due to relay of
perturbations. For example, CCL2 comprises a disulfide bond
between the residues C12 and C52, which can potentially relay
the perturbations to A53. All of the identified perturbed
residues are represented as spheres on the monomeric
structure of mCCL2 and on the surface of the dimeric
CCL2 (Figure 4B inset, C). Mapping of these residues on the
dimeric CCL2 structures clearly depicts that the perturbations
are majorly present at the dimer interface, and the observed
changes in the chemical shifts are due to change in the local
environment of these residues due to loss of dimeric contacts.
These observations are consistent with the fact that the loss of
interface contacts might have perturbed the chemical environ-
ment of affected residues. These results indeed are in line with
the hCCL2 results and also corroborated with the other CC
chemokines.30,43 Hence, these results establish that the
substantial changes observed in the chemical shift values of
the monomer are exclusively due to the loss of dimer interface
and the mCCL2-P8A mutant exists exclusively in the
monomeric conformation even at high concentrations.
2.4. Measuring the Binding Affinity of Baicalin to

CCL2 Orthologs. A priori knowledge of baicalin-regulated
chemotactic activity of proinflammatory chemokines instilled
us to explore the plausibility and mechanism of direct

interaction of BA with the CCL2 chemokine. Further,
measurements of these interactions using orthologous proteins
also provide information about the varied/conserved nature of
the binding surfaces under evolutionary perspective, as
chemokines are one of the known families of immune proteins
that are rapidly evolving.50−53 As previously reported, the
hCCL2-P8A monomer activates its receptor with significant
efficiency compared to its dimeric counterpart;30 it is also
essential to evaluate the binding preference of baicalin toward
both the monomeric and dimeric conformations. Considering
these perspectives, we have chosen both human and murine
CCL2-WT and monomeric proteins to investigate the binding
interaction with BA using fluorescence quenching experiments.
All of the four CCL2 proteins were titrated with the increasing
concentration of BA flavonoid, as described in the
experimental section. It was observed that the intrinsic
fluorescence intensity of CCL2 orthologs decreased signifi-
cantly upon increasing the BA concentration, suggesting a
prominent interaction between BA and CCL2 orthologs
(Figure 5A−D). It is worth noting that, along with intensity
changes, a bathochromic shift of ∼8 nm for wild-type proteins
and ∼11 nm for monomers was observed in the emission
spectra of CCL2 proteins upon binding to BA. The red shift in
fluorescence emission strongly supports the substantial
involvement of hydrogen bonding interactions between
CCL2 and BA.54

The BA-mediated fluorescence quenching was assessed
using the Stern−Volmer equation. The quenching constant
(Kq) value for all CCL2 orthologs was determined by analyzing
the linear regression plot of F0/F versus [Q] (Figure 5E−H).
The value of Kq for CCL2 wild-type proteins was found to be
5.1 × 1012 L mol−1 s−1 for mCCL2-WT, 5.2 × 1012 L mol−1 s−1

for hCCL2-WT, 6.2 × 1012 L mol−1 s−1 for mCCL2-P8A, and
6.1 × 1012 L mol−1 s−1 for hCCL2-P8A (Table 2). In general,
the quenching process follows different mechanisms such as
dynamic quenching, static quenching, or both. These
quenching processes can be distinguished by their dependence
on the quenching constant Ksv.

55 As previously reported, for
dynamic quenching, the value of the maximum dynamic
quenching constant (Kq) can be 2.0 × 1010 L mol−1 s−1.55,56

Considering that the quenching constants obtained here upon
interaction with BA are far higher than those of the maximum
limit of dynamic quenching, we believe that the quenching
process in the CCL2−BA interaction is static quenching.
Further, the binding constant and binding sites were calculated
by fitting the data to a double-logarithmic equation (Figure
5I−L). The estimated dissociation constant (Kd) values for
CCL2 wild-type and monomeric proteins were found to be in
the range of 270 ± 20 nM, and the number of binding sites per
monomer is around 1, suggesting that one monomer of CCL2
binds to one baicalin molecule (Table 2). The obtained Kd
values suggest that both the CCL2 orthologs in their wild-type
and the monomeric conformations bind to BA with similar
binding affinity. Further, the observed binding constant of 270
± 20 nM establishes that BA interacts with the CCL2
orthologs very tightly.

2.5. Deciphering the Baicalin Binding Sites on the
CCL2 Protein Using NMR Spectroscopy. The fluorescence
experiments have suggested that the oligomeric and ortholo-
gous nature of CCL2 does not impose any significant effect on
the binding affinity for baicalin. Hence, to unveil the residue-
level insights for baicalin binding using NMR spectroscopy, the
mCCL2-WT protein was used at 100 μM concentration, where

Figure 4. NMR characterization of mCCL2-P8A: (A) Overlay of
1H−15N HSQC spectra of mCCL2-WT (black) and mCCL2-P8A
monomer (red). The arrows are representing the residues showing
significant chemical shift perturbation from the WT protein. (B)
Chemical shift perturbation (CSP) map depicting the change in the
chemical shift values for the residues of the mCCL2-P8A protein in
comparison to mCCL2-WT. The solid black line represents the cutoff
CSP value. The secondary structure elements are shown on the top of
the CSP map. The inset represents the monomeric structure of the
mCCL2 protein; the perturbed residues are shown as dark red
spheres. (C) Surface structure of the mCCL2 dimer representing the
perturbed residues in dark red and dark purple on each monomeric
subunit, respectively.

