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The acidic intrinsically disordered region of
the inflammatorymediatorHMGB1mediates
fuzzy interactions with CXCL12

Malisa Vittoria Mantonico 1,2, Federica De Leo1,9, Giacomo Quilici1,
Liam Sean Colley 3,4, Francesco De Marchis2,5, Massimo Crippa 5,
Rosanna Mezzapelle 2,5, Tim Schulte6, Chiara Zucchelli1, Chiara Pastorello 1,
Camilla Carmeno 1, Francesca Caprioglio 2,5, Stefano Ricagno6,7,
Gabriele Giachin 8, Michela Ghitti 1 , Marco Emilio Bianchi 2,5 &
Giovanna Musco 1

Chemokine heterodimers activate or dampen their cognate receptors during
inflammation. The CXCL12 chemokine forms with the fully reduced (fr) alar-
min HMGB1 a physiologically relevant heterocomplex (frHMGB1•CXCL12) that
synergically promotes the inflammatory response elicited by the G-protein
coupled receptor CXCR4. The molecular details of complex formation were
still elusive. Here we show by an integrated structural approach that
frHMGB1•CXCL12 is a fuzzy heterocomplex. Unlike previous assumptions,
frHMGB1 and CXCL12 form a dynamic equimolar assembly, with structured
and unstructured frHMGB1 regions recognizing the CXCL12 dimerization
surface. We uncover an unexpected role of the acidic intrinsically disordered
region (IDR) of HMGB1 in heterocomplex formation and its binding to CXCR4
on the cell surface. Our work shows that the interaction of frHMGB1 with
CXCL12 diverges from the classical rigid heterophilic chemokines dimeriza-
tion. Simultaneous interference with multiple interactions within
frHMGB1•CXCL12 might offer pharmacological strategies against inflamma-
tory conditions.

Chemokines constitute a large family of signalingproteins that interact
with cell surface chemokine G protein-coupled receptors (GPCRs).
Through an intricate network of cross-talks with their receptors they
regulate leukocyte activation and trafficking in physiological and
pathological conditions1,2. Chemokines are structurally characterized
by the presence of two conserved disulfide bridges, a flexible N-ter-
minus, a three-stranded β-sheet packing on a C-terminal α-helix and

3 loops connecting the elements of secondary structure. They usually
exist in a monomer-multimer equilibrium. In particular, members of
the CXC subfamily, like CXCL12 (C-X-C motif ligand 12), can dimerize
via intermonomer contacts between the first β-strand and the α-helix
of each monomer (Fig. 1a, Supplementary Fig. 1a). A shift towards one
or the other form can either activate or dampen their cognate recep-
tors, thus adding a further layer of complexity to the functional tuning
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of chemokine/receptor axis and of their downstream pathways3–5.
Another sophisticated mechanism of chemokine fine-regulation is
their ability to heterodimerize with other chemokines, resulting in
synergic activation anddimerization of their cognate receptors6–8. This
mechanism is particularly relevant in inflammatory conditions, where
chemokine heterocomplexes activate chemokine receptors in the
presence of low concentrations of chemokine-selective agonists that
otherwise, without the synergy-inducing partner, would be inactive8,9.
Examples include the interaction of: (i) CCL21 or CCL19with CXCL13 to
enhance leukocyte migration and activities through binding and acti-
vation of CCR7 at lower agonist concentrations10, (ii) CCL5 with CXCL4
to recruit monocytes and neutrophils11, and (iii) CXCL12 and CXCL9
with CXCR4 to attract lymphoma cells12. Such a chemokine inter-
actome further enlarges the possibility of heteromeric interactions
among chemokines, expanding the fine-regulation of signaling
possibilities11,13.

Intriguingly, chemokines can also form heterophilic interactions
with some inflammatory mediators that are not structurally homo-
logous to the classical CC-, CXC-, CX3C-, or XC-chemokines4. In this
sense CXCL12 represents a paradigmatic example, as it is also able to
bind to other proteins, such as galectins14 and the alarmin High
Mobility Group Box 1 (HMGB1)6,15. The interaction with Galectin 3 is
immunoregulatory and attenuates CXCL12-stimulated signaling via
CXCR414. Conversely, binding of CXCL12 to HMGB1 synergistically
enhances the CXCR4-dependent chemotactic response of monocytes
and is involved in tissue regeneration, cell proliferation and tumour
progression6,15,16. The 25 kDa HMGB1 protein comprises two L-shaped
HMG tandem boxes (~80 aa each connected by a flexible linker),

referred to as BoxA and BoxB, and an acidic C-terminal intrinsically
disordered region (IDR, 30 aa) (Fig. 1b, c). HMGB1 is a Damage Asso-
ciated Molecular Pattern (DAMP), which once released in the extra-
cellular space alerts the host to stress, unscheduled cell death or
microbial invasion, thus triggering inflammation and immune
responses17,18. HMGB1 is passively released by dead non-apoptotic cells
and is actively released by severely stressed cells and by immune cells
such as macrophages, natural killer cells, neutrophils and mature
dendritic cells (reviewed in19). HMGB1 contains three cysteines (C22,
C44, and C105) (Fig. 1b, c), whose redox states determine how it
functions as a pro-inflammatorymediator20. On onehand, the disulfide
form (dsHMGB1), with C22 and C44 forming a disulfide bridge on
BoxA, binds to the Toll-like receptor 4/MD2 complex, herewith pro-
moting inflammatory responses andcytokine activation21. On theother
hand, the fully reduced form (frHMGB1) plays a pivotal role in pro-
moting the recruitment of inflammatory cells to injured tissues via
heterocomplex formation with CXCL12 (frHMGB1•CXCL12) and acti-
vation of CXCR4. This heterocomplex induces specific CXCR4 homo-
dimer rearrangements, promotes CXCR4-mediated signaling,
resulting in increased ERK activation and calcium rise induction15 and
maintains CXCR4on the plasmamembrane in aβ-arrestin 2 dependent
manner22. HMGB1, CXCL12 and CXCR4 are highly expressed in
inflammation related cancers, like malignant mesothelioma23, where
they contribute to disease initiation and progression16. Pharmacolo-
gical targeting of the frHMGB1•CXCL12•CXCR4 axis is thus emerging as
an appealing opportunity against inflammation related diseases24.

While Galectin 3 is structurally reminiscent of chemokines and
interacts with CXCL12 exploiting in part the CXC-type dimerization
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Fig. 1 | CXCL12 and frHMGB1 constructs.Amino acid sequence of: (a) CXCL12 and
locked monomer CXCL12 mutant L55C/I58C (CXCL12-LM) and (b) frHMGB1,
frHMGB1-TL and Ac-pep. Basic and acidic residues are shown in blue and red,
respectively, nc indicates the net charge. L55C and I58C are colored in cyan on
CXCL12 sequences. C22, C44 and C105 are colored in yellow on HMGB1 sequences.
On the top of the alignments the elements of secondary structures are indicated. In
(a) on the right is reported the cartoon representation of CXCL12 (pdb code: 2KEE),

with L55 and I58explicitly shown in sticks. c Schematic diagramof the fully reduced
form ofHMGB1 (frHMGB1), tail-less frHMGB1 (frHMGB1-TL), the acidic peptide (Ac-
pep) corresponding to the HMGB1 acidic intrinsically disordered region (Ac IDR).
BoxA (pink), BoxB (cyan) and Ac IDR (yellow) are represented with boxes and
colored on frHMGB1 structure (AF-P63159). The side chains of fully reduced
cysteines are represented in red sticks.
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surface, composed by the beta-strand β1 and the alpha-helix α114

(Fig. 1a, Supplementary Fig. 1a), the molecular details dictating
frHMGB1•CXCL12 intermolecular interactions are in part elusive, pos-
sibly because of the intrinsic dynamics of the system components. On
one side CXCL12, as a classical chemokine, exists in a physiologically
relevant monomer-dimer equilibrium25. On the other side, HMGB1 is
distinguished by conformational heterogeneity and variable contact
patterns: it oscillates between a collapsed and open form, via intra-
molecular electrostatic interaction between the acidic IDR and the
basic HMG boxes26–29. Whether one or two molecules of CXCL12 bind
to HMGB1 and whether the acidic IDR plays a role in heterocomplex
formation and function are still open questions5,30.

Here, to address these issues, we adopt a dissecting and muta-
genesis strategy coupled to an integrative structural approach (NMR,
AUC, ITC, MST, SAXS). Our findings uncover the formation of an
equimolar complex between frHMGB1 andCXCL12, with the acidic IDR
assuming a previously overlooked, yet crucial role in complex forma-
tion. The resulting complex is best described by a heterogeneous
ensemble rather than by a single defined structure, with frHMGB1
retaining its intrinsic dynamics during its interaction with CXCL12. In
particular, NMR titrations and 15N relaxation experiments indicate that
the acidic IDR contains multiple sites capable of interacting with
CXCL12 and maintains its conformational flexibility when bound to
CXCL12. Moreover, CXCL12 employs the same interaction surface to
establish multivalent interactions with both BoxA and the acidic IDR.
Importantly, we provide evidence that in a cellular context the acidic
IDR facilitates the binding of the frHMGB1•CXCL12 heterocomplex to
CXCR4 on the extracellular surface. All these features align well with
the concept of fuzzy interactions, where at least one component
retains its dynamic nature and has a discernible impact on functional
outcomes31,32.

Results
HMGB1 acidic IDR takes part in frHMGB1•CXCL12 formation
Themolecular details and the actual role of the single HMGB1 domains
in the formation of the heterocomplex with CXCL12 are still elusive.
Existing models, based on NMR titrations between the single HMG
boxes and CXCL12, are based on the assumption that only the struc-
tured domains are the main actors in complex formation30. Whether
the acidic IDR of frHMGB1 plays a role in complex formation has never
been explored. We have therefore adopted a dissecting approach and
performed comparative nuclear magnetic resonance (NMR) experi-
ments titrating 15N CXCL12 with a synthetic peptide corresponding to
the acidic IDR (Ac-pep), a tail-less HMGB1 construct, composed of the
fully reducedHMG tandemdomain devoid of the acidic IDR (frHMGB1-
TL), and a fully reduced full-length HMGB1 (frHMGB1) (Fig. 1b, c).

Notably, addition of Ac-pep to 15N CXCL12 induced a dramatic
change of the corresponding 1H-15N Heteronuclear Single Quantum
Coherence (HSQC) spectrum, with substantial chemical shift pertur-
bations (CSPs, in the 0.2–0.6 ppm range) and overall peak intensity
reduction (Fig. 2a–c). The interaction occurred in the intermediate
exchange on the NMR chemical shift time scale: peaks were severely
broadened or disappeared beyond detection upon addition of sub-
stoichiometric amounts of Ac-pep, but reappeared at 1:1 stoichiometry
(Supplementary Fig. 2a). The dissociation constant was in the sub-
micromolar range (Kd = 0.2 ± 0.1 µM), as assessedby line-shape analysis
using the software TITAN 1.633 (Supplementary Fig. 2b). CXCL12 resi-
dues with the highest CSPs were R12, H17, V18, R20, V23, K24, H25,
A40, R41, N45, W57, L66, N67 (Fig. 2b), with V23, K24, H25 (on β1) and
L66, N67 (on α1) all located on the known CXCL12 homodimerization
interface (Fig. 2d, Supplementary Fig. 1a).

