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Abstract: Chemokine ligands play a pivotal role in immune response by mediating cell migration and
coordinating cellular processes through interactions with chemokine receptors. Understanding their
sequence and structural integrity is crucial for elucidating their biological functions and potential
therapeutic applications. In this study, we investigate the dimer interface between two distinct
homodimer topologies: CXC and CC homodimers. Despite nearly identical monomeric structures,
the rigid CXC interface is characterized by interactions between the N-loop/ 3-sheet regions, while
the more flexible CC interface involves interactions through the unstructured N-terminal regions. Our
structural and biophysical analyses indicate no significant differences in the free energy of folding
(2-8 kcal /mol) and binding (10-14 kcal/mol) between the two homodimer topologies, showing that
their free energy is primarily driven by sequence. We hypothesize that the biological signal is driven
by the malleability of the dimer, depending on the binding interface. Understanding these structural
dynamics opens new possibilities for designing chemokine-based therapeutics to modulate immune

responses in diseases such as cancer, inflammation, and autoimmune disorders.

Keywords: chemokines; homodimer; dimer interface; protein—protein interaction; conformational
dynamics; protein folding

1. Introduction

Chemokine ligands are essential signaling molecules that orchestrate the movement
and activation of immune cells, thereby shaping the immune response to infection, injury,
and inflammation. These small proteins function by binding to specific chemokine G
protein-coupled receptors (GPCRs) on the surface of immune cells, a process that triggers a
cascade of intracellular signaling events leading to cell migration and activation [1]. The
specificity of this interaction is mainly determined by the structural characteristics of the
chemokine ligands and their receptors [2]. Little is known about the formation of homod-
imers among chemokines crucial for receptor activation and function, which are critical
for their full biological activity [3,4]. Homodimerization enhances the binding affinity
of these chemokines to their receptors, amplifies signal transduction, and ensures more
efficient and sustained immune responses [5]. Understanding the role of chemokine ligands
and their dimerization is fundamental for unraveling the complexities of immune regula-
tion and for developing therapeutic strategies aimed at modulating immune responses in
various diseases.

While chemokine receptors can be activated by various oligomeric states of the lig-
and, including monomers, homodimers, and heterodimers [6], it is proposed that ho-
modimers particularly enhance receptor activation, leading to an amplified inflammatory
response [3,4]. Furthermore, the X residue inserted between the two cysteines of CXC
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proteins aids in orienting its N-terminus to the pocket of the receptors for optimal bind-
ing [7]. Thus, the CXC/CC motif directly influences receptor-binding specificity within
each CXC/CC subfamily. Despite the low sequence identity, the monomeric proteins ex-
hibit nearly identical native states, yet the binding interfaces between the two subfamilies
differ significantly (Figure 1). The CXC dimers are formed through interactions between
the 3-strands of each monomer, supported by the a-helix, whereas CC dimers have an
unstructured N-terminal domain that forms the binding interface (Figure 1A,B). The CC
configuration orients 3-strand 1 and the a-helix away from the interface. The construc-
tion of the homodimer interface, 3-strand 1 versus the unstructured N-terminus, also
contributes to the malleability of the dimer. The more rigid CXC dimers ensures stable
interactions with the receptor affecting the specificity, such as tight binding to glycosamino-
glycans (GAGs) and precise receptor activation [8,9], fine-tuning the biological response.
This specificity may lead to a narrower range of functional interactions, such as directing
neutrophil recruitment and mediating responses to infection and injury [10,11]. In contrast,
the flexible interface of CC dimers may contribute to functional diversity, enabling these
chemokines to interact with multiple receptor types as seen in the activation of CC recep-
tors, where CC dimers often exhibit broader receptor-binding specificity, i.e., interacting
with multiple receptors [3,12-14].

B CC-Ligands C  Monomer overlay

Chemokine ligand sequence identity

CC-Ligands: QPDAINTCCYNFTNRKISVQRLASYRRITSSKCPKEAVIFKTIVAKEICADPKQKWVQDSMDHLDKQTQTPKT
CXC-Ligands: ASVATELRAPVCQCLQTLQGIHPKNIQSVNVKSPGPHCAQEVIATLKNGRKACLNPASPIVKKIIEKMLNSDKSN
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Figure 1. Structural overlay of chemokine ligands. Despite the low sequence identity, the CXC
ligands share structural homology with an RMSD (root-mean-square deviation) score of 2.31 and 2.98
for CXCL1-CXCL8 and CXCL1-CXCL5 [15] and 1.54 and 3.10 for CCL2-CCL8 and CCL2-CCL11
using the pairwise Structure Alignment from the PDB jFATCAT-rigid) [16]. (A) CXC ligands (PDB
ID: IMGS, 2MGS, and 1IL8). (B) CC ligands (PDB ID: 1DOK, 7S5A, and 1EOT). (C) CXC and CC
monomer overlay. (D) Sequence alignment for CXC and CC ligands.