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

https://dx.doi.org/10.1021/acsomega.0c03428
ACS Omega 2020, 5, 22637−22651

22641

https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03428?ref=pdf


one can simultaneously monitor the dimeric and monomeric
resonances. Such protein equilibrium under a slow exchange
regime allows measuring the binding behavior of both the
species (monomer and dimer). The binding of BA to the
mCCL2-WT protein was determined by saturating the
mCCL2-WT protein with BA in a ratio of 1:5 (mCCL2-
WT/BA). It was observed that a subset of NH resonances was
significantly perturbed for both the monomeric and dimeric
conformations of mCCL2 (Figure 6A,B). Henceforth, to gain
more insights into the binding pattern between mCCL2 and
BA, the chemical shift perturbation (CSP) approach was used.
CSP is an exquisitely sensitive method to describe the binding
interactions and is routinely used for studying protein−ligand
interactions.57,58 The sequence-specific CSP map was plotted
for all of the residues of the mCCL2 dimer and 17
unambiguously identified residues of monomeric conformation
at a molar ratio of 1:5 (mCCL2-WT/BA) (Figure 6C) using
the mCCL2-WT protein (∼100 μM) as a reference. The
obtained CSP profile suggests that only a specific group of

residues is significantly perturbed in both the monomeric and
dimeric conformations, suggesting a similar binding surface of
interaction in both the conformers (Figure 6C). Moreover,
these similar perturbations and no significant effect on the
dimeric−-monomeric equilibrium of mCCL2 upon addition of
BA, as observed from the peak intensity ratios of the dimer and
monomer (data not shown), also indicate that the binding site
is not at the dimer interface. The perturbed residues include
L9, T10, C12, S17, K18, and I20 from the N-terminal; S23 and
R24 from the 310 helix; L25, E26, and S27 from the β1-sheet;
T45 and K46 from the 3rd loop; R49 and V51 from the β3-
sheet; and L67 from the C-terminal α-helix. All of the residues
exhibiting perturbation have been marked on one subunit of
the molecular structure of the mCCL2 dimeric protein (Figure
6D). These observations establish that BA binds to the
mCCL2-WT protein at the N-terminal by involving the β1-
and β3-sheets.

2.6. Analyzing the Binding Interaction of BA with
CCL2 Proteins Using Molecular Docking. Taking the
NMR-based studies in the background, the molecular docking
was executed to unravel the atomic-level interaction between
BA and CCL2 monomers. The docking study was performed
using the AutoDock 4.2 tool by incorporating the perturbed
residues obtained from NMR-based CSP studies. It was
observed that BA binds specifically in a pocket that is away
from the dimer interface (Figure 7A,B). The binding energy
for the BA and mCCL2 monomer interaction was observed to
be ∼−6.5 kcal mol−1. The binding of BA to mCCL2/hCCL2
was mediated by various types of interactions including
hydrophobic, hydrogen, and electrostatic interactions. For
the BA−mCCL2 complex, the primary residues observed to be
involved in the formation of hydrophobic interactions were I20

Figure 5. Fluorescence quenching profiles of CCL2 orthologs: (A−D) Fluorescence quenching profiles of mCCL2-WT, mCCL2-P8A, hCCL2-
WT, and hCCL2-P8A, respectively. (E−H) Stem−Volmer plots of mCCL2-WT, mCCL2-P8A, hCCL2-WT, and hCCL2-P8A, respectively. (I−L)
Double-log plots of mCCL2-WT, mCCL2-P8A, hCCL2-WT, and hCCL2-P8A, respectively. In figure (A−D), the inset A−F represents Apo
protein (without BA), protein−BA (1:0.1), protein−BA (1:0.2), protein−BA (1:0.4), protein−BA (1:0.5), protein−BA (1:0.7), and protein−BA
(1: 1).

Table 2. Binding Parameters for the Interaction of CCL2
Orthologs with Baicalin (BA)a

name of
protein

quenching
constant (Kq)

M
−1
s
−1

dissociation
constant (Kd)

[nM]
number of
binding site R2

mCCL2-WT 5.1 × 10
12

290 ± 20 1.2 ± 0.1 0.99
hCCL2-WT 5.2 × 10

12

250 ± 20 1.1 ± 0.1 0.98
mP8A 6.2 × 10

12

270 ± 20 1.1 ± 0.2 0.99
hP8A 6.1 × 10

12

260 ± 20 1.2 ± 0.1 0.98
aFor all CCL2 proteins, the concentrations were obtained as a
monomeric unit.