In contrast to Ac-pep, addition of frHMGB1-TL to 15N CXCL12
(Fig. 2e–g) induced very small CSPs (in the 0.02–0.06 ppm range). As
typically observed in NMR studies of chemokine heterocomplex for-
mation, the interaction occurred again in the intermediate exchange

regime on the NMR chemical shift timescale14, with peak-intensity
reduction upon binding. Residues mostly affected by the interaction
with frHMGB1-TL partially coincided with the ones affected by Ac-pep
(H17, V23-H25, A40, N45, N67), suggesting that both the acidic IDR and
the HMG tandem domain in part share the same interaction surface
(Fig. 2h). Similarly, titration of full-length frHMGB1 induced significant
CSPs (in the 0.05–0.1 ppm range) on residues located on the β1 strand
(V23-H25) and the α-helix (L66, N67) (Fig. 2I, j). Herein, we observed
pronounced line broadening effects already at sub-stoichiometric
concentrations (1:0.5) (Fig. 2i) that hampered analysis at equimolar
ratio, suggesting different binding dynamics and affinities for the full-
length protein and its different constructs. Of note, comparison of the
profiles of the CSPs of 15N CXCL12 upon addition of either Ac-pep,
frHMGB1-TL or frHMGB1 were similar, with residues located on the
CXCL12 dimerization surface showing the highest CSPs (Fig. 2l).
Importantly, the chemical shifts of these residues and their perturba-
tions strongly depend on the CXCL12 monomer-dimer equilibrium5.
Thus, to distinguish CSPs due to direct interactions with frHMGB1 and
constructs thereof from those related to potential changes in the
CXCL12 oligomerization state, we repeated the titrations with a
CXCL12 mutant locked in a monomeric state (CXCL12-LM)34. This
mutant, which restricts the α1 region to a specific orientation relative
to the β-sheet through a disulfide bond (betweenC55 and C58) (Fig. 1a,
Supplementary Fig. 1b), was previously engineered with the aim to
block chemokine oligomerization and to distinguish CSPs resulting
from ligand induced dimerization from those stemming from direct
interactions34,35. Upon the addition of Ac-pep, frHMGB1-TL, and
frHMGB1, we observed that the spectral perturbations in CXCL12-LM
were similar to those seen in the wild-type CXCL12 in terms of line
broadening and CSP profiles. However, the CSPs magnitude of 15N
CXCL12-LM upon addition of frHMGB1-TL and frHMGB1 was larger
than that observed in the wild-type protein, possibly due to different
internal dynamics and/or binding kinetics in the wild-type andmutant
protein. Nonetheless, the resemblance in CSP profiles strongly sug-
gests that the N-terminal portion of the β1-strand and the α1-helix of
CXCL12 indeed constitute an authentic interaction surface (Supple-
mentary Fig. 3).

Taken together, comparison of 15N CXCL12 NMR titrations with
frHMGB1 fragments revealed that the acidic IDR of HMGB1 is directly
involved in frHMGB1•CXCL12 heterocomplex formation and that the
CXCL12 dimerization surfaceworks as hub formultivalent interactions
with both the acidic IDR and the HMG tandem domain.

The frHMGB1•CXCL12 heterocomplex forms via fuzzy
interactions
We next hypothesized that the inter-molecular interactions between
the acidic IDR and CXCL12 might perturb frHMGB1 intra-molecular
interactions and conformational equilibria. Indeed, in reversed titra-
tions, frHMGB1 amide resonances of spy residues reported to interact
with the acidic IDR (e.g. W48, T76, I78 on BoxA, and A93, I158 on
BoxB)28, moved towards their NMR frequency in the tailless construct
upon addition ofCXCL12. Thesedisplacements suggest aweakeningof
the intramolecular interactions between the acidic IDR and the frHMG
boxes (Fig. 3a). The shifts towards frHMGB1-TL resonances were rela-
tively small, presumably because CXCL12 only partially competes with
frHMGB1 intra-molecular interactions. Addition of an equimolar
amount of Ac-pep to 15N frHMGB1 in complex with CXCL12 was suffi-
cient to sequester CXCL12 and to disrupt the heterocomplex, as indi-
cated by the reappearance of 15N frHMGB1 resonances, confirming the
important contribution of the acidic IDR to heterocomplex forma-
tion (Fig. 3b).

Overall, CSPs and intensity variations in 15N frHMGB1/CXCL12
NMR titrations are due to both intra- and inter-molecular interactions,
hence mapping of spectral perturbations on the frHMGB1 structure
reflects both phenomena, which are difficult to separate (Fig. 3c–e).
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Thus, to remove the confounding effect of the acidic IDR, we per-
formed NMR titrations of 15N frHMGB1-TL with CXCL12. Notably, the
CSPs and peak intensity reduction profiles were different and sub-
stantially smaller than the ones observed in the full-length protein.
Nonetheless, the removal of the acidic IDRbrought out the presenceof
an interaction surface formed by the first two helices of BoxA, with no
major involvement of BoxB (Fig. 3f–h). The relevant role of BoxA in the
interactionwas further emphasizedby the fact that addition of CXCL12
to the oxidized tailless construct (15N dsHMGB1-TL), produced mark-
edly reduced spectral changes (Supplementary Fig. 4a) compared to
frHMGB1-TL (Fig. 3f, g). A similar result was obtained in the reverse
titration (Supplementary Fig. 4b). This confirms that BoxA and its
oxidation state are indeed crucial for the interaction with CXCL12
(ref. 20). Notably, and similar to frHMGB1, in NMR titrations of 15N
dsHMGB1 and CXCL12 (Supplementary Fig. 4c) and reverse (Supple-
mentary Fig. 4d), the major spectral perturbations were mainly due to

the intra- and inter-molecular interactions of the acidic IDR, whose
binding to CXCL12 is independent from the redox state of BoxA.

The dynamic nature of the acidic IDR interaction with CXCL12was
further confirmed byNMR titrations of recombinant 15N acidic IDR (Ac-
peprec) with unlabelled CXCL12. As is typical for fuzzy interactions
involving IDRs or intrinsically disordered proteins (IDPs)36,37, the 1H-15N
HSQC spectrum of 15N Ac-peprec, in both the absence and presence of
equimolar CXCL12, displayed reduced peak dispersion and high signal
overlap, with minimal chemical shift perturbations (Fig. 4a). Similarly,
Hα-Cα andHβ-Cβpeak clustersof aspartic and glutamic residues in the
1H-13C HSQC spectra did not show significant chemical shift changes
upon CXCL12 binding, indicating the absence of persistent secondary
structure formation (Fig. 4b). The pronounced overlap in the NMR
spectra and the repetitive amino acid sequence prevented specific
residue assignments. As a result, peaks were assigned arbitrary num-
bers, and the interpretation of their intensities should primarily be
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Fig. 2 | Ac-pep, frHMGB1-TL and frHMGB1 interact with CXCL12 dimerization
surface. a Superposition of 1H-15N HSQC spectra of 15N CXCL12 (0.1mM) without
(black) and with (red) Ac-pep (1:1). Bar graph showing (b) residue-specific chemical
shift perturbation (CSPs) and c peak intensities ratios (I/I0) of 15N-labeled CXCL12
(0.1mM) upon addition of Ac-pep (1:1). Residues with CSP> avg +σ0 (corrected
standarddeviation, red line) andwith I/I0<avg - SD (standarddeviation, red line) are
labeled and (d) shown in red on CXCL12 (gray cartoon, pdb code: 2KEE).
e Superposition of 1H-15N HSQC spectra of 15N CXCL12 (0.1mM) without (black) and
with (magenta) frHMGB1-TL (1:1). Bar graph showing (f) residue-specific CSPs and
(g) I/I0 of 15N-labeled CXCL12 (0.1mM) upon addition of frHMGB1-TL (1:1) of
15N-labeled CXCL12 (0.1mM). Residues with CSP> avg +σ0 (magenta line) with I/I0

<avg - SD (magenta line) are labeled and (h) shown in magenta on CXCL12.
i Superposition of 1H-15N HSQC spectra of 15N CXCL12 (0.1mM) without (black) and
with (blue) frHMGB1 (1:0.5). Bar graph showing (j) residue-specific CSPs and (k) I/I0
of 15N-labeled CXCL12 (0.1mM) upon addition of frHMGB1 (1:0.5). Residues with
CSP> avg +σ0 (blue line) and I/I0 < avg - SD (blue line) are labeled and (l) shown in
blue on CXCL12. In the bar graphs α-helices and β-strands are schematically
represented on the top, missing residues are prolines, dots indicate residues dis-
appearing upon binding, the dashed black line indicates the expected peak inten-
sity decrease due to the titration dilution effect. Source data are provided as a
Source Data file.
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considered qualitative (Fig. 4c, d). Herein, analysis of 15N relaxation
experiments (heteronuclear NOE, R1, R2) for free and bound 15N Ac-
peprec supported the formation of a fuzzy complex. Both states
exhibited negative heteronuclearNOE values, signifying high flexibility
on the picosecond to nanosecond timescale. A modest increase in
complex heteronuclear NOE values indicated a slight reduction in
peptide mobility in the presence of CXCL12. The increase in R2/R1 and
reduced peak intensity was in line with complex formation, with the
consequent slowdownof its tumbling in solution andwith the dynamic
exchange between multiple CXCL12 binding sites (Fig. 4e, f). The
presence of multiple interchangeable binding sites within the acidic
IDR was further confirmed by titrating 15N CXCL12 with peptide frag-
ments of the IDR (Ac-pep185-195 and Ac-pep204-214), which similarly
interacted with the CXCL12 dimerization surface (Supplementary
Fig. 5a–f).

Taken together, the combination of the different NMR titrations
and the relaxation data on 15NAc-peprec indicate that frHMGB1•CXCL12
is a fuzzy dynamic heterocomplex, characterized by multivalent inter-
and intra-molecular equilibria involving CXCL12, the HMG tandem

domain and the acidic IDR as major players within this intricate net-
work of interactions.

The acidic IDR binds CXCL12 via long-range electrostatics
We next adopted the same dissection approach to investigate the
thermodynamics of CXCL12 interaction with HMGB1, using a combi-
nation of isothermal titration calorimetry (ITC), microscale thermo-
phoresis (MST) and fluorescence measurements. ITC injection of
CXCL12 into Ac-pep solution generated spikes with a biphasic profile,
indicative of different binding events, and large maximal exothermic
heat changes (~ −0.6 µcal/s). Global fitting of the buffer-subtracted
binding isotherm yielded an apparent Kd1 of 0.6 ± 0.1 µM and Kd2 of
0.1 ± 0.1 µM, in agreement with the low micromolar affinity estimated
by NMR line-shape analysis (Fig. 5a, Table 1)38,39. Also the interaction
between frHMGB1 and CXCL12 appeared biphasic and exothermic
(Fig. 5b), though with one order of magnitude reduced amplitude
(~ −0.06 µcal/s). The fitting of the curve yielded an apparent
Kd1 = 1.2 ± 0.4 µM and a second one, whose nanomolar value should be
taken with caution because of the large error in the global fitting39
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addition of CXCL12 and Ac-pep, respectively. Bar graphs showing (c) residue-
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decrease due to the titration dilution effect. Source data are provided as a Source
Data file.
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(Table 1). Importantly, the low micromolar affinities measured by ITC
for Ac-pep and frHMGB1 were in good agreement with the ones
deriving from fluorescence and MST experiments, respectively
(Fig. 5d, Table 1). While the heat of reaction between CXCL12 and
frHMGB1-TL was not sufficient to derive any binding parameters
(endothermic spikes at baseline level, ~0.05 µcal/s) (Fig. 5c), a change
of the thermophoretic diffusion properties of fluorescently labeled
CXCL12 was detectable in the presence of frHMGB1-TL (Fig. 5d).
Notably, the derived affinity (Kd = 12.5 ± 5.5 µM) was almost one order
of magnitude weaker than the onemeasured with full-length frHMGB1
(Kd = 1.7 ± 0.2 µM), thus confirming the important role of the acidic IDR
in heterocomplex formation (Table 1).