In this study, we examine the biophysical properties of homodimers from the CXC
and CC family. Specifically, our research focuses on six chemokine ligands: CXCL1, CXCLS5,
CXCL8, CCL2, CCLS, and CCL11. By examining two distinct homodimer topologies—CXC
and CC—we uncover critical differences in the dimers despite their nearly identical
monomeric forms. Through a combination of structural and biophysical analyses, we
demonstrate that both interfaces have similar binding energies ranging between 6 and
9 kcal/mol. The two most stable dimers are formed for CXCL8 and CCL2 due to the robust
network of hydrogen bonds, hydrophobic interactions, and salt bridges. These insights
not only deepen our understanding of chemokine dimerization but also pave the way for
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developing chemokine-based therapeutics to modulate immune responses in diseases such
as cancer, inflammation, and autoimmune disorders.

2. Materials and Methods

Cloning, expression, and purification. The CXC and CC proteins target genes were
designed as described [15] and cloned into a pET-32a Xa/LIC vector (GenScript, NJ,
USA). All proteins were recombinantly expressed as a fusion protein from the pET-32a
Xa/LIC vector, expressed in E. coli BL(21)DE3 cells (Agilent, CA, USA) and purified as
described [15]. Purity was evaluated by SDS-PAGE; the identity of CXC proteins was
previously published [15], while CC protein identities were confirmed through mass spec-
trometry (Figure S1).

Thermodynamic experiments. Equilibrium titration and thermal-melt studies were per-
formed using a Chirascan v100 spectrometer (Applied Photophysics, Leatherhead, UK).
Circular dichroism (CD) spectra were collected in the far UV range, 260-190 nm, at a
protein concentration of 30 uM (to ensure dimeric proteins [15]) in a 1 mm cuvette to assess
secondary-structure formation. Equilibrium titration was conducted by monitoring the
fraction of denatured protein via CD at 222-216 nm in the presence of 0-8 M guanidinium
hydrochloride (GdmCl), using a 10 mM potassium phosphate buffer at pH 7.4 and 25 °C.
The change in Gibbs free energy (AG) was calculated using the following equation:

AGp_n = —RTInK = —2.3RTlogK (1)

where the equilibrium constant (K) is the ratio between the denatured state [D] and the
native state [N], R is the gas constant, and T is the temperature in Kelvin.
The fraction of the observed species (Fgpp) is represented by a two-state fit [17]
shown by
Eo_ Yy-Y
T Yy - Yp
where the Y is the CD signal for the specified species, the two fractions [D] and [N]. The

observed CD signal is plotted against denaturant concentration. The fitting equation for a
two-state model is as follows:

(2)

Y=Ynfn+YDfD 3)

Thermal-melt experiments. Thermal denaturation was performed by increasing the
temperature from 25 °C to 90 °C at a rate of 1 degree per minute, with data collected at
1 °C intervals. The CD signal was recorded at 230-215 nm. The temperature was controlled
by the built-in Peltier device, ensuring stable thermal conditions during the experiment.
The protein samples were prepared in 10 mM potassium phosphate buffer, pH 7.4, at a
concentration of 30 uM. The fraction of unfolded protein was calculated from the CD data
using the following equation:

CD(T) —CDn
o ="cp, —cp
D N

where CD(T) is the CD signal at a given temperature, CDy is the signal for the fully native
protein, and CDp is the signal for the fully denatured protein. The thermal denaturation
curves were fitted to a two-state model to determine the melting temperature (Tm), the
temperature at which 50% of the protein is unfolded. The data were analyzed using Global
3.1.0.78 Thermodynamic Analysis software (Applied Photophysics, Leatherhead, UK),
which allows for the fitting of a nonlinear regression to the denaturation curve. The results
were further processed using Kaleidagraph to plot the fraction of unfolded protein as a
function of temperature.