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

https://dx.doi.org/10.1021/acsomega.0c03428
ACS Omega 2020, 5, 22637−22651

22642

https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03428?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03428?ref=pdf


and V51. For example, Cδ of I20 was interacting with the C3
and C4 moieties of BA, respectively, whereas Cβ of V51 was
interacting with the C3 moiety of BA. Further, residues T16,
S17, K18, R24, and R49 were involved in the formation of
hydrogen bond contacts. The essential interactions include
(T16) Hγ−O1 (BA), (S17) NH−O1 (BA), (K18) HZ3−O8
(BA), (R24) NH2−O4 (BA), and (R49) NH2−O5 (BA).
Apart from these hydrophobic and H-bond interactions, an
electrostatic interaction between the O group of M19 residues
and the O9H group of BA was also observed. Some of these
crucial interactions involved in BA−mCCL2 interactions have
been depicted in the molecular structure (Figure 7C,D), and
all of the possible contacts have been summarized in Table 3.
Considering the similarity in the human and murine CCL2
protein sequences and the CCL2−BA complex dissociation
constants observed in the earlier section, docking studies were
also performed for human CCL2 monomeric protein using the
same surface grid/NMR-based CSP map of mCCL2 (Figure
7E,F). The binding energy for BA and hCCL2 monomer
interactions was observed to be ∼−6.3 kcal mol−1. The crucial
residues observed to be involved in the formation of
hydrophobic interactions were I20 and I51. For example, the
Cγ1 group of I20 was interacting with the C9 moiety of BA,
while the Cγ2 group of I51 was interacting with the C16
moiety of BA. Additionally, residues T16, N17, R18, R24, K49,
E50, and C52 were involved in the formation of hydrogen

bond interactions. The crucial interactions include (T16)
Hγ1−O4 (BA), (N17) Oδ1−O11 (BA), (R18) NH−O11
(BA), (R24) NH1−O8 (BA), (K49) Hζ2−O6H (BA), (E50)
OA−C16 (BA), and (C52) NH−O19 (BA). Some of these

Figure 6. NMR elucidation of BA binding to the mCCL2-WT
protein: (A) 1H−15N HSQC spectral overlay for mCCL2-WT/apo
(red) and BA−mCCL2-WT complex (blue). Representative reso-
nances exhibiting dimer−monomer equilibrium are boxed. (B) Zoom-
in section of all of the boxed residues shown in figure (A). (C)
Chemical shift perturbation (CSP) plot of mCCL2-WT and BA
interactions. The dotted horizontal black line represents the cutoff
value for perturbed residues. The secondary structure elements are
shown on the top of the CSP plot. (D) Residues showing significant
chemical shift perturbation are shown on the mCCL2 dimeric
structure as spheres. The residues are marked only in one subunit for
clarity.

Figure 7. Docking of BA on mCCL2-WT and hCCL2-WT proteins:
(A) Docking of BA onto the mCCL2 monomer. The BA binding
pocket is highlighted in marine blue, and the interacting residues are
shown in purple. (B) Representation of the BA binding pocket onto
the surface structure of the mCCL2 monomer. (C) BA−mCCL2
monomer depicting various interactions. Black dotted lines depict the
interactions. Numbers in Å represent the spatial proximity of the
interactions. (D) LigPlot showing the representative hydrogen
bonding contacts and hydrophobic interactions in the BA−mCCL2
monomer complex. Dotted green lines indicate hydrogen bonding
interactions, while the hydrophobic interactions are indicated by an
arc along with spokes directing toward the ligand binding position.
(E) Docking of BA onto the hCCL2 monomer. The BA binding
pocket is highlighted in pale yellow, and the interacting residues are
shown in purple. (F) Representation of the BA binding pocket onto
the surface structure of the hCCL2 monomer. (G) BA−hCCL2
monomer depicting various interactions. Black dotted lines depict the
interactions. Numbers in Å represent the spatial proximity of the
interactions. (H) LigPlot showing the representative hydrogen
bonding contacts and hydrophobic interactions in the BA−hCCL2
monomer complex. Dotted green lines indicate hydrogen bonding
interactions, while the hydrophobic interactions are indicated by an
arc along with spokes directing toward the ligand binding position.
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essential interactions involved in BA−hCCL2 interactions have
been depicted in the molecular structure (Figure 7G,H), and

all of the possible contacts have been summarized in Table 3.

The collective fluorescence, NMR, and docking-based studies

establish that BA interacts specifically with CCL2 protein

orthologs in both their monomeric and dimeric conformations.

3. DISCUSSION

3.1. Dissecting the Biophysical Characteristics of the
mCCL2-P8A Variant. Chemokine functioning involves
synergistic processes, including chemokine oligomerization
and binding to the G-protein-coupled receptors (GPCRs) and
GAGs.59 Oligomerization of chemokines is also regulated by
GPCRs and GAGs, as GAGs induce oligomerization of
chemokines60 and receptors disrupt the oligomers as the
chemokine monomers are reported to be high-affinity ligands
to them.30,61 On similar lines, the monomeric variant of the
hCCL2 chemokine (P8A) has been reported to confer a higher
binding affinity for CCR2 than that of its dimeric WT
conformation.30 The proline residue (P8) in CCL2 inflicts
some restraints on its conformation, thus assisting the process
of oligomerization through the arm-exchange mechanism.41