We reasoned that the interaction might be dominated by long
range electrostatic interactions between the acidic IDR and the basic
surface of CXCL12 (Supplementary Fig. 6a, b). Indeed, the heat of
reaction associated to CXCL12 interaction with Ac-pep or frHMGB1 at
higher ionic strength (150mM NaCl) did not yield any spikes above
baseline (Supplementary Fig. 6c, d). Also in fluorescence and MST

experiments binding affinities were reduced by one order of magni-
tude, confirming the prominent contributions of long-range electro-
static interactions (Fig. 5e, Table 1). As further confirmation that the
acidic IDR mainly interacts with CXCL12 via long range electrostatic
interactions, we titrated into 15N CXCL12 a negative control peptide
corresponding to the arginine/lysine-rich tail of the HMGB1 mutant
form leading to the brachyphalangy, polydactyly and tibial aplasia
malformation syndrome40. As expected, no interaction was detected
(Supplementary Fig. 5g–i). However, as already mentioned, the acidic
IDR is not the unique driving force in the interaction, as the oxidation
status of BoxA is also relevant for the binding to CXCL12, as indicated
by the reduced affinity of dsHMGB1 (Kd = 37.3 ± 3.3 µM)with respect to
frHMGB1 (Supplementary Fig. 4e).

Collectively, ITC, MST, and fluorescence measurements, in
accordance with NMR titrations, support a scenario in which the
frHMG tandem domain and the acidic IDR both contribute to hetero-
complex formation, with the acidic IDR working as an antenna for
recruiting CXCL12 via long-range electrostatic interactions.

frHMGB1 and CXCL12 form an equimolar heterocomplex
Previously, we and others postulated that frHMGB1 and CXCL12
interact with a 1:2 ratio15,30. To verify this hypothesis, we rigorously
assessed complex stoichiometry by analytical ultracentrifugation
(AUC). Initially, we compared sedimentation velocity AUC (SV-AUC)
experiments of the individual and combined components at different
stoichiometric ratios41. Sedimentation coefficient distributions (c(s)) of
free CXCL12 (1.1 S) and frHMGB1 (2.3 S) were in good agreement with
their apparent molecular weights (8.7 and 27 KDa, respectively)
(Fig. 6a, b; Supplementary Table 1), and the corresponding frictional
ratios (f/f0) of 1.3 and 1.4 were in line with the globular and elongated
shape of CXCL12 and frHMGB1, respectively (Supplementary Table 1).
At variance to stable complexes, characterized by distinct SV-AUC
curves for the bound and individual components, the
frHMGB1•CXCL12 heterocomplex presented only two separable sedi-
mentation distributions: one relatively sharp peak at lower s, corre-
sponding to free CXCL12, and one at higher s values, deriving from the
sedimentation of free and bound frHMGB1. The latter, both at 50mM
(Fig. 6c, Supplementary Table 1) and 150mM NaCl (Supplementary
Fig. 7a–c, Supplementary Table 2), was relatively broad and shifted
towards higher s values (and apparent MWs) with increasing CXCL12
concentrations. This behavior is typically observed in highly dynamic
complexes, where the reaction boundaries between bound and
unbound species cannot be resolved within the signal-to-noise ratio of
the experiment42. Importantly, analysis of SV-AUC curves of frHMGB1-
TL with increasing concentrations of CXCL12 showed only two peaks
corresponding to the free components, and no sedimentation peaks
displacement or broadening were observed. Conceivably, without the
acidic IDR the association between the two components is too rapid to
bedetected in the sedimentation time scale (Supplementary Fig. 7d–f).

Next, to determine the ratio of frHMGB1 and CXCL12 in the
complex distribution, we performed multi-signal sedimentation velo-
city analytical ultracentrifugation experiments (MSSV-AUC) and
exploited the different extinction coefficients of frHMGB1 and CXCL12
atminimal (250nm) andmaximal (280 nm)wavelengths to distinguish
between the two complex components43,44. Analysis of MSSV-AUC
suggested that frHMGB1 predominantly forms with CXCL12 (or
CXCL12-LM) a 1:1 heterocomplex in solution, as indicated by the
equimolar concentrations for both CXCL12 (CXCL12-LM) and frHMGB1
obtained from the peak area at ~3 S (Fig. 7d–f, Supplementary
Table 1–3, Supplementary Fig. 7g–k).

Based on these experiments we conclude that frHMGB1 and
CXCL12, in contrast to previous assumptions, form an equimolar het-
erocomplex, with the acidic IDRplaying a fundamental role in complex
assembly.
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SAXS supports the dynamic nature of frHMGB1•CXCL12
We then utilized small angle X-ray scattering (SAXS) to obtain low-
resolution structural information on the estimated mass and shape
of the heterocomplex. Primary analysis of the SAXS scattering curves
of free CXCL12 and frHMGB1 yielded radii of gyration (Rg) of 1.52 nm
and 2.60 nm, respectively, as well as pairwise distance distribution
plot, P(r), derived maximum distance (Dmax) values of 4.8 nm and
8.5 nm, respectively. These values indicate that both proteins are
monomeric and monodisperse in solution (Fig. 7a, Supplementary
Table 4, Supplementary Fig. 8a, 9, 10). The values obtained for
frHMGB1 are in accordance with a previous report27. The normalized
Kratky representation of free CXCL12 and frHMGB1 displayed
upward trends at higher qRg values, well in agreement with the pre-
sence of flexible regions within a folded core (Fig. 7b). While CXCL12
displayed a relatively symmetric P(r) plot, the one of frHMGB1 had an
asymmetric, elongated shape, tailed off to large distances (Supple-
mentary Fig. 8b). This feature suggests the existence of multiple con-
formations in solution, and aligns with the presence of flexible
regions and intramolecular multivalent fuzzy interactions between the
acidic IDR and the basic HMG domains27. Thus, to generate a suitable
ensemble of conformers able to account for HMGB1 intrinsic
dynamics and match its experimental scattering curve, we used
EnsembleOptimizationMethod (EOM)-based rigid bodymodelling27,45

(Supplementary Fig. 11).
Analysis of the heterocomplexwas challenging due to its transient

and dynamic nature, which prevented its isolation through size
exclusion chromatography and direct coupling to SAXS. Instead, we
used a batch-mode strategy where frHMGB1 incubated with increasing
CXCL12 concentrations was immediately analyzed by SAXS (Supple-
mentary Fig. 12). In the SAXS spectrum of a protein complex the
relative contribution of the individual components to the overall
scattering pattern varies according to their size and scattering
intensity46. Thus, the heterocomplex, which is the biggest component

(33.8 kDa), was expected to contribute most to the scattering signal
and todominate over the smallest one (CXCL12, 9.1 kDa). Indeed, in the
presence of two equivalents of CXCL12, where more than 96% of
HMGB1 was saturated with CXCL12, a 1:1 complex with an estimated
molecular weight of 35 kDa was obtained (Supplementary Table 4). At
higher CXCL12 concentrations, where a larger fraction of unbound
CXCL12was present, it was not possible to obtain a reliable estimate of
the complex molecular weight (Supplementary Fig. 8a). We therefore
focused our SAXS analysis on the sample comprising two CXCL12
equivalents. We observed an overall increase of the derived para-
meters with respect to free frHMGB1, compatible with complex for-
mation (Rg of 2.93 nm and Dmax of 10.5 nm) and a mass estimation
corresponding to frHMGB1•CXCL12 heterocomplex (Supplementary
Fig. 8a). The normalized Kratky plot and the P(r) plot confirmed the
dynamic and flexible nature of the complex, containing both folded
domains and unstructured segments (Fig. 7b, Supplementary Fig. 8b).

Next, to model more quantitatively the fuzzy nature of
frHMGB1•CXCL12 heterocomplex, we combined NMR-guided rigid-
body docking (SASREF47 and FoXSDock48) to EOM45. Since our NMR
data indicated that CXCL12 can interact with both BoxA and the acidic
IDR, two initial docking models were generated. To guide the inter-
actionbetweenCXCL12onBoxAweusedSASREF47 taking advantageof
the experimental CSPs (Supplementary Fig. 13a). To model the asso-
ciation between CXCL12 and the acidic IDR, we opted for FoXSDock48

(Supplementary Fig. 13b), which is more suitable when no prior
information is available about the specific interacting regions within a
disordered segment. Next, we used EOM to capture the intrinsic flex-
ibility of frHMGB1 within the complex and to describe the size dis-
tribution of possible multiple conformations of frHMGB1•CXCL12.
Herewith, we identified two EOM conformational ensembles fitting
well the experimental data (with χ2 < 1, Supplementary Table 4). In the
first CXCL12 binds to BoxA of frHMGB1, adopting alternatively open or
more collapsed conformations (Fig. 7c). In the second one, the acidic

Fig. 5 | The acidic IDR of frHMGB1 interacts with CXCL12 via long-range elec-
trostatic interactions. ITCmeasurements of CXCL12 titrated into (a) Ac-pep (red),
(b) frHMGB1 (blue) and (c) frHMGB1-TL (magenta) (20mM TrisHCl at pH 7.5,
50mM NaCl). The upper, middle and lower panels show, respectively, the ITC
sequential heat pulses (DP, differential power) for binding, the integrated data
corrected for heat of dilution and the residuals. Data in (a, b) were globally fitted.
Data in c could not be fitted because the heat of reaction was too small to be fitted
with a nonlinear least-squares method. Data represents peak integration of ITC

signal. One representative curve (n = 2) for each titration is shown. Normalized
variation offluorescenceof 5,6-FAM-labelledAc-pep upon addition of CXCL12 (red)
and normalized variation of MST signal of labeled CXCL12 in the presence of
frHMGB1 (blue) and of frHMGB1-TL (magenta), with (d) 20mM NaCl and with (e)
150mM NaCl. Data are presented as mean values +/− SD of n = 3 independent
replicates. The thermodynamic parameters and Kds are summarized in Table 1.
Source data are provided as a Source Data file.
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IDR of frHMGB1 interacts with CXCL12, while the two HMG boxes
adopt different reciprocal orientations (Fig. 7d).

Overall, SAXS analysis supports the notion that frHMGB1 and
CXCL12 form an equimolar fuzzy complex.

The acidic IDR modulates frHMGB1•CXCL12 binding to CXCR4
Having shown that the acidic IDR of frHMGB1 plays a major role in the
interaction with CXCL12, we tested whether it also played a role in the
binding of the heterocomplex to its CXCR4 receptor. For these
experiments, we chose mouse AB1 cells, a cellular model of malignant
mesothelioma49, as they express high levels of CXCR423.