Due to the slow dissociation rates of CXC dimers [15] compared to CCL11 dimers [18],
CXC protein was not able to equilibrate within the 1 min settling time. Instead, a stepwise
heating method was used for CXC chemokines where measurements were collected at
2 °C intervals with a 5 min settling time. Furthermore, aggregation was observed at higher
temperatures with the long settling times (Figure S2).

(4)
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CCL11 dimer prediction. The structure of the CCL11 homodimer was predicted with a
local implementation of AlphaFold2-Multimer (version 2.3.2) (Figure S3) [19]. The sequence
of residues 24-97 was used for the prediction, where 5 models were obtained, using 5 seeds
per model. The models were ranked with the combined score of ipTM + pTM, and the best
one was chosen for further analysis.

Homodimer-binding affinity estimation. The following structures were used for the
predictions: CCL2 [20], CCLS8 [21], CXCL1 [22], CXCL5 [23], and CXCLS8 [24]. For CCL11,
we used the AlphaFold model explained before. PPI-Affinity [25] was employed to predict
the binding affinity of the homodimers, using the protein—protein trained model. PPI-
Affinity is a structure-based machine learning method that analyses the residues in the
binding interface for free-energy estimations.

3. Results and Discussion

Structural analysis. The monomeric overlay (Figure 1C) suggests that the proteins
likely maintain similar structural integrity, which would result in closely aligned far-UV
CD spectra for chemokine ligands. However, visual inspection of core residues and the
binding interface combined with CD (Figure 2A) experiments reveals that the diversity
within each family is as extensive as that between the CXC and CC families. The different
binding interfaces may lead to conformational changes, such as shifts in «-helix or 3-strand
orientation, resulting in slight variations in ellipticity values or minor peak shifts observed
between the dimers (Figure 2). The CD spectra of CXC dimers show two minima, one at
222 nm and one at 208 nm, characteristic of o-helices and 3-strands, respectively. The helix
of CXCLS is four amino acids longer than the helices of CXCL1 and CXCL5, explaining
its more pronounced minimum at 222 nm (Figure 2A). CXCL5 displays a shifted peak in
height relative to CXCLS8, with the lowest minimum at 208 nm. CXCL1 shows the largest
shifts, with a minimum above 200 nm and a plateau at 222 nm. The CD spectra of CC
dimers show only minor shifts of the single minimum at 208 nm, as expected from the
structural overlay (Figure 2B). This is in agreement with previously published CD spectra
of CCL11 [18]. The CD spectra of CC dimers depict a more 3-sheet-like structure compared
to CXC dimers (Figure 2). In CXC dimers, the dimer interface stabilizes both the helix and
a -strand region, with the helix becoming somewhat extended upon dimerization [26],
which leads to a more defined minima at 222 nm.

*CcXcL1 1.0 1.0 |- «cxcL1 egsoee
*CXCLS * CXCL5 e B
*CXCL8 3 (g 208 -cxcLs s

.._g ° o o

506 506 &

c c 3

9 o [ ]

© 04 F 04 :°

£ o *

L2 L2 K

.o'. s
0 0 gesessscssscsssssene?
1.0 1.0 - .ceoL2 /-77
*CCL8

2os 308 -con F s s

° ]

506 506 o 3 .

s c g oo °

[} o i ° ®

$ 04 £04 e 5, .

o i ° . 2

WLo2 0.2 o K s

0 ®oo%e?® 0
210 220 230 240 250 0 1 2 3 4 5 6 7 30 40 50 60 70 80 90
wavelength (nm) [GdmCI] (M) Temp (°C)

Figure 2. Biophysical characterization. (A) CXC ligands and (B) CC ligands depicting CD spectra
and thermodynamic experiment utilizing temperature and chemical denaturant.
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Thermodynamic experiments. The Tm is calculated from thermal equilibrium titrations
between 25 and 90 °C for CXC and CC dimers (Figures 2 and S2). The CXC chemokines
have a higher Tm than CC proteins, which suggest higher thermal stability as a family.
Interestingly, CXCL8 demonstrates incomplete unfolding even at 90 °C, which has been
previously observed for CXCL7 [27]. The change in the slope of CXCLS8 (Figure 2B) is
attributed to this incomplete unfolding event. The Tm? for CXCL1 and CXCLS5 are within
one degree Celsius, supporting the trend observed with the chemical denaturant. The data
show bimodal behaviors for all ligands except CCL8 (Table 1). The data for CCL8 were fitted
to a single transition, with a Tm? of 56.9 & 0.2 °C. This agrees with the equilibrium data
from the chemical denaturant, showing a pronounced bimodal behavior at low GdmCl for
all proteins except CCL8 (Figure 2B). This indicates that we can only obtain 2D — Npj.r
for CCL8, while the ground states 2D — 2Nponomer — Npimer can be obtained for all
other proteins. For CCL11, the thermal melt reveals two distinct transitions occurring
at the same temperature, suggesting a three-state behavior. This is in agreement with
previously published kinetic data for CCL11 showing two transitions at the same GdmCl
concentration [18]; i.e., the unfolding transition is occurring simultaneously with the
dissociation of the dimer [28].