Proline-mediated oligomerization through the arm-exchange
process has also been reported for bleomycin resistance protein
(BRP)41 and bovine ribonuclease A (RNaseA).41,62 In line
with these studies, mutation of P8A in mCCL2 disrupted the
dimer interface significantly, thus resulting in a monomeric
conformation, as evidenced by 2D-DOSY results (Figure 2D).
The obtained diffusion coefficients (D’s) are consistent with
previously reported D values for other monomeric and dimeric
CC and CXC chemokines.43,44 For example, the reported D
value (0.813 × 1010 m2 s−1) for the CCL27 protein is less than
that of the CCL2 dimer (0.9 × 1010 m2 s−1) and P8A
monomer (1.3 × 1010 m2 s−1), suggesting a higher-order
oligomerization, specifically the tetramer formation for
CCL27.43

The obtained P8A variants of human and murine CCL2
orthologs have exhibited similar secondary structural features
to those of their dimer counterparts (Figure 3A). However,
loss of quaternary interactions at the dimer interface resulted in
significant differences in the hydrophobic surfaces of the
monomers and dimers, as identified from ANS fluorescence
experiments (Figure 3B). The monomers exposed more
hydrophobic patches as compared to the dimeric proteins.
The differences in the tertiary/quaternary structure at the
dimer interface of CCL2-P8A monomers were further
supported by NMR HSQC-based CSP experiments, where a
specific set of peaks at the dimer interface residues was
significantly perturbed (Figure 4B). Furthermore, these P8A
monomers remained as monomers even at a high concen-
tration of ∼0.5 mM (Figure S6). Coherent with this study, a
report on the enzyme dimethylarginine dimethylaminohydro-
lase (DDAH) that exists in a monomer−dimer equilibrium (Kd
= 500 nM) suggested that DDAH gets converted into a stable
monomeric conformation by substituting crucial interface
residues.63 Further, biochemical and NMR experiments
suggested that the monomeric DDAH retains 95% catalytic
activity and exists as a monomer even at 1 mM concentration.
These observations strongly establish the candidature of P8A
proteins as monomeric variants of h/mCCL2 to elucidate their
structure−function relationships and to study the molecular
interactions with their interacting partners to dissect the
molecular details of the leukocyte migration phenomenon.

3.2. Molecular Insights into Baicalin-Mediated At-
tenuation of Chemokine-Based Leukocyte Trafficking
and Its Implications as an Alternate Therapeutic
Molecule. Owing to the phenomenal involvement in various
immune-related diseases, G-protein-coupled receptors, glyco-
saminoglycans, and chemokines became astounding therapeu-

Table 3. Summary of All possible Contacts Obtained from
Docking and LigPlot for the BA−mCCL2 and BA−hCCL2
Complexesa

mCCL2 baicalin

type of
interaction &

distance hCCL2 baicalin

type of
interaction &

distance

T16 (Hγ) O1 H-bond (2.7
Å)

T16 (Cβ) C8 HPI (3.3 Å)

T16 (Cβ) C8 HPI (3.2 Å) T16
(Oγ1)

C7 HPI (3.1 Å)

T16 (γO) C5 HPI (3.6 Å) T16
(Hγ1)

O4 H-bond (2.9
Å)

T16 (Cβ) C4 HPI (3.8 Å) N17
(Oδ1)

O11 H-bond (2.1
Å)

S17 (Hγ) C18 HPI (3.0 Å) N17
(2Hδ2)

O11H H-bond (3.4
Å)

S17 (NH) O1 H-bond (3.0
Å)

N17
(Oδ1)

O2 H-bond (2.5
Å)

S17
(γOH)

C19 HPI (3.2 Å) N17
(NH)

O11H H-bond (2.7
Å)

S17 (NH) C18 HPI (3.4 Å) R18 (Cβ) C10 HPI (3.5 Å)
K18
(HZ3)

O8 H-bond (3.5
Å)

R18
(NH)

O11 H-bond (3.2
Å)

K18 (NZ) O9 H-bond (3.2
Å)

R18
(NH)

O11H H-bond (3.3
Å)

K18
(HZ2)

O9 H-bond (2.6
Å)

R24
(NH1)

O8 H-bond (3.1
Å)

K18 (NZ) O9H H-bond (3.0
Å)

R24 (Cδ) C8 HPI (3.1 Å)

K18 (Cδ) C2 HPI (3.3 Å) R24
(NH1)

O8 H-bond (3.1
Å)

M19 (O) O9H ES (6.6 Å) R24
(2HH1)

O8H H-bond (2.8
Å)

I20 (Cδ) C4 HPI (3.3 Å) I20 (Cγ1) C9 HPI (3.1 Å)
I20 (Cδ) C3 HPI (3.2 Å) I20 (Cγ1) C10 HPI (3.2 Å)
R24
(NH2)

O4 H-bond (3.1
Å)

K49 (Nζ) C5 HPI (2.9 Å)

R24
(1HH2)

O3 H-bond (3.2
Å)

K49
(Hζ3)

C15 HPI (2.2 Å)

R24
(NH1)

O5 H-bond (2.9
Å)

K49
(Hζ3)

O6H H-bond (3.0
Å)

R24 (CZ) C15 HPI (4.0 Å) K49
(Hζ2)