We first verified the existence of the frHMGB1•CXCL12 hetero-
complex in association with CXCR4 on the cell membrane. Proximity
ligation assays (PLA) betweenHMGB1 andCXCL12 clearly identified the
frHMGB1•CXCL12 heterocomplex on the surface of AB1 cells, and the

PLA signal was competed by increasing concentrations of AMD3100, a
specific CXCR4 antagonist (Fig. 8a). To confirm that the hetero-
complex binds CXCR4 we deleted both Cxcr4 alleles in AB1 cells by
CRISPR/Cas9 mutagenesis. As expected, PLA on the surface of AB1
Cxcr4 KO cells detected only background levels of the HMGB1•CXCL12
heterocomplex (Fig. 8b). Then, we treated wildtype AB1 cells with
increasing amounts of Ac-pep, which significantly decreased the
amount of detectable heterocomplex, in line with the NMR observa-
tion that Ac-pep can bind CXCL12 and disrupts the frHMGB1•CXCL12
heterocomplex.

We then tested the binding to cell surface CXCR4 of hetero-
complexes made with full-length or tailless frHMGB1 (frHMGB1-TL).
Cells were washed at acidic pH to remove ligands bound to receptors,
and then exposed to preformedmixtures of CXCL12 and full-length or
frHMGB1-TL; cells were kept at 4 °C to prevent receptor
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Fig. 6 | frHMGB1 andCXCL12 forma transient 1:1 heterocomplex. Sedimentation
coefficient distributions c(s) of (a) free CXCL12 (38.2 µM) and (b) frHMGB1
(15.6 µM), scanned by absorbance at 280 nm. cOverlay of normalized c(s) showing
the interaction between frHMGB1 (7.8 µM) and increasing concentrations of
CXCL12 (colors). The dotted lines indicate the sedimentation coefficients of the
free components. d, e Global multi-signal sedimentation velocity analysis to
determine the stoichiometry of frHMGB1:CXCL12 complex, with 7.7 µM frHMGB1
and 43 µM CXCL12. The raw sedimentation signals of frHMGB1:CXCL12 mixture

acquired at different time points with (d) absorbance at 280 nm, and (e) absor-
bance at 250 nm with the corresponding signal profiles as a function of radius in
centimeters. The time-points of the boundaries are indicated in rainbow colors,
progressing from purple (early scans) to red (late scans). Only every 3rd scan used
in the analysis are shown. Residuals of the fit are shown at the bottom.
f Decomposition into the component (k) sedimentation coefficient distributions,
ck(s), for CXCL12 (yellow line) and frHMGB1 (cyan line). Source data are provided as
a Source Data file.

Table 1 | Thermodynamic parameters of the interactions between CXCL12 and Ac-pep, frHMGB1 and frHMGB1-TL

ITCa MST

Kd1 (μM) Kd2 (μM) ΔH1 (kcal/mol) ΔH2 (kcal/mol) Kd[NaCl]=20mM (μM) Kd[NaCl]=150mM (μM)

Ac-pep 0.6 ± 0.1 0.1 ± 0.1 −10.4 ± 0.8 1.6 ± 0.7 0.6 ± 0.1b 5.0 ± 0.6b

frHMGB1 1.2 ± 0.4 7.8 × 10−3 ± 1.5 × 10−2 −1.4 ± 0.1 −2.1 ± 0.2 1.7 ± 0.2c 31.8 ± 1.4c

frHMGB1-TL n.d. n.d. n.d. n.d. 12.5 ± 5.5c 81.4 ± 6.8c

aCXCL12 is the titrant, n = 2 independent replicates, error estimates from covariance matrix.
bCXCL12 is the titrant, n = 3 independent replicates, values are mean ± standard deviation.
cfrHMGB1 or frHMGB1-TL is the titrant, n = 3 independent replicates, values are mean ± standard deviation.
n.d. not detected.
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internalization. Both full-length and tailless frHMGB1 formed com-
plexes that could be detected by PLA on the cell surface; however,
frHMGB1-TL formed fewer complexes and did not reach satura-
tion (Fig. 8c).

Together, these results show that the frHMGB1 acidic IDR facil-
itates the binding of the frHMGB1•CXCL12 heterocomplex to its
CXCR4 receptor, and that the Ac-pep competes with the acidic IDR for
heterocomplex formation and binding to CXCR4.

Discussion
Until now, structural studies aimed at gettingmechanistic insights into
frHMGB1•CXCL12 have focused on the interaction of CXCL12 with the
single isolated HMG boxes15,30. In these studies the authors took
advantage of NMR CSPs obtained from titrations of CXCL12 with the
isolated HMG boxes to produce a 3Dmodel in which each single HMG
box bound one CXCL12molecule15,30. The question arosewhether such
a simplified approach, in which the HMG boxes are separated and the
IDRs (i.e. the acidic C-terminal tail and the linker connecting the HMG
boxes) are neglected, can faithfully recapitulate the interaction of
CXCL12with the full-length protein. IDRs within their host proteins are
often the major players in the recognition of their partners50–52, and
they are generally characterized by low complexity sequences, often
containing charged residue53. In several cases IDRs maintain a sig-
nificant level of disorder in their bound states, exchanging between
multiple conformations and giving rise to so-called fuzzy
complexes31,32,37,54. Their structural plasticity and ability to be engaged
in fuzzy interactions renders IDRs well-suited to favour the formation

of biomolecular condensates through liquid-liquid phase separation,
where specific interactions canbe establishedwithout a clearly defined
bound-state conformation32. Moreover, their conformational malle-
ability allows IDRs to engage with various partners and in different
cellular conditions, thus broadening the interaction scopes of their
host protein55. This also applies for HMGB1, where the acidic
C-terminal IDR modulates interactions with nucleic acids56 and differ-
ent proteins, such as histones57,58 and p5359. Importantly, replacement
of the acidic IDR with an arginine-rich basic tail has been recently
shown to cause a complex human malformation syndrome, which
results from HMGB1 aberrant phase separation in the nucleolus and
nucleolar dysfunction40.

In accordance with its functional relevance, herewe show that the
acidic IDR, whether isolated or in the context of the full-length protein,
binds to the CXCL12 homodimerization surface. Interestingly, the
CXCL12 residues involved in the interaction with both Ac-pep and
frHMGB1 in part coincidewith the ones involved in the interactionwith
negatively charged heparin oligosaccharides60. Importantly, the acidic
IDR, because of its repetitive sequence, contains multivalent sites able
to interact with CXCL12, as indicated by NMR titrations of 15N CXCL12
with synthetic peptide fragments of the acidic IDR. In line with this
multivalency, NMR relaxation experiments performed on the 15N Ac-
peprec show that the acidic IDRmaintains its conformational flexibility
also when bound to CXCL12. Noteworthy, binding of full-length
frHMGB1 to CXCL12 is significantly weaker than to the isolated acidic
IDR, indicating competition of the intra-molecular frHMGB1 boxes
withCXCL12 for the acidic IDR.Both ITC andMSTexperiments suggest

Fig. 7 | SAXS studies of free frHMGB1, CXCL12 and of frHMGB1•CXCL12. a I(q)
versus q experimental SAXS profiles for CXCL12 (gold), frHMGB1 (black) and
frHMGB1•CXCL12 complex (magenta). The curves are shifted by an arbitrary offset
for better comparison. Error bars represent an estimate of the experimental errorσ
on the intensity recorded for each value of q as assigned by data reduction soft-
ware. In the inset, theGuinier regionsused to estimate the radii of gyration (Rg, nm).
bDimensionless Kratky plots for the data presented in (a). Analysis of SAXS data by
EOM on frHMGB1•CXCL12 models obtained using (c) SASREF and (d) FoXSDock
with distributions of the selected ensemble conformers (magenta bars) and the

initial pools of structures (grey bars) as a function of Rg in nm. In the insets, I(q)
versus q (magenta squares) with the EOM fitting (red lines with the corresponding
χ2 values) for the frHMGB1•CXCL12 complex. Representative structures of themost
populated EOM ensembles are shown in cartoon, with BoxA, BoxB, acidic IDR and
CXCL12 coloured in cyan,magenta, grey and gold, respectively. For each ensemble,
the frequency-weighted size average (the asterisks indicate the most populated
fractions) and Rg values are indicated. Source data are provided as a Source
Data file.
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long range electrostatic interactions between the acidic IDR and the
basic surface of CXCL12 asmajor drivers for binding, as increased ionic
strength or deletion of the acidic IDR reduced binding to CXCL12.
Long-range electrostatic interactions, though fundamental, are not the
unique driving force for complex formation, as both NMR and MST
indicate that tailless frHMGB1 (frHMGB1-TL) binds with micromolar
affinity to the dimerization surface of CXCL12, albeit less well with

respect to the full-length protein. Thus, structured and unstructured
frHMGB1 regions potentially recognize the same CXCL12 surface,
which behaves as a structural hub for multivalent interactions. Nota-
bly, while previous NMR titrations suggested that the isolated HMG-
boxes interact similarly with the dimerization surface of CXCL1215, a
preference for BoxA is apparent in the context of the tandem HMG-
boxes, with the interaction surface mainly involving the two short
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Fig. 8 | The acidic IDR modulates frHMGB1•CXCL12 binding to CXCR4 on
AB1 cells. a Representative confocal microscopy images of Proximity Ligation
Assays (PLAs) performed on the frHMGB1•CXCL12 complex on the surface of AB1
malignant mesothelioma cells. Cells were either untreated or treated with
AMD3100 or Ac-pep (light blue bars) for 1 h at 37 °C/5% CO2 at three different
concentrations (10, 30, or 100nM). PLA signal was quantified as described in the
Methods section. Mean ± SD are indicated; n = 4 FOV (field of view) per con-
centration. One-way ANOVAwasperformedcomparingAMD3100 (red) andAc-pep
(light blue) treated cells to untreated cells (white); AMD3100 versus untreated:
**P =0.0054; ***P =0.0005; Ac-pep versus untreated: **P =0.0023, ***P =0.0003.
Data are presented as arbitrary units (arb. units). Scale bar; 20μm.bRepresentative
confocal microscopy images of PLAs performed on the frHMGB1•CXCL12 complex
on the surface of either wild type (WT) or Cxcr4 knockout (Cxcr4−/−) AB1 malignant
mesothelioma cells. PLA signal was quantified as number of dots per cell in FOV.

Statistical analysis; two-tailed, non-parametric Mann–Whitney test. Mean± SD are
indicated;n = 6 FOVper condition. Data are presented as arbitraryunits (arb. units).
Scale bar; 20μm. c PLA signal quantification on the surface of ligand-stripped
AB1 cells exposed at 4 °C to increasing concentrations of either frHMGB1•CXCL12
or frHMGB1-TL•CXCL12 equimolar heterocomplexes. Data are presented as arbi-
trary units (arb. units). Mean ± SD are indicated; n = 4 FOV per concentration. The
difference between frHMGB1•CXCL12 (orange) and frHMGB1-TL•CXCL12 (blue)
heterocomplexes is statistically significant (P <0.0001) by two-way ANOVA. Sidak’s
multiple comparisons test revealed statistically significant differences between
frHMGB1•CXCL12 and frHMGB1-TL•CXCL12 at the following concentrations; 10−7 M:
P =0.0004, 10−6.5 M, P =0.0003, 10−6M: P <0.0001, 10−5.5 M: P =0.0013, and 10−5 M:
P =0.0032. In all panels, nuclei are in blue (Hoechst 33342), phalloidin is in green,
and the frHMGB1•CXCL12 PLA signal is red. Scale bar; 20μm. Source data are
provided as a Source Data file.
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helices of the HMG domain. Of note, the targeting of BoxA is in line
with the ability of CXCL12 to preferentially recognize the reduced
forms of Cys-22 and Cys-4420. Moreover, our MST and NMR experi-
ments show that, while dsHMGB1 is still able to bind to CXCL12, most
likely via the acidic IDR, its affinity is starkly lower, thus confirming the
important contribution of BoxA to the interaction. Privileged binding
to BoxA is also in agreement with the equimolar stoichiometry of the
heterocomplex suggested by both AUC and SAXS experiments.