Table 1. Calculations of thermal stability (Tm) in 10 mM phosphate buffer at pH 7.4.

Tm! Tm?2

°C °C
CXCL12 53.9 + 0.6 76.8 + 0.1
CXCL52 56.6 + 0.3 77.6 + 0.1
CXCL8? 419403 80.0 + 0.3
CCL2Pb 64.8 + 0.4 75.9 + 0.1
CCL8 ¢ nd. 56.9 + 0.2
CCL11b 41.0 + 0.6 40.6 +£2.3

2 Data fitted to no baseline. P Data fitted to a single baseline. © Data fitted to a double-baseline model. Tm' is the
fit of the minor transition observed at a lower temperature while Tm? is the fit for the major transition observed at
a higher temperature.

Given the variability in bimodal behavior, we applied a two-state model to fit all
equilibrium titrations (Figure 2B), allowing us to analyze the 2D — Npj,e, transition. As
discussed in detail previously [15], CXCL1 shows two-state behavior, whereas CXCL5
and CXCLS, which display a more pronounced bimodal trend at lower denaturant con-
centrations, may fit better to a three-state model [28]. Concentration-dependent studies
combined with kinetics experiments revealed that all CXC dimers fold through an on-
pathway monomeric intermediate (Nyonomer) state, 2D — 2Nptonomer — Npimer [15,18].
Our data show that CXCL8 and CCL2 are the most stable proteins, with a AG for folding
of 7.07 £ 0.10 kcal/mol and 7.91 =£ 0.10 kcal/mol, respectively (Table 2). The least stable
proteins are CXCL1 and CCL11 with a AG of 3.68 =+ 0.03 kcal/mol and 2.50 + 0.08 kcal/mol,
respectively. Taken together, the results from thermal and chemical unfolding experiments
are consistent, showing a major transition at elevated temperatures and higher denaturant
concentrations (Figure 2). This suggests that the unfolding event occurs in a major phase
while the minor phase is likely the dissociation between the dimer and monomer. However,
analyzing the phases is challenging due to both the small structural changes involved in
dimer dissociation, and the conditions that promote dissociation may also induce protein
unfolding. This was observed in CCL11, where the two melting transitions nearly coincide.
This overlap complicates the interpretation of CD data, making it difficult to distinguish
between dissociation and unfolding transitions.
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Table 2. Equilibrium titrations in 10 mM phosphate buffer at pH 7.4 at 25 °C.

MP mp.N AG
M M1 kcal/mol
CXCL12 3.31 0.82 —3.68 £ 0.03
CXCL5P 3.32 1.23 —5.57 + 0.04
CXCL8bP 5.00 1.04 —7.07 +0.10
CCL22 5.29 1.10 —7.91 £ 0.10
CCL8? 417 0.93 —5.27 £+ 0.06
CCL11P 2.33 0.79 —2.50 + 0.08

2 Data fitted to a two-state equation with a straight baseline. b Data fitted to a two-state equation with a
sloped baseline.