O6H H-bond (3.3
Å)

R24
(1HH1)

O10 H-bond (2.1
Å)

E50 (OA) C16 H-bond (3.2
Å)

R49
(NH2)

O6 H-bond (3.1
Å)

I51 (Cγ2) O1 H-bond (3.0
Å)

R49
(NH2)

O5 H-bond (2.6
Å)

I51 (Cγ2) C17 HPI (3.3 Å)

R49
(2HH1)

O5 H-bond (2.2
Å)

I51 (Cγ2) C1 HPI (3.3 Å)

R49
(NH1)

O5 H-bond (2.2
Å)

C52
(NH)

C19 HPI (2.5 Å)

V51
(Cγ1)

C4 HPI (2.9 Å) C52
(NH)

C20 HPI (2.4 Å)

V51 (Cβ) C3 HPI (3.9 Å) C52
(NH)

C21 HPI (2.9 Å)

aHPI, H-bond, and ES depict the hydrophobic interaction, hydrogen
bond, and electrostatic interaction, respectively.
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tic targets during the last two decades. Indeed, to target
pathological conditions, identification and development of
small molecules that specifically target the GPCR−chemokine
axis have become the foremost approach of pharmaceutical
industries. Approximately 30% of FDA-approved small
inhibitors have been identified to target and block the
GPCR−chemokine axis.64 Since it is widely accepted that
the binding of chemokine−GAG interactions also regulates the
functioning of chemokines during injurious conditions, few
researchers have investigated the inhibition of the GAG−
chemokine axis along with the receptor−chemokine axis as an
alternative strategy.65 On this line, various small chemokine
binding proteins (CKBPs) from many parasites and viruses,66

immunomodulatory proteins such as evasins,67,68 chemokine
mimetics such as mutated and truncated chemokines,69

aptamers,70 and other small-molecule compounds binding to
chemokines/receptors71,72 have been identified as potential
blockers/inhibitors of the GPCR/GAG−chemokine axis.
Alternatively, the natural plant products such as flavonoids
have been used to treat various injurious ailments, and due to
their low toxic nature and safe consumption, they have drawn
remarkable attention in new alternative medicine. Baicalin

(BA) flavonoid has been described to exhibit several
pharmacological activities, comprising anti-inflammatory, anti-
viral, antioxidative, and antiproliferative activities.36,73−75 BA
has also been affirmed to target several immunomodulatory
proteins, such as chemokines, and attenuate their ability to
induce cell recruitment by interfering with the chemokine−
receptor interaction.36 A study on HIV-1 infection revealed
that BA exhibits substantial anti-inflammatory effect by
interfering with the binding of HIV-1 Env domains with
chemokine coreceptors, as it blocked the HIV-1 entry of target
cells at the initial stage.76

In an effort to elucidate the nature of the molecular
interactions of baicalin chemokines, we have chosen CCL2
chemokine orthologs in both dimeric and monomeric forms.
The results have delineated that the BA binding site comprises
the N-terminal end along with β1- and β3-sheets of CCL2.
The binding is mediated by both hydrogen bonds and
hydrophobic interactions. Indeed, the N-terminal of CCL2 is
the primary binding surface for its receptor CCR2 interaction.
According to the most accepted two-site model of receptor−
chemokine interactions for CC chemokines, residues from the
N-terminal and second and third β-sheets predominantly

Figure 8. Comparative analysis of baicalin binding surface with the receptor and GAG binding surfaces: (A) Surface representation of the hCCL2
monomer depicting the crucial BA binding residues (purple and pink). The overlapping residues among the receptor, GAG, and BA binding on the
hCCL2 surface are highlighted in pink. (B) Surface representation of the hCCL2 monomer depicting the crucial receptor-binding residues (red).
(C) Surface representation of the hCCL2 monomer depicting the crucial GAG binding residues (green). (D) Schematic showing the baicalin-
induced dissociation of the receptor/GAG−CCL2 complex.

Table 4. Comparative Analysis of the Binding Energy, Kd Values, and Interacting Residues for BA−mCCL2 and BA−hCCL2
Complexes

ligand protein binding energy Kd [nM] interacting residues

baicalin mCCL2 (monomer) −6.54 270 ± 20 T16, S17, K18, M19, I20, R24, R49, V51
baicalin hCCL2 (monomer) −6.39 260 ± 20 T16, N17, R18, I20, R24, K49, E50, I51, C52
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interact with the cognate receptor.77 For CCL2, the major
receptor binding residues include Y13, R18, R24, K35, K38,
and K49.30 Comparative analysis of the receptor binding
surface of CCL2 with the BA binding pocket has suggested
that these two surfaces are extensively overlapped (Figure 8A,B
and Table 4). The patch of the basic residues (R18, K19, R24,
and K49) is crucial for receptor interaction as D25 and D27
residues of the DYDY motif of the CCR2 receptor through
electrostatic interactions/H-bonds, which were acidic in
nature.78 Interestingly, a close look into the GAG binding
surface of mCCL2 has suggested that K18, R24, and K49
residues are the overlapping residues for receptor, GAG, and
BA binding on the CCL2 protein (Figure 8C). Hence, it is
evident that the observed binding surface for BA shows a
noticeable concurrency with the essential binding residues of
the receptor and GAG binding domains on CCL2. These
observations essentially provide the rationale that BA may
potentially target both the chemokine−receptor and chemo-
kine−GAG axes, thereby abrogating the CCL2-mediated
leukocyte tariffing as evidenced by reported in vitro studies
(Figure 8D).36