Collectively, our data reveal that the frHMGB1•CXCL12 hetero-
complex behaves as a typical fuzzy complex31, whose formation relies
on an intricate network of inter- and intra-molecular interactions of
comparable affinities. As commonly observed in fuzzy binding, at
least one of the elements, in this case the acidic IDR, is dynamic,
maintains its conformational flexibility in the bound state and is fun-
damental for the interaction36,61. In addition, the intrinsic independent
rotation of the two HMG-boxes provides an additional dynamic level
to the system. Thus, the heterocomplex cannot be described by a
unique structure, but is best represented by a heterogeneous ensem-
ble of structures reflecting the different ongoing equilibria. Accord-
ingly, the SAXS data of the heterocomplex are best fit by different
plausible docking models obtained by EOM, where CXCL12 binds
frHMGB1 in a promiscuous manner, alternatively associating to the
manifold conformations of the acidic IDR and the different BoxA
orientations.

Based on our data we propose amodel (Fig. 9) in which the acidic
IDR works as a wrapping antenna that recruits CXCL12 through long-
range electrostatic interactions. Being intrinsically disordered, the
acidic IDR does not present a single binding site to CXCL12 but rather
resembles a diffuse binding cloud, in which multiple nearly-identical
binding sites are dynamically distributed62,63, preserving a significant
flexibility even in bound states. This behavior is reminiscent of the
mean electrostatic field created by multiple phosphates between the
disordered yeast cyclin-dependent kinase (CDK) inhibitor Sic1 and its
cognate binding partner, the F-box protein Cdc436. The rapid on-off
rate usually associated to long-range electrostatic interactions allows
then CXCL12 to interact with HMG-boxes, in particular with BoxA in its
reduced form, partially outcompeting HMGB1’s intramolecular con-
tacts. Remarkably, the binding mode of frHMGB1 to CXCL12 radically
differs from the usual beta-beta or alpha-beta interactions observed in
chemokine heterocomplexes4.

CXCL12 bound to frHMGB1 can then accommodate inside the
cradle formed by the transmembrane helices of CXCR4, yielding a
three-component complex (Fig. 9), whose existence on the cell surface
is supported by PLA experiments. These results are in line with the
observation that theHMGB1•CXCL12 heterocomplex acts differentially
fromCXCL12 alone on the reorganization of the actin cytoskeleton and
on β−arrestin recruitment22. Both actions depend on CXCR4. So far,
however, our data do not specify whether a specific subset of the
conformations of the HMGB1•CXCL12 heterocomplex preferentially
binds to CXCR4. In our cellular context, the acidic IDR facilitates the
binding of the frHMGB1•CXCL12 heterocomplex toCXCR4, andAc-Pep
does compete with it, confirming the results obtained by NMR, and
implying that the acidic IDR plays a major role in the formation of the
CXCR4•frHMGB1•CXCL12 ternary complex aswell. The fuzziness of the
interactions in the frHMGB1•CXCL12 heterocomplex forces us to
reconsider the structure of HMGB1, which itself can be considered
fuzzy: in solution HMGB1 populates an ensemble of different micro-
states in which the D/E repeats are associated through electrostatic
transient interactions with different segments of HMGB1, that in turn
are partially screened and only transiently exposed to natural
interactors26. Plausibly, the fuzzy conformation of HMGB1 allows
interactions with multiple partners64, all of which have micromolar-
range apparent affinities. Indeed, HMGB1 often works as a chaperone,
by binding one interactor and facilitating its further interaction with
anothermolecule65–67. As such, themechanism and the conformational

heterogeneity through which HMGB1 binds to CXCL12 is in part
reminiscent of other chaperones, like small heat shock proteins, that
exploit their large IDR to transiently interact with their clients68.

In brief, we show here that frHMGB1 and CXCL12 form a bimole-
cularheterocomplex,which is fuzzy andhighlydynamic, and cangoon
to form a ternary complex with the CXCR4 receptor. These conclu-
sions are in line with the concepts of HMGB1 working as a molecular
chaperone and of IDPs/IDRs being typically involved in signaling,
regulation, recognition, and control of various cellular pathways69.

Finally, recent studies have revealed that inhibiting heterophilic
interactions among chemokines interactions can reduce
inflammation13. Consequently, targeting these protein-protein inter-
actions is emerging as a valuable strategy for developing selective
antagonists to finely modulate specific inflammatory responses. This
holds true also for the frHMGB1•CXCL12 heterocomplex, a key reg-
ulator of inflammatory cell recruitment via the CXCR4 axis, making it
an attractive target for selective anti-inflammatory agents. Indeed
previous research has demonstrated that HMGB1•CXCL12 is druggable
exploiting specific pockets within HMGB1 and CXCL1224. As the tar-
geting of IDR and IDPs is starting to emerge as a pharmacological
strategy70, we anticipate that interfering with the fuzzy interactions
within the HMGB1•CXCL12 heterocomplex could represent an addi-
tional opportunity to inhibit its detrimental activity in inflammatory
conditions.

Methods
Protein production and synthetic peptide
Recombinant labeled and unlabelled (15N) HMGB1 (uniprot code P63159,
residues 2–215, renumbered from 1 to 214) andHMGB1-TL (uniprot code
P63159, residues 2–188, renumbered from 1 to 187) were transformed in
BL21 (DE3) pLysS and BL21 (DE3) strains of E. coli, respectively, using the
pETM-11 expression vector (EMBL, Heidelberg, DE). The proteins were
purified as described in Supplementary Information. dsHMGB1 and
dsHMGB1-TL were obtained by extensively dialyzing their fully reduced
forms against a buffer devoid of Dithiothreitol (DTT, volume ratio
sample:buffer 1:2000), changing the buffer every 2 h overday, followed
by an overnight dialysis. To reach the fully oxidized state, the samples
were incubated at 4 °C for 72 h, before NMR and MST analysis. The
oxidation status of HMGB1 constructs was checked by 1H-1D NMR
monitoring the aliphatic spectral region, which displays distinctive
features for the oxidized and reduces forms. Recombinant labeled and
unlabelled 15N/13C CXCL12 (uniprot code P48061, residues 23–89,
renumbered from 1–68) and CXCL12-LM were transformed into E. coli
strain BL21 (DE3) using the expression vector pET30a. The proteins
were purified as described in Supplementary Information. Unlabeled N-
terminal-6His-tagged CXCL12 for MST measurements was provided by
HMGBiotech (Milan, Italy).

For the production of CXCL12-LM, site-directed mutagenesis was
performed to introduce mutations L55C and I58C in CXCL12 pET30a
expression vector by using standard overlap extension methods
(Supplementary Information). The DNA constructs were sequenced by
Eurofins (Milan, Italy). Protein concentrations were determined con-
sidering molar extinction coefficients at 280nm of 21430,
8730M−1 cm−1, 8855M−1 cm−1 for HMGB1 (and HMGB1-TL), CXCL12 and
CXCL12-LM, respectively.

Recombinant Ac-pep (Ac-peprec) (corresponding to the HMGB1
acidic IDR, 30 aa, uniprot code P63159, residues 186–215, renumbered
from 185 to 214) was produced as 6His-SUMO3 tagged fusion protein
using the pETM11-SUMO3 expression vector (EMBL, Heidelberg, DE).
Cloning was performed by GENEWITZ from Azenta Life Sciences.
Expression was carried out in BL21 (DE3) E. coli cells by induction at
30 °C for 18 h with 0.5mM Isopropil-β-D-1-thiogalattopiranoside
(IPTG). Cells were harvested by centrifugation (8200× g, 4 °C) and
lysed by sonication in Lysis Buffer (150mMNaCl, 20mMTris-HCl pH8,
0.2% NP-40, 2mM β-mercaptoethanol (BME), Complete EDTA-free
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protease inhibitor (Roche), 2 µg/mL DNAse, 20 µg/mL RNAse).
The 6His-SUMO3-tagged protein was purified on a histidine affinity
column (Ni-NTA agarose, Quiagen) and eluted with Elution Buffer
(150mM NaCl, 20mM Tris-HCl pH 8, 2mM BME, 300mM imidazole).
The 6His-SUMO3 tag was cleaved during overnight dialysis at 4 °C
againstDialysis Buffer (20mMTris-HCl pH8, 150mMNaCl, 2mMBME,
5% glycerol) by addition of 6His-tagged Small Ubiquitin-Related
Modifier (SUMO)-Specific Protease 2 protease (SENP2, homemade).
6His-SUMO3 tag and 6His-SENP2 were then separated from the
digested Ac-peprec by a second purification step on a Ni-NTA column.
The peptide (having a serine at the N-terminus, deriving from cloning)
was further purified on an HiTrap Q HP anion exchange chromato-
graphy column (Cytiva) using buffer A (20mM Tris-HCl pH 8, 50mM
NaCl) and a slow linear gradient (3ml/min flow, 15 column volumes) of
buffer B (20mM Tris-HCl pH 8, 1M NaCl). The purified peptide was
dialyzed against Milli-Q, lyophilized and resuspended into NMR buffer
(20mM NaH2PO4/Na2HPO4 pH 6, 20 or 150mM NaCl). The peptide
identity was confirmed by mass spectroscopy. Peptide concentration
was determined using the absorbance at 205 nm and the molar
extinction coefficient at 205 nm (83,400M−1 cm−1) calculated by the
web server [http://nickanthis.com/tools/a205.html]. Uniformly labeled
15N and 15N/13C Ac-peprec was produced by growing BL21 (DE3) E. coli
cells in M9 minimal medium containing 15NH4Cl, with or without 13C
D-glucose.

Synthetic Ac-pep (corresponding to HMGB1 acidic IDR, 30 aa,
uniprot code P63159, residues 186–215, renumbered from 185 to 214)
was purchased from Caslo Lyngby, Denmark. Synthetic Ac-pep frag-
ments corresponding to residues 185–195 (Ac-pep185-195) and residues
204–214 (Ac-pep204-214) and the synthetic peptide corresponding
to the arginine rich tail present in an aberrant HMGB1 form40

(R185RKMRKMKRMRRRRKMKKMKMKKKMKKMNK214, whereby M210-
M211 where mutated into lysines to avoid possible aggregation
problems deriving from four consecutive methionines) were pur-
chased from Davids Biotechnologie GmbH (Germany). Peptide purity

(>95%) was confirmed by HPLC and mass spectrometry. Peptide con-
centration was estimated from its dry weight. For ITC measurements
withAc-pep, to obtain amoreaccurate estimation of the concentration
by UV a tyrosine (ε274nm = 1405M−1 cm−1) was added at the peptide N-
terminus, forMST experiments 5,6 FAM (5(6)-Carboxyfluorescein) was
added at the peptide N-terminus.