To obtain information regarding the binding free energies of the dimers (Table 3),
we employed the PPI-Affinity method [25]. This method uses a support-vector machine-
based model trained with molecular descriptors of the residues in the interfaces of protein
complexes to compute the binding free energy. PPI-Affinity was not trained to predict the
unfolding free energy, and it shows a mean absolute error (MAE) = 1.8 kcal/mol for the
protein—protein trained model. Our results show no significant difference between the
two chemokine homodimeric topologies, i.e., 14.3 kcal /mol and 12.6 kcal /mol for CXCL8
and CCL2, respectively. Interestingly, the equilibrium data of CXCL8 and CCL2 show the
most pronounced bimodal behavior. The PPI-Affinity calculations include the effect of
the solvent implicitly. The model was trained using experimental data that was done in
solution. Nonetheless, the trends observed in the calculated free energies agree with the
number of residues and contact types within the binding interface, where CXCL8 and CCL2
have the strongest binding interface with four contacts including salt-bridges (Figure 3 and
Table 4). Based on our in silico and in vitro results, we hypothesize that the rigid versus
flexible binding interface may not contribute to the stability of the dimers. Visual inspection
of the binding interface further supports the trends of estimated binding energies within
each family (Figure 3). The interface is built from a network of hydrogen bonding with
additional side-chain contacts to stabilize the interaction. For the CXC homodimers, CXCL8
has two non-polar contacts and two salt bridges; CXCL5 has two polar and two non-polar
contacts; and CXCL1 has one polar and two non-polar contacts. For the CC homodimers,
CCLS8 has two polar contacts and one non-polar contact; CCL2 has two polar contacts;
and CCL11 has two non-polar contacts. A further visual inspection of the hydrophobic
core supports the thermodynamic analysis (Figure 3). Among the proteins, CCL2 is the
most stable with 12 hydrophobic contacts, followed by CXCL8 with 11, CCL8 with 10,
CXCL1 with nine, CXCL5 with 8, and CCL11 with six, the last of which is the least stable
(Figure 3). The hydrophobic core is further stabilized by aromatic residues and hydrogen
bonding patterns between secondary structures. Specifically, CCL2 is stabilized by F43
and W59, with four hydrogen bonds between 3-strands 2 and 3 (V41-A53 and F43-151).
CXCLS8's stability is reinforced by F17 and one hydrogen bond between (3-strands 2 and 3
(I34-L51). CCLS8 is stabilized by F43, W59, and six hydrogen bonds between (3-strands 2 and
3 (I31-A40, V41-A53, and F43-V51). In contrast, CXCL5 lacks additional aromatic residues
or hydrogen bonds in the core, while CXCL1 has one stabilizing hydrogen bond between
-strands 2 and 3 (V40-L52), making it moderately more stable than CXCL5. Finally, CCL11
is supported by F41, W57, and four hydrogen bonds between {3-strands 2 and 3 (V39-A51
and F41-149).
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Table 3. Binding free energies estimated with PPI-Affinity.

Score kcal/mol

CXCL1(GRO«x) -9.7
CXCLS5 (ENA78) -104
CXCLS8 (IL-8) —14.3
CCL2 (MCP-1) —12.6
CCL8 (MCP-2) —11.6
CCL11 2 (Eotaxin) —10.9

2 The data are obtained from an AlphaFold prediction of the CCL11 homodimer.
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Figure 3. Residue analysis of CXC and CC proteins. (A) depicts CXC ligands while (B) depicts CC
ligands. Top: The core residues are shown as sticks, where the hydrophobic core is shown in light
colors. The aromatic residues are shown as in darker colors, and the hydrogen bonds are shown as
grey dashed lines. Bottom: The dimer interface is shown as sticks, depicting the residue numbers
and residue types. The backbone hydrogen bonds are excluded to emphasize the core interactions.
Table 4. Visual inspection of CXC and CC ligands.
Hydrophobic Core Hydrogen Bonding Aromatic Core Dimer Interface
CXCL1 9 V40-L5 - (024-530, V26-V28, V28-V26
CXCL5 8 - - 528-A34, 1L.30-V32, V32-L30, A34-528
CXCL8 11 134-L51 F17 K23-E29, L25-V27, V27-L25, E29-K23
CCL2 12 V41-A53, F43-151 F43, W59 T10-T10, Y13-Y13
CCLS8 10 131-A40, V41-A53, F43-V51 F43, W5 T10-T10, N14-V5, D3-R18
CCL11 6 V39-A51, F41-149 F41, W57 N12-K33-F11, K33-F11-N12

Our analysis highlights the complex relationship between chemokine sequence di-
versity, structural stability, and dimer formation. Despite similar monomeric structures,
chemokine ligands exhibit unique CD spectral profiles, particularly for the rigid CXC
homodimers, and thermal behavior, suggesting that sequence-specific interactions drive
stability and binding-interface characteristics. The thermal melts confirm that the notable
stability differences across chemokines are linked to variations in hydrophobic core contacts
and hydrogen bonding rather than the dimer interface. These findings underscore the
role of hydrophobic interactions and aromatic residues in stabilizing dimeric chemokine
structures, ultimately determining their biophysical and functional diversity. The stabil-
ity ranking, led by CCL2 and CXCLS, provides insights into how chemokine sequence



Biophysica 2024, 4

568

variations influence folding energetics, with implications for understanding chemokine
behavior under physiological conditions.