Indeed, several molecules have been designed to target
either the chemokine−receptor or chemokine−GAG axis
individually or both simultaneously. For example, vaccinia
virus protein VV-35 kDa interacts with the CCL2 chemokine
specifically with the receptor binding surface with a
stoichiometry of 1:1.79 The crucial binding residues observed
for the CCL2−VV-35 kDa complex were Y13, R18, K19, R24,
K38, and K49. It was also reported that the binding affinity of
the VV-35 kDa protein for the P8A monomeric variant is
similar to that of wild-type dimeric CCL2. The observed
interaction of baicalin with CCL2 wild-type and P8A
monomers with a similar affinity and 1:1 stoichiometry of
the BA−CCL2 monomer as depicted by fluorescence
quenching experiments are in line with the binding studies
reported on CCL2 with CKBPs (Table 4). In line with these
results, the crystal structure of the dimeric quorum sensing
protein TraR complex with the bound ligand N-(3-oxo-
octanoyl)-L-homoserine lactone is also reported for a binding
stoichiometry of 1:1 of ligand−TraR-monomer.80 NMR-based
intensity measurements suggested no significant change (data
not shown) in the dimer−monomer ratio of NH resonances in
the absence and presence of baicalin, thus establishing that
baicalin binding on CCL2 does not alter the oligomerization
characteristics of the CCL2 protein, and it binds far from the
dimer interface. Such a behavior was also observed on a
dimeric corticotropin-releasing factor receptor type 1
(CRF1R), which belongs to class B of GPCRs. Interaction of
various agonists and antagonist ligands with the CRF1R
protein does not alter the monomer−dimer ratio/equilibrium
of the protein even at a high concentration of ligand,
suggesting that the ligand binding and dimerization are two
independent events for CRF1R.81 The independent nature of
ligand binding and dimerization was also reported for the
Gp96 (GRP94) glycoprotein, as the authors reported that
peptide/ligand/monomer stoichiometry was similar for the
dimer and the higher-order homo-oligomeric conformation.82

Further, it was observed that the interaction of baicalin with
monomers and dimers of CCL2 was specific, as evidenced by
the perturbation of a subset of NH resonances (Figure 6C),
and the binding interactions are majorly governed by hydrogen
bonding and hydrophobic interactions (Tables 3 and 4).
Similar to BA−CCL2 interactions, binding of chemokine

binding protein vCKBP-2 with CCL2 also evidenced that the
interactions are essentially mediated through H-bonding and
hydrophobic interactions, and the vCCI binding surface on
CCL2 is largely overlapped with the CCR2 binding surface.83

The CCL2 binding mirror-image aptamer (NOX-E36, also
termed as Spiegelmer) consisting of L-ribonucleotides covers
the entire GAG binding domain of CCL2, thus obstructing
both GAG and receptor binding surfaces and abrogating the
chemotactic activity of CCL2.70 The L-aptamer binds to R18,
K19, R24, H66, and K49 through hydrogen bonds. Similar to
the human counterpart, a murine CCL2-specific Spiegelmer
(mNOX-E36) was also reported to be active in various animal
models in obstructing CCL2−GAG interactions.70,84 Several of
the residues observed for L-aptamers and CKBPs on the CCL2
surface are very similar to the residues observed for baicalin in
the present study. On similar lines, a set of various small CCL5
binders and chimeric molecules has been screened on CCL5
proteins. The small non-carbohydrate/binder molecules
interacted with CCL5 at the GAG binding surface at 30s
and 40s loops of the CCL5 chemokine with the Kd values in
the range of ∼20−60 μM. As the 40s loop is also the major site
for receptor interaction, these molecules were found to
constrain the binding interaction of CCL5 to its receptors
CCR1 and CCR5.85 Likewise, recently, a molecular study
identified the binding pocket for using naphthalene derivatives
on CXCL3, which is in the close vicinity of the GAG binding
domain.49 Similar to these compounds, CCL2−BA inter-
actions observed in this study suggest that baicalin can
potentially interfere with both the receptor and GAG
interactions of the CCL2 chemokine. As BA has also been
recognized as a potent anti-inflammatory agent providing
inherent therapeutic benefits for the treatment of chronic and
acute inflammatory reactions,40,86 considering the experimental
outcomes and the potential benefits of BA together, it can be
tested as a promising chemokine antagonist for therapeutic
intervention in animal studies to strengthen its role further as a
immunomodulatory agent/nutraceutical agent.