NMR spectroscopy (NMR)
NMR experiments were performed at 298K on a Bruker Avance
600MHz equipped with inverse triple-resonance cryoprobe and
pulsed field gradients (Bruker, Karlsruhe, Germany). Typical samples
concentration was 0.1–0.4mM. Data were processed using NMRPipe
10.971 or Topspin 3.26 (Bruker) and analyzed with CCPNmr Analysis
2.472. The 1H, 13C, 15N chemical shifts of CXCL12 in the presence of Ac-
pep and of CXCL12-LM were obtained from three-dimensional HNCA,
CBCA(CO)NH, CBCANH, HNCO experiments (Supplementary Fig. 14,
96% amides assigned).

NMR titration experiments
Before NMR titrations the samples (titrant and titrated solution) were
dialyzed against the same buffer, 20mM NaH2PO4/Na2HPO4 pH 6.3,
20mM NaCl, supplied with 0.15mM 4,4-dimethyl-4-silapentane-1-sul-
fonic acid (DSS) and D2O (10% v/v). Of note, HMGB1 upon removal of
DTT maintained its thiol form for at least 12 h. In the case of titrations
with synthetic peptides the lyophilized peptides were dissolved
directly in the NMR buffer, where necessary the pH was adjusted with
0.1M NaOH. Titrations were carried out by adding to 15N labelled
protein samples (typically 0.1mM) small aliquots of concentrated
(15mM) peptide stock solutions or unlabelled protein (0.6–1mM). For
each titration point (0.5, 1, 1.5, 2 equivalents of ligand) a 2D water-flip-
back 15N-editedHSQC spectrumwas acquiredwith 2048 (160) complex
points, apodized by 90◦ shifted squared (sine) window functions and
zero filled to 2048 (512) points for 1H (15N). Spectra assignment was
made following individual cross-peaks through the titration series. For

a

b

Fig. 9 | Model of frHMGB1•CXCL12 fuzzy complex. a Representative EOMmodels
of the fuzzy interactions between frHMGB1 (cyan cartoon) and CXCL12 (gold sur-
face). b Explicative representations of possible different frHMGB1•CXCL12 con-
formations bound to CXCR4. Two SAXS-EOM frHMGB1•CXCL12 models have been

superimposed on the theoretical model of CXCL12 in complex with CXCR485, with
CXCR4 inmagenta, CXCL12 in gold surface and frHMGB1 in cyan; the lipid bilayer is
represented with cyan spheres and lines.
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each residue the weighted average of the 1H and 15N chemical shift
perturbation (CSP) was calculated as

CSP=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδH2 +ΔδN2=25

2

s
ð1Þ

where ΔδH and ΔδN are, respectively, the differences of 1H and 15N
chemical shifts between free and bound protein73. The corrected
standard deviation (σ0) was calculated as described in74. Because of
extensive line broadening due to ligand binding in the intermediate
exchange regime on theNMR time scale, we alsomonitored changes in
the intensity ratio (I/I0) of the 1H-15N amide resonances, where I0 and I
are the peak intensities in the free and bound protein, respectively.

Lineshape analysis
We performed 2D NMR lineshape analysis using the software TITAN
1.633. Spectra were processed with NMRpipe 10.971 with a script pro-
vided by TITAN 1.6. A series of regions of interest containing isolated
peakswith CSPs > avg + SDwere selected (V18, V23, K24, H17, A40, H25
and R12 for 15N-CXCL12 and V23, K24, H25 for 15N-CXCL12_LM) (Sup-
plementary Fig. 2b) and fitted by optimizing the chemical shifts and
linewidths for the free and the bound state. The programestimatesKd,
koff (we fixed 1:1 stoichiometry). Error estimates for the fit parameters
were obtained using the bootstrap resampling of residuals procedure
implemented in TITAN 1.633.

NMR relaxation measurements
Measurements of heteronuclear {1H}-15N nuclear Overhauser (NOE)
enhancement, longitudinal and transversal 15N relaxation rates (R1, R2)
on free 15N Ac-pep (0.3mM) and in the presence of CXCL12 (1:1) were
performedusing standard 1H–15NHSQC spectrawith varying relaxation
delays75. Duty-cycle heating compensation were used for both T1 and
T2 relaxation experiments76. T1 and T2 decay curves were sampled at 10
and9different relaxationdelays, respectively and twoduplicate delays
(ms). (T1: 50/50, 150, 250/250, 450, 650, 900, 1100, 1400, 2000, 3000
and T2: 72, 12/12, 28, 44, 56, 112/112, 144, 200, 244) collected in random
order, with 4 s recovery delay. Two delays were acquired twice for
evaluation of the average hT 1i, hT2i values and the corresponding
standard deviations. The {1H}-15N NOEs were measured recording
HSQC spectra with and without proton saturation in an interleaved
fashion using a 6 s recycle delay/saturation. The standard deviation of
the noise of both saturated and unsaturated spectra were used to
estimate Isat/Iunsat uncertainty via error propagation formula.R1, R2 and
{1H}-15NNOEs values have beenobtained using theCcpNmrAnalysis 2.4
fitting routine72 and internal scripts. Relaxation experiments have been
repeated twice on n = 2 biologically independent samples.

Isothermal titration calorimetry (ITC)
Proteins and peptidesweredialyzed in a Slide-A-lysermini-dialysis unit
with a 2000 MWCO and Biodialyzer with 500Da MWCO (Harvard
Apparatus, US) against 20mM TrisHCl at pH 7.5, 50mM NaCl (or
150mM NaCl when explicitly stated). ITC data were collected on a
MicroCal PEAQ-ITC instrument (Malvern). The cell temperature was
set to 37 °C, the syringe stirring speed to 750 rpm, and referencepower
to 10μcal/sec. frHMGB1 (frHMGB1-TL, Ac-pep) and CXCL12 were loa-
ded into the cell and syringe at concentrations of ~10 and ~600μM,
respectively. TheMicroCal PeakITC software (Malvern) was applied for
initial data analysis. For global fitting, thermograms were integrated
using NITPIC 2.0.038 and SEDPHAT 15.2b77. Data were fit with the two
non-symmetric sites microscopic K model39 applying Simplex and
Marquardt-Levenberg optimization algorithms, as implemented in
SEDPHAT 15.2b. Error estimates were based on the covariance matrix
generated by the Marquardt-Levenberg algorithm. Experiments have
been repeated on n = 2 independent samples.

Microscale thermophoresis (MST)
MST experiments were performed at 24 °C on a NanoTemper® Mono-
lith NT.115 instrument. Binding between Ac-pep and CXCL12 was mon-
itored titrating CXCL12 (16-points) into 50 nM N-terminal-5,6-FAM-
labelled Ac-pep (CASLO ApS, Denmark), using the blue filter, 20% LED
power and medium MST power. Binding between frHMGB1, dsHMGB1
or frHMGB1-TL and CXCL12 was monitored titrating the different
HMGB1 proteins (16-points) into 50nM 6His-tagged CXCL12, non-
covalently labelled with the NT-647 conjugated tris-NTA (RED-tris-NTA)
fluorescence dye, using the red filter, 40% LED power andmediumMST
power. Before MST titrations the proteins (the ligand and the fluores-
cently labelled target) were dialyzed against the same buffer, 20mM
NaH2PO4/Na2HPO4 pH 7.3, 0.05% TWEEN and 20mM or 150mM NaCl.
In the case of 5,6-FAM-labelled Ac-pep, the lyophilized peptide was
dissolved directly in the MST buffer and the pH adjusted to pH 7.3.

The 16 titration points of each experiment were made through
serial dilution of the ligand stock into MST buffer and then addition
of a constant amount of fluorescently labelled target (50nM).
Beforemixing, both the ligandand thefluorescently labelled targetwere
centrifuged at 15,000g, 4 °C, for 10min. Maximum concentrations of
frHMGB1, frHMGB1-TL, dsHMGB1 and CXCL12 ligands in the titrations
were 104–343 µM, 315 µM, 300 µM and 287–295 µM, respectively. Com-
plex samples were incubated for 30min before loading into Nano-
Temper premium capillaries. Each experiment was repeated on n= 3
independent samples, data points are the average of the triplicates and
the error bars correspond to the standard deviation.

Since CXCL12 addition induced >10% variation in the fluorescence
of 5,6-FAM-Ac-Pep, thermophoresis traces could not be used to mea-
sure binding affinity, we therefore used the quenching of the 5,6-FAM-
Ac-Pep fluorescence upon binding to estimate the Kd. Data analyses
were carried out using NanoTemper Analysis 2.3 software and the Kd
model fitting (one binding site).

Analytical ultracentrifugation (AUC)
Sedimentation velocity experimentswereperformedonanOptimaXLI
(Beckman Coulter) using an A50 Ti eight-hole rotor and with seven
400 µl samples in standard dual-sector Epon centerpieces equipped
with sapphire windows. Absorbance data were acquired at 250 and
280 nm simultaneously with the absorbance scanner in the continuous
mode with radial increments of 0.003 cm. Three assembled cen-
trifugation cells containing, respectively, free CXCL12 (or CXCL12-LM)
(38.2 µMor37.6 µM), frHMGB1 (15.6 µM), frHMGB1-TL (15.6 µM)and the
frHMGB1:CXCL12 (or frHMGB1:CXCL12-LM) mixture at the loading
ratios of 1:2.5, 1:5, 1:7.5 (with frHMGB1 or frHMGB1-TL at 7.8 µM con-
centration), pH 7.5, 20mM TrisHCl, 50mM NaCl (or 150mM NaCl
when explicitly stated), were equilibrated at 20 °C under vacuum for
approximately 1.5 h prior starting the experiment. Subsequently, cen-
trifugation was performed at 163,000.44 g with 90 scans. The highest
protein concentration was determined by the absorbance for which
the linear relationship according to Lambert-Beer Law was still guar-
anteed (O.D. max= 1.0). The buffer density and viscosity were esti-
mated using SEDNTERP 1.078.

The sedimentation coefficient distributions (c(s)) at 280 nmof the
single proteins were obtained by applying the diffusion-deconvoluted
c(s) model, implemented in SEDFIT 16.1c41. Concentration profiles in
terms of absorbance (a(r,t)) were modelled as the sum of Lamm
Equation solutions scaled by a continuous distribution c(s) as follows:

aðr, tÞ ffi
Z smax

smin

ckðsÞχðs, DkðsÞ, r, tÞds ð2Þ

where s is the sedimentation coefficient, χ (s, D(s), r; t) is the Lamm
Equation solution that is dependent on D(s), the corresponding dif-
fusion coefficient, r, radius from the center of rotation, and t, the time
from the beginning of the experiment.
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Multisignal sedimentation velocity (MSSV) analysis44 was per-
formed to determine the stoichiometry of the complex formed
by frHMGB1 and CXCL12 (or CXCL12-LM). It is important to note that
in MSSV, like in c(s) model, the data are not fitted a priori to a
binding stoichiometry model (e.g. 1:1 or 1:2) and no binding model
assumption is made. The experimental sedimentation data, whose
physical observable is absorbance, are fitted with mathematical equa-
tions (the Lamm equations) describing the sedimentation process
without assuming any binding stoichiometry. The sedimentation pro-
cess is described as a superposition of normalized Lamm equation
solutions of ideally sedimenting species at a range of sedimentation
coefficients s(1… N), with N indicating the range of molecules
size expressed as sedimentation coefficient in Svedberg and using
the hydrodynamic scaling law to estimate the corresponding
diffusion coefficients. TheLammequation solutionsonce superimposed
give the number of species, molecular weight and weight averaged
shape. More in detail, inMSSV the standard c(s) approach ismodified to
deconvolute the contributions of individual species in a component
distribution ck(s) where k represents the individual components of
a mixture. The absorbance at wavelength λ (aλ(r,t)) is modelled as:

aðr, tÞ ffi
XK
k = 1

ϵklλ

Z smax

smin

cðsÞχðs, DðsÞ, r, tÞds ð3Þ

where l is the path length, k is the number of solutes present, and ck(s)
is a continuous distribution for component k.