Intriguing insight. CCL11 has one of the lowest binding free energies with the lowest
free energy for folding, both from thermal and chemical stability. The observation from
thermal denaturation of the overlapping free energies gives rise to a two-state transition,
although the mechanism is 2D — 2Nuonomer — NDimer - Remarkably, the monomeric pro-
tein is isolatable at acidic pH [29], where the dimer interface is broken without unfolding
the structure. This pH most likely affects the lysine residue 33 (K33) by altering its hydro-
gen bonding and electrostatic interactions. Our experiments were conducted at pH 7.4,
where the lysine would still carry a positive charge (since its side-chain pKa is around
10.5). However, the more neutral environment could reduce competition from free H* ions,
potentially stabilizing any electrostatic interactions of the dimer interface, leading to a more
stable dimer.

Potential role of ligand homodimer in receptor binding. In this work, we studied CXC
and CC proteins with in vitro biophysical characterization utilizing CD measurements
and binding-free-energy estimations. Understanding the role of protein dimers, their
binding interface, and binding affinity is crucial in understanding allosteric effects and
receptor activation.

A sequence alignment of the six sequences reveals that the four cysteine residues
and a proline (P55 in CCLS8) in loop III are fully conserved (Figure S4), which is crucial
for the stability and structural integrity of chemokines. The conserved proline in loop III,
along with the unstructured N-terminal region, is thought to be important for receptor
recognition [12,30]. In contrast, the core residues show only partial conservation (Figure 3),
with four conserved residues (L25, V41, V60, and tryptophan) present in all proteins except
CXCL1 and CXCL5, contributing to the stabilization of the core (Figure S4). Our structural
and biophysical analyses indicate that sequence diversity governs both protein stability
and half-life as well as dimer association. The CXC proteins form an interface between
-strand 1 of each monomer in the opposite orientation forming a rigid dimer, while
the dimer formation of CC proteins depends on contacts between the flexible N-terminal
forming a symmetric dimer. This diversity may play a critical role in allosteric effects and
receptor activation.

Chemokine receptors represent one of the largest drug target families, making recep-
tor activation a well-researched area. Consequently, the mechanisms governing receptor
function are relatively well understood [31]. However, less is known about how these
receptors interact with the various oligomeric forms of their chemokine ligands. Homod-
imers are formed through non-covalent interactions between two identical ligands, creating
two receptor-binding sites. This structural feature allows a homodimer to simultaneously
engage with two receptors, either on the same cell or on neighboring cells, influencing the
binding affinity and signaling dynamics [4,12,32,33]. The effects of homodimer binding to
GPCRs may include the following: (i) dual-receptor activation on the same cell, which could
amplify or modulate downstream signaling pathways—this simultaneous engagement of
two receptors may lead to stronger or more sustained signaling compared to monomeric
ligand binding [3,30]—and (ii) receptor cross-linking, which may influence signaling out-
comes such as increased receptor internalization, prolonged signal duration, or biased
signaling toward specific pathways [34]. If the homodimer binds to receptors on separate
cells, those cells must be close enough for the homodimer to span the distance between
the receptors. In such scenarios, the homodimer can activate signaling pathways in both
cells simultaneously, potentially promoting coordinated cellular responses. Homodimer
activity may also depend on allostery [5,35]; when one monomeric pair bind to the receptor,
the second monomer can either remain active from positive allostery [36] or be rendered
inactive from negative allostery [37]. Furthermore, binding to the receptor may also induce
allostery, leading to the dissociation of the dimer into active monomers, increasing the
concentration of active monomers [37].
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Rigid CXC versus flexible CC homodimers. Rigid homodimers may activate receptors with
limited adaptability, which may lead to precise but less diverse signaling outcomes [38].
This rigidity may promote a focused or linear signaling cascade, as both receptor-binding
sites are engaged in a fixed conformation. The lack of malleability may restrict the abil-
ity of rigid homodimers to bind to receptors that are spaced farther apart or in different
orientations, potentially limiting their interactions with multiple receptors (Figure 4). The
rigid homodimers of CXC ligands possess a fixed, well-defined interface between the two
monomers, restricting conformational flexibility. The fixed distances between their binding
sites necessitate specific spatial arrangements of receptors for optimal interaction, which
can lead to increased specificity in receptor engagement. The rigid structure may promote
simultaneous binding to two receptor monomers on the opposite cell in proximity. In
contrast, flexible homodimers of CC ligands feature interfaces between the two monomers
that allow for movement, enabling adaptability in receptor binding. This flexibility po-
tentially permits the two binding sites to adjust and engage with receptors that may not
be perfectly aligned, facilitating interactions with receptors on the same cell or different
cells (Figure 4), even if they are spaced irregularly. The flexible structure can accommodate
varying receptor conformations and types, including potential heterodimer formation,
which enhances receptor cross-linking and oligomerization. Thus, a flexible ligand dimer
can lead to a more robust and sustained signaling response. CC dimers may cross-link
receptors on separate cells, promoting coordinated signaling among neighboring cells.