4. CONCLUDING REMARKS

In summary, the study suggests that the mCCL2-P8A variant
exclusively exists in a monomeric conformation. The P8A
monomers possess similar secondary structure contents to
those of the dimers, whereas the hydrophobic surfaces were
altered due to loss of dimerization contacts. Fluorescence
studies have established that BA flavonoid interacts with CCL2
orthologs with a substantial nanomolar affinity irrespective of
their oligomeric/orthologous behaviors. Further, the NMR and
docking studies established that the BA binding surface on
CCL2 comprises N-terminal, β1 and β3-sheets, and both these
molecules are complexed through an array of hydrophobic and
hydrogen bonding interactions. As the observed binding
surface for BA on CCL2 extensively overlaps with the
receptor/GAG binding surfaces, it can be postulated that BA
binding to CCL2 disrupts/weakens its cognate receptor/GAG
interactions, thus attenuating the chemotactic activity in its
presence as reported earlier using in vitro studies. The study
also points the fact of exploring baicalin and other potential
flavonoids as nutraceutical immunomodulatory agents for
regulating inflammatory conditions.

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

https://dx.doi.org/10.1021/acsomega.0c03428
ACS Omega 2020, 5, 22637−22651

22646

http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03428?ref=pdf


5. MATERIALS AND METHODS

5.1. Site-Directed Mutagenesis, Expression, and
Purification of the Monomeric Variant of Murine and
Human CCL2. The monomeric variants of murine CCL2 and
human CCL2 were generated using standard the QuickChange
site-directed mutagenesis (SDM) method. Note that, hereafter,
monomers of murine and human CCL2 are termed as
mCCL2-P8A and hCCL-P8A, respectively, while the wild-
type (dimers) are represented as mCCL2-WT and hCCL2-
WT, respectively. Briefly, for both monomeric mutants (P8A),
PCR-based gene amplification was performed using mCCL2-
WT and hCCL2-WT genes as a template along with
appropriate forward and reverse primers (Table S1) and
inserted into the pET expression vector.21 The PCR products
were checked in 0.8% DNA agarose gel, and the desired
mutants were confirmed by Sanger DNA sequencing. Both
monomeric mutant proteins and the wild-type constructs of
human and murine CCL2 proteins were expressed and purified
as described elsewhere.21

5.2. Size Exclusion Chromatography (SEC). Size
exclusion chromatography (SEC) was carried out using a
120 mL (16/60) volume of the Superdex 75 AKTA prime
FPLC column system. All four CCL2 proteins (monomers and
wild-type dimers of human and murine CCL2 orthologs) of
∼2 mg mL−1 concentrations were directly injected into the
pre-equilibrated column in 50 mM sodium phosphate and 100
mM NaCl with 1% glycerol (pH 6.0) buffer. All of the SEC
experiments were carried out at a flow rate of 1 mL min−1, and
the elution profile of the proteins was observed at 280 nm
wavelength. The oligomeric states/molecular weights of the
proteins were assessed by comparing the elution profiles with
those of standard proteins (pepsin, chymotrypsin, aprotinin,
and cytochrome C). The standard proteins were loaded onto
the same FPLC column under identical buffer conditions.
5.3. Optical Spectroscopy. For all optical spectroscopy

experiments, the protein samples of 50 μM (20 mM Tris and
50 mM NaCl, at pH 7) concentration were used.
5.3.1. Circular Dichroism (CD) Spectroscopy. All far-UV

CD measurements were performed on a Peltier controlled
Jasco J-1500 CD spectrophotometer at 25 °C using a 1 mm
path length quartz cuvette. For CCL2 orthologs (WT and
monomers), the CD spectra were recorded from 190 to 250
nm wavelength as described elsewhere.87 The quantitative
measurement of the secondary structural elements of CCL2
orthologs was carried out using DICROWEB-K2D software
with the default parameters (http://dichroweb.cryst.bbk.ac.uk/
html/home.shtml).88

5.3.2. Steady-State Fluorescence Spectroscopy. All of the
steady-state fluorescence experiments were acquired at 25 °C
temperature on a Fluorolog spectrophotometer equipped with
a xenon lamp source. The spectra were acquired at room
temperature using a 4 mm path length quartz cuvette. The
spectral bandwidths of excitation and emission slits were kept
constant at 5 nm. The emission profiles of intrinsic tryptophan
fluorescence of CCL2 orthologs were monitored by exciting
them at 295 nm wavelength. To monitor the binding of ANS
to CCL2 ortholog proteins, ANS was excited at a wavelength
of 380 nm, and the emission spectra were acquired from 400 to
650 nm wavelength. For ANS binding experiments, a ratio of
1:5 (ANS/protein) was used for all samples.
5.3.3. Fluorescence Lifetime Spectroscopy (FLS). Fluo-

rescence lifetime experiments were recorded with a Horiba

Jobin Yvon FluoroCube system for all of the four CCL2
ortholog proteins. The tryptophan-based lifetime decay profiles
were obtained using an excitation wavelength of 295 nm and
emission wavelength of 340 nm. Similarly for ANS-based
studies, the 380 nm wavelength was used for excitation and
470 nm wavelength was used to collect the emission. The
lifetime profiles were analyzed using the multiexponential
decay functions.89