MSSV deconvolution is possible when the complex components
have sufficiently different spectral properties44, i.e.

Dnorn =
jjdet ελkjjQ

kjjε
*

k jj
>0:065 ð4Þ

As themolar extinction coefficients of frHMGB1 (ε280= 20872.8M−1 cm−1,
ε250= 7987.7M

−1 cm−1) and CXCL12 (ε280=9907.2M
−1 cm−1, ε250=

4704.2M−1 cm−1) or CXCL12-LM (ε280=8413.4M−1 cm−1, ε250=
4840.5M−1 cm−1) delivered sufficient spectral discrimination with
Dnorm >0.08 (for frHMGB1:CXCL12) and Dnorm >0.16 (for frHMGB1:
CXCL12-LM), it was possible to use SEDPHAT 15.2b to perform global
multi-signal analysis of the sedimentation boundary associated to
the co-sedimenting complex44. MSSV of the frHMGB1:CXCL12
(7.7 µM:43 µM) and frHMGB1:CXCL12-LM (6.9 µM:51 µM) heterocom-
plexes were collected at 250nm and 280nm and globally fitted using
the multi-wavelength discrete/continuous distribution analysis with
mass constraints in SEDPHAT 15.2b44. Integration of the resulting ck(s)
distributions revealed the content of eachprotein component under the
peak at a given sedimentation value. Plots of the signal profiles, fits,
residuals and the MSSV results were generated using GUSSI 1.4.279.

Small angle X-ray scattering (SAXS)
The experiments were performed at the ESRF bioSAXS beamline
BM29, Grenoble, France at a detector distance of 2.869m. CXCL12 and
frHMGB1 were measured in batch mode at 20 °C using the sample
changer immediately after protein thawing and centrifugation (30min
at 16,000g); 45μL of sample solution at three different concentrations
(1.95, 3.0 and 3.9mg/mL per each protein, 20mM Tris pH 7.5, 50mM
NaCl) were used. To characterize the frHMGB1•CXCL12 complex we
tested the following protein molar ratio conditions: 1:1, 1:2, 1:4 and 1:6
(frHMGB1:CXCL12, with frHMGB1 1.95mg/mL). After incubation and
centrifugation, the supernatants were immediately measured in the
SAXS beamline. n = 10 frames of 0.5 s each were collected for each
sample (frHMGB1•CXCL12, free components at different protein con-
centration). Data from the frHMGB1 and CXCL12 dilutions were
merged following standard procedures to create an idealized scatter-
ing curve, using PRIMUS within ATSAS 3.2.180. The pair distribution
function P(r) was calculated using GNOM version 5.0 (r14886)81.

Protein molecular masses were estimated using both Porod volume
and scattering mass contrast methods. All the plots were generated
using OriginPro (Version 2022, OriginLab Corporation, North-
ampton, MA, USA).

To model the frHMGB1•CXCL12 heterocomplex, we employed a
multistep approach relying on complementary experimental knowl-
edge (NMR and AUC). The SAXS curve of frHMGB1 in the presence of
two equivalents of CXCL12 was used, as in this condition frHMGB1 is
almost fully saturated and the contribution of free CXCL12 to the
scattering signal is negligible, as also confirmedbyOLIGOMER analysis
(within ATSAS 3.2.180) (Supplementary Methods and Supplementary
Fig. 15). This SAXS curve was used to generate with EOM a repre-
sentative frHMGB1 starting structure for subsequent rigid docking on
CXCL12 (pdb: 2KEE). In particular, two initial rigid docking models
were generated. The first one was obtained with SASREF47 (within
ATSAS 3.2.180) combining the solution scattering data and guiding the
docking of CXCL12 (residues 23–28 and 66–67) on frHMGB1 (residues
15–45), as suggested by NMR experiments. The second model was
obtained docking CXCL12 (residues 23–28 and 66–67) onto HMGB1
acidic IDR performing a global search with FoXSDock version
main.ec6dbc248 (Supplementary Fig. 13).Next, to describe thedynamic
and fuzzy nature of the heterocomplex, we fixed the protein-protein
interaction surfaces obtained with SASREF47 and FoXSDock version
main.ec6dbc248, and allowed the rest of frHMGB1 to explore a wide
range of conformations using the EOM algorithmwithin ATSAS 3.2.180.
Similarly, frHMGB1 alone was modelled using the EOM approach
(parameters for the analysis are in Supplementary Table 4). The
missing residues connecting the rigid bodies and the modelled seg-
ments were added with MODELLER 10.182. The χ2 values of EOM fits
over the 0.1–3 nm−1 q range of experimental SAXS curves were deter-
mined with CORMAP within ATSAS 3.2.180.

All SAXS data were deposited into SASBDB data bank (CXCL12,
SASDB ID: SASDRG9); frHMGB1, SASDB ID: SASDRH9; frHMGB1•
CXCL12, SASDB ID: SASDRJ9.

Molecular images
Molecular images were generated by PyMOL Molecular Graphics Sys-
tem, open source version, Schrödinger, LLC and UCSF Chimera 1.1683

and assembled with Inkscape 0.92.

Cell line and treatments
AB1 mouse malignant mesothelioma cells (MM; Cell Bank, Australia)
were cultured in RPMI 1640 (Life Technologies, UK), supplemented
with 5% v/v fetal bovine serum (FBS; Life Technologies, UK), 2mM L-
glutamine, and 100U/ml penicillin/streptomycin at 37 °C; 5% CO2.
Cells were not cultured past passage 10 after cell thawing. To show
binding of the HMGB1•CXCL12 heterocomplex to CXCR4, cells were
incubated or not at 37 °C with increasing concentrations of AMD3100
and then fixed and quantified for the PLA signal. To validate these
observations, we generated aCxcr4 knockout AB1 cell line (see further)
to determine whether CXCR4 is indeed required for frHMGB1•CXCL12
complex formation. Untreated Cxcr4−/− and wild-type AB1 cells were
fixed and quantified for the PLA signal. As a further verification, wild-
type and Cxcr4−/− cells were co-cultured at a 3:1 and a 1:3 ratio, fixed,
and quantified for the PLA signal to demonstrate that the ratio of cells
with high and low PLA signal would be 3:1 (or 1:3), confirming the
previous experiment (Supplementary Fig. 16).

To show the effect of Ac-pep on the binding of the
frHMGB1•CXCL12 heterocomplex to the receptor, cells were incubated
or not at 37 °Cwith increasing concentrations of Ac-pep and then fixed
and quantified for the PLA signal.

To measure the binding of the frHMGB1•CXCL12 heterocomplex
to its receptor, cells were washed with 10mMTris-HCl, pH 5.3, washed
with RPMI and then incubated for 20min at 4 °Cwith RPMI containing
the indicated concentrations of preformed full-length or tailless
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frHMGB1•CXCL12 heterocomplexes. Cells were then fixed and quan-
tified for the PLA signal.

Proximity ligation assay (PLA)
AB1 cells (2 × 104) were seeded onto 15mm glass coverslips and incu-
bated overnight at 37 °C/5% CO2, and treated the following day as
described above. To perform PLA, cells were fixed for 10min in 4%
paraformaldehyde in PHEM buffer (1:1) at room temperature (RT),
washed in0.2%bovine serumalbumin (BSA)/PBS andblockedwith 10%
goat serum in 4% BSA/PBS for 1 h at RT. Cells were then incubated
overnight at 4 °Cwith twoprimary antibodies:mousemonoclonal anti-
HMGB1 (1:1000; HMGBiotech, HM-901) and goat polyclonal anti-
CXCL12 (1:50; R&D Systems, #AF-310-NA). Following threewashes with
0.2% BSA/PBS, cells were incubated with secondary oligonucleotide-
linked antibodies for 1 h at 37 °C (anti-mouse PLUS [#DUO92001] and
anti-goat MINUS [#DUO92006], Duolink, Sigma-Aldrich; 1:5 dilution in
Duolink antibody diluent [DUO82008]) and processed according to
the Duolink PLA fluorescence protocol (Sigma). Finally, cells were
stained with Phalloidin-FITC (1:500; Sigma-Aldrich, #P5282) and
Hoechst (1μg/mL; Sigma-Aldrich, #33342), and mounted on micro-
scope slides with Flourosave reagent (Merck, #345789).

All fields of view (FOV) for PLA were acquired using a Leica TCS
SP5 X confocal microscope (Leica Biosystems) with a 63x objective,
using channels for Hoechst (405 nm), FITC (488 nm), and Texas Red
(561 nm). Z-step size was set at 0.69 µm and the top and bottom of the
cells were ascertained manually prior to acquiring each image. Each
image was stacked to max intensity using ImageJ/Fiji software and
saved as tiff files. These images were then used to create cytoplasmic
masks using Cellpose84. Python 3.10.0 was used to run Cellpose.
Cytoplasmic masks were used to ascertain cytoplasmic specific PLA
signal in ImageJ/Fiji. Data are expressed as either as the average
number of PLAdots per cell (Fig. 8b)or asRaw IntegratedDensity (sum
of all pixel intensities in region of interest, in arbitrary units) normal-
ized to the area of the respective cytosolic regions (Fig. 8a, c where the
number of dots was difficult to count due to overlaps). All PLA
experiments have been repeated twice. GraphPad Prism, version 8.4.0
was used for the generation of original graphs and statistical tests.

Generation of Cxcr4 knockout AB1 cells
Cxcr4 knockout AB1 cells were generated using the LentiCRISPRv2
BsmBI CRISPR/Cas9 system to obtain two cuts flanking the last exon of
mouse Cxcr4 gene. Guide RNAs were designed using the UCSC Genome
Browser and Primer3 program (Sg1FWD: TGTTTGGTTATGCTGTGTG;
Sg1REV: ACAAACCAATACGACACACT; Sg2FWD: TGAAATGGACGTTT
TCATCC; Sg2REV: ACTTTACCTGCAAAAGTAGG). The LentiCRISPRv2
vectorwasdigestedusingBsmBI (#R0739;NewEnglandBiolabs), ligated
with the oligonucleotide guides and transformed into Stbl3 bacterial
cells,whichwereplatedonampicillinplates andscreened for thecorrect
CXCR4-sgRNA construct. Vector lentiviruses were then produced in
HEK293 cells after transfection with lipofectamine 3000 of VSV-G
envelope (#14888; Addgene), ps-PAX2 packaging (#12260; Addgene)
and CXCR4-sg-RNA plasmids. AB1-B/c-LUC cells were then infected with
this lentivirus and selected usingNeomycin (10μg/mL); single cells were
plated in a 96-well plate and allowed to grow to confluence before DNA
extraction and PCR with primers flanking the deletion. As a further
verification, FACS analysis was carried out to determine CXCR4
expression (Supplementary Fig. S17).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All SAXS data have been deposited to the SASBDB with the following
codes: SASDRH9; SASDRG9; SASDRJ9. NMRbackbone assignments for

CXCL12-LM used in this study are available under BMRB entry ID
52209. The experimental data that support the findings of this study
are shown in the article and its supplementary materials. The Source
data underlying all Figures and Supplementary are provided as Source
Data file with this paper and are available at [https://doi.org/10.6084/
m9.figshare.24574522]. All other data are available from the authors
upon request. NMR backbone assignments of HMGB1, HMGB1-TL,
CXCL12 are available under BMRB entry: ID 15149; ID 15148 and ID
16519, respectively. The NMRCoordinates of CXCL12, CXCL12-LM, and
HMGB1-TL are available in the PDB with the following accession codes
2KEE; 2N55; 2YRQ, respectively. The crystallographic structure of
CXCL12 with two monomers in the asymmetric unit is available in the
PDBwith the code 1QG7. The Alphafoldmodel ofHMGB1 is available in
the AlphaFold Protein Structure Database with the following entry AF-
P63159. Source data are provided with this paper.

References
1. Zlotnik, A. & Yoshie, O. The chemokine superfamily revisited.

Immunity 36, 705–716 (2012).
2. Hughes, C. E. & Nibbs, R. J. B. A guide to chemokines and their

receptors. FEBS J. 285, 2944–2971 (2018).
3. Drurya, L. J. et al. Monomeric anddimeric CXCL12 inhibitmetastasis

through distinct CXCR4 interactions and signaling pathways. Proc.
Natl Acad. Sci. USA 108, 17655–17660 (2011).

4. Miller, M. C. & Mayo, K. H. Chemokines from a structural perspec-
tive. Int. J. Mol. Sci. 18, 2088 (2017).

5. Veldkamp, C. T., Peterson, F. C., Pelzek, A. J. & Volkman, B. F. The
monomer-dimer equilibrium of stromal cell-derived factor-1 (CXCL
12) is altered by pH, phosphate, sulfate, and heparin. Protein Sci. 14,
1071–1081 (2005).

6. Proudfoot, A. E. I. & Uguccioni, M. Modulation of chemokine
responses: synergyandcooperativity.Front. Immunol. 7, 183 (2016).

7. Cecchinato, V., D’Agostino, G., Raeli, L. & Uguccioni, M. Chemokine
interaction with synergy-inducing molecules: fine tuning modula-
tion of cell trafficking. J. Leukoc. Biol. 99, 851–855 (2016).

8. Gouwy, M., Schiraldi, M., Struyf, S., Van Damme, J. & Uguccioni, M.
Possible mechanisms involved in chemokine synergy fine tuning
the inflammatory response. Immunol. Lett. 145, 10–14 (2012).

9. Weber, C. & Koenen, R. R. Fine-tuning leukocyte responses:
towards a chemokine ‘interactome’. Trends Immunol. 27,
268–273 (2006).

10. Paoletti, S. et al. A rich chemokine environment strongly enhances
leukocyte migration and activities. Blood 105, 3405–3412 (2005).

11. Koenen, R. R. et al. Disrupting functional interactions between
platelet chemokines inhibits atherosclerosis in hyperlipidemic
mice. Nat. Med. 15, 97–103 (2009).

12. Venetz, D. et al. Perivascular expression of CXCL9 and CXCL12 in
primary central nervous system lymphoma: T-cell infiltration and
positioning ofmalignant B cells. Int. J. Cancer 127, 2300–2312 (2010).

13. von Hundelshausen, P. et al. Chemokine interactome mapping
enables tailored intervention in acute and chronic inflammation.
Sci. Transl. Med. 9, eaah6650 (2017).

14. Eckardt, V. et al. Chemokines and galectins form heterodimers to
modulate inflammation. EMBO Rep. 21, e47852 (2020).

15. Schiraldi, M. et al. HMGB1 promotes recruitment of inflammatory
cells to damaged tissues by forming a complex with CXCL12 and
signaling via CXCR4. J. Exp. Med. 209, 551–563 (2012).

16. Bianchi, M. E. & Mezzapelle, R. The chemokine receptor CXCR4 in
cell proliferation and tissue regeneration. Front. Immunol. 11,
2109 (2020).

17. Scaffidi, P., Misteli, T. & Bianchi, M. E. Release of chromatin protein
HMGB1 by necrotic cells triggers inflammation. Nature 418,
191–195 (2002).

18. Venereau, E., Ceriotti, C. & Bianchi, M. E. DAMPs from cell death to
new life. Front. Immunol. 6, 422 (2015).

Article https://doi.org/10.1038/s41467-024-45505-7

Nature Communications |         (2024) 15:1201 15

https://www.sasbdb.org/data/SASDRH9/
https://www.sasbdb.org/data/SASDRG9/
https://www.sasbdb.org/data/SASDRJ9/
https://bmrb.io/data_library/summary/index.php?bmrbId=522099
https://doi.org/10.6084/m9.figshare.24574522
https://doi.org/10.6084/m9.figshare.24574522
https://bmrb.io/data_library/summary/index.php?bmrbId=15149
https://bmrb.io/data_library/summary/index.php?bmrbId=15148
https://bmrb.io/data_library/summary/index.php?bmrbId=16519
https://doi.org/10.2210/pdb2KEE/pdb
https://doi.org/10.2210/pdb2N55/pdb
https://doi.org/10.2210/pdb2YRQ/pdb
https://doi.org/10.2210/pdb1QG7/pdb
https://alphafold.ebi.ac.uk/entry/P63159


19. Kang, R. et al. HMGB1 in health and disease. Mol. Asp. Med. 40,
1–116 (1998).

20. Venereau, E. et al. Mutually exclusive redox forms of HMGB1 pro-
mote cell recruitment or proinflammatory cytokine release. J. Exp.
Med. 209, 1519–1528 (2012).

21. Bianchi, M. E. et al. High-mobility group box 1 protein orchestrates
responses to tissue damage via inflammation, innate and adaptive
immunity, and tissue repair. Immunol. Rev. 280, 74–82 (2017).

22. D’Agostino, G. et al. β-Arrestin1 and β-Arrestin2 are required to
support the activity of the CXCL12/HMGB1 heterocomplex on
CXCR4. Front. Immunol. 11, 550824 (2020).

23. Mezzapelle, R. et al. CXCR4 engagement triggers CD47 inter-
nalization and antitumor immunization in a mouse model of
mesothelioma. EMBO Mol. Med. 13, e12344 (2021).

24. De Leo, F. et al. Diflunisal targets theHMGB1/CXCL12 heterocomplex
and blocks immune cell recruitment. EMBO Rep. 20, e47788 (2019).

25. Veldkamp, C. T., Peterson, F. C., Pelzek, A. J. & Volkman, B. F. The
monomer – dimer equilibrium of stromal cell-derived factor-1
(CXCL 12) is altered by pH, phosphate, sulfate, and heparin. Protein
Sci. 4, 1071–1081 (2005).

26. Wang, X. et al. Dynamic autoinhibition of the HMGB1 protein via
electrostatic fuzzy interactions of intrinsically disordered. Reg. J.
Mol. Biol. 433, 167122 (2021).

27. Stott, K., Watson, M., Howe, F. S., Grossmann, J. G. & Thomas, J. O.
Tail-mediated collapse of HMGB1 is dynamic and occurs via differ-
ential binding of the acidic tail to the A and B domains. J. Mol. Biol.
403, 706–722 (2010).

28. Knapp, S. et al. The long acidic tail of high mobility group Box 1
(HMGB1) protein forms an extended and flexible structure that
interactswith specific residueswithin andbetween theHMGboxes.
Biochemistry 43, 11992–11997 (2004).

29. Watson, M., Stott, K. & Thomas, J. O. Mapping intramolecular
interactions between domains in HMGB1 using a Tail-truncation.
Approach J. Mol. Biol. 374, 1286–1297 (2007).

30. Fassi, E. M. A. et al. Oxidation state dependent conformational
changes of HMGB1 regulate the formation of the CXCL12/HMGB1
heterocomplex. Comput. Struct. Biotechnol. J. 17, 886–894 (2019).

31. Tompa, P. & Fuxreiter, M. Fuzzy complexes: polymorphism and
structural disorder in protein-protein interactions. Trends Biochem.
Sci. 33, 2–8 (2008).

32. Ahmed, R. & Forman-Kay, J. D. NMR insights into dynamic, multi-
valent interactions of intrinsically disordered regions: from discrete
complexes to condensates. Essays Biochem. 66, 863–873 (2022).

33. Waudby, C. A., Ramos, A., Cabrita, L. D., Christodoulou, J. & Two-
Dimensional, N. M. R. Lineshape analysis. Sci. Rep. 6, 24826 (2016).

34. Ziarek, J. J. et al. Sulfopeptide probes of the CXCR4/CXCL12 inter-
face reveal oligomer-specific contacts and chemokine allostery.
ACS Chem. Biol. 8, 1955–1963 (2013).

35. Veldkamp, C. T. et al. Monomeric structure of the cardioprotective
chemokine SDF-1/CXCL12. Protein Sci. 18, 1359–1369 (2009).

36. Mittag, T. et al. Dynamic equilibrium engagement of a polyvalent
ligand with a single-site receptor. Proc. Natl Acad. Sci. USA 105,
17772–17777 (2008).

37. Borgia, A. et al. Extreme disorder in an ultrahigh-affinity protein
complex. Nature 555, 61–66 (2018).

38. Keller, S. et al. High-precision isothermal titration calorimetry with
automated peak-shape analysis. Anal. Chem. 84,
5066–5073 (2012).

39. Brautigam, C. A. Fitting two- and three-site binding models to iso-
thermal titration calorimetric data. Methods 76, 124–136 (2015).

40. Mensah, M. A. et al. Aberrant phase separation and nucleolar dys-
function in rare genetic diseases. Nature 614, 564–571 (2023).

41. Schuck, P. Size-distribution analysis of macromolecules by sedi-
mentation velocity ultracentrifugation and Lamm equation model-
ing. Biophys. J. 78, 1606–1619 (2000).

42. Balbo, A. & Schuck, P. Analytical ultracentrifugation in the study of
protein self-association and heterogeneous protein-protein interac-
tions. Golemis, E. Adams, P. D. Protein-Protein Interact. Cold Spring
Harb. Lab. Press. Cold Spring Harb. New York 253–277 (2005).

43. Brautigam, C. A., Padrick, S. B. & Schuck, P. Multi-signal sedi-
mentation velocity analysis with mass conservation for determining
the stoichiometry of protein complexes.PLoSOne8, e62694 (2013).

44. Padrick, S. B. & Brautigam, C. A. Evaluating the stoichiometry of
macromolecular complexes using multisignal sedimentation velo-
city. Methods 54, 39–55 (2011).

45. Bernadó, P., Mylonas, E., Petoukhov, M. V., Blackledge, M. & Sver-
gun,D. I. Structural characterizationofflexible proteins using small-
angle X-ray scattering. J. Am. Chem. Soc. 129, 5656–5664 (2007).

46. Tuukkanen, A. T. & Svergun, D. I. Weak protein-ligand interactions
studied by small-angle X-ray scattering. FEBS J. 281,
1974–1987 (2014).

47. Petoukhov, M. V. & Svergun, D. I. Global rigid body modeling of
macromolecular complexes against small-angle scattering data.
Biophys. J. 89, 1237–1250 (2005).

48. Schneidman-Duhovny, D., Hammel, M., Tainer, J. A. & Sali, A. FoXS,
FoXSDock and