Ridged CXC-dimer Flexible CC-dimer

M!’ Signaling cascade

t t
® ®

{ % Interface < €

,’, N

.
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® ©
v oy A/

Signaling cascade Signaling cascade

Figure 4. An illustration of ligand-receptor interactions. The rigid CXC dimer can exert a receptor
cross-linking mechanism, i.e., the activation of two receptors on opposite cells. This can also occur
for the more flexible CC dimers. Additionally, CC dimers can activate two receptors on the same
cell. The arrows indicate the activation of chemokine phosphorylation (P) signaling pathways inside
the cell.

4. Conclusions

Understanding protein dimers, their binding interfaces, and affinities is fundamen-
tal for elucidating their roles in cellular functions, elucidating disease mechanisms, and
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advancing therapeutic and biotechnological applications. In this study, we investigated
the binding affinities of six chemokine ligands, which range from 10 to 14 kcal/mol, to
clarify their roles in receptor activation and biological signaling. The free energy for folding
varies from 2 to 8 kcal/mol. Despite their low sequence identity, chemokine ligands display
high structural similarity, creating a complex and adaptable system with approximately
24,000 possible ligand-receptor combinations that modulate the activity of 18 chemokine
receptors if all 50 ligands can bind to all receptors through various oligomeric states. Our
results reveal that the biophysical properties and calculated binding stability underscore
the functional diversity of these proteins, despite their nearly identical three-dimensional
structures in monomeric forms. We attribute these diverse biophysical characteristics to the
sequence diversity among the ligands. This suggests that the malleability of the binding
interface plays an important role in receptor interactions. Future directions of this research
could involve exploring how the binding interface controls the dynamics of the ligands
and potential downstream biological responses, further enhancing our understanding of
chemokine signaling in health and disease.
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www.mdpi.com/article/10.3390/biophysica4040037/s1, Figure S1: The Mass spectrometry spectrum
of (A) CCL2, (B) CCLS, and (C) CCL11 from MALDI-MS. The mass spectrometry experiments were
conducted at Scripps Center for Metabolomics and Mass Spectrometry. Figure S2: Thermal melt
of chemokine ligands. The data was collected on a v100 Chirascan utilizing the Pro-Data software
(Applied Photophysics). (A) The raw data was normalized and plotted against temperature for CXC-
ligands at a wavelength of 200 nm, 204 nm, and 207 nm for CXCL1, CXCL5, and CXCLS respectively.
Aggregation occurs after 80 °C for all three proteins. Furthermore, CXCLS is not fully unfolded even
at 90 °C where it exhibits residual secondary structure even at high temperatures. (B) The raw data
was normalized and plotted against temperature for CC-ligands at a wavelength of 215, 230, and
230 nm for CCL2, CCL8, and CCL11 respectively. Figure S3: Predicted CCL11 dimer. The dimer
structure is predicted with AlphaFold2 [39] and overlayed with the crystal structure of the monomer
of CCL11 (PDB ID: 1EOT). Figure S4: (A) Sequence evolution. Sequence alignment using Clustal
omega [40]. The fully conserved residues are highlighted with a * and boxed in red, C11, C12, C36,
C52 and P55. The strongly conserved residues are highlighted with an : and boxed in blue. (B) The
strongly conserved amino acids positioned at the core is highlighted (dark blue) in the structure of
CCLS8 and the non-conserved core residues are highlighted (light blue).
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