5.3.4. Baicalin Quenching Measurements. For baicalin
quenching measurements, all of the fluorescence titrations
were recorded under identical buffer conditions and at a fixed
concentration of protein (50 μM) as described in the steady-
state fluorescence spectroscopy section. For BA, a stock
solution of 20 mM was prepared by dissolving it into dimethyl
sulfoxide (DMSO). The titrand (BA) was added in
incremental steps of 5 μM ranging from 5 to 100 μM. For
titrations, the protein sample was excited at 295 nm, and the
emission profile was monitored from 300 to 450 nm. To
achieve thermodynamic equilibrium, the protein−BA complex
was preincubated for ∼15 min at room temperature. All of the
fluorescence experiments were recorded in triplicate to validate
the binding data. For analyzing the quenching data, the
following Stern−Volmer equation was used.56

F F K K/ 1 Q 1 Q0 q 0 svτ= + [ ] = + [ ] (1)

where F0 and F are the intensities of fluorescence without and
with the presence of quencher, respectively; [Q] is the
concentration of quencher; and Ksv is the Stern−Volmer
quenching constant and can be described as Ksv = Kqτ0.

55,56 Kq
is the rate constant for quenching, and τ0 is the lifetime of the
fluorophore compound without quencher and equals 10−8 s.55

The relationship between the fluorescence quenching intensity
and the concentration of BA can be described by the following
binding constant formula.

F F F K nLog ( )/ Log Log Q0 a[ − ] = + [ ] (2)

where Ka is a binding constant and n is the number of binding
sites.

5.4. Nuclear Magnetic Resonance Spectroscopy.
5.4.1. NMR Sample Preparation. All of the NMR experiments
were recorded on a Bruker 500 MHz spectrometer equipped
with a TXI probe at 298 K. For all NMR-based experiments
(except for 2D translational diffusion spectroscopy), 15N-
labeled mCCL2-WT and mCCL2-P8A protein samples were
prepared in 50 mM sodium phosphate and 50 mM sodium
chloride buffer (pH 6.0) in 10% D2O. For 2D-DOSY,
unlabeled protein samples were prepared and dissolved in
100% D2O solvent. DOSY experiments were recorded on a
Bruker 800 MHz spectrometer as described elsewhere.89,90 For
mCCL2-P8A, 1H−15N HSQC spectra were recorded in the
concentration range of 50−500 μM.

5.4.2. Baicalin Titrations. For titration experiments, HSQC
spectra were recorded at a fixed concentration of 100 μM for
both proteins and an increasing concentration of BA in the
ratio (P/L) of 1:0.5, 1:1, 1:2, and 1:5. All HSQC spectra were
recorded with sweep widths (SWs) of 12 and 26 ppm for 1H
and 15N dimensions, respectively. For each HSQC spectrum,
128 scans and 128 complex increments were used and the
offset values of 1H and 15N were set to 4.7 and 120 ppm,
respectively. TOPSPIN 3.2 software was used to process all
HSQC spectra. The residue-specific chemical shift perturba-
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tions (CSPs) for the mCCL2-WT−BA complex were
evaluated using the following equation.

H N( ) ( ) /52 2δ δ δΔ = Δ + Δ (3)

where ΔδH and ΔδN are the change in the chemical shift
values of 1H and 15N, respectively.
5.4.3. Two-Dimensional Diffusion-Ordered Spectroscopy

(2D-DOSY) Experiments. For all four proteins, a concentration
of ∼500 μM was used to acquire the 2D-DOSY experiments.
The translational diffusion coefficients of all proteins were
estimated by nonlinear least-squares fitting of intensity data as
described elsewhere.44 To assess the molecular weight, the two
standard proteins hen egg lysozyme (HEL, MW ∼ 14.3 kDa)
and the chicken SH3 domain (SH3, MW ∼ 7.2 kDa) were
used as a reference.
5.5. Molecular Docking. The molecular docking approach

was used to unravel the atomic-level interactions between the
protein and BA complex. The AutoDock 4.2 tool was used to
dock BA (PubChem SID: 329831336) onto the monomeric
subunits of human and murine CCL2 proteins using the CS-
Rosetta structural model for mCCL2-WT21 and reported
NMR structure of hCCL2-WT (PDB ID: 1dok).17 For ligand
(BA) (IUPAC name: (2S, 3S, 4S, 5R, 6S)-6-(5,6-dihydroxy-4-
oxo-2-phenylchromen-7-yl) oxy-3, 4, 5-trihydroxyoxane-2-
carboxylic acid) (Figure 1C), the sdf file format was used,
which was extracted from the PubChem database. The docking
programme was performed using a hybrid genetic algorithm,
Lamarckian genetic algorithm (LGA), which utilizes a
parameter-based free-energy scoring function for estimating
binding energy.91,92 Kollman (6) and Gasteiger charges were
computed, added, and allocated to all atoms on monomeric
CCL2. Based on CSP results, the grid box was defined
according to the identified region of the mCCL2/hCCL2
protein and centered at 60.41, 2.64, and 14.25. The dimensions
of the grid for docking were selected as 74 × 82 × 84, with
0.37 Å spacing. The LigPlot+ graphical plots were constructed
using LigPlot+ software, and the PDB-format file was used as a
primary input to the program.93 PyMol software was used to
analyze the docking results obtained from AutoDock.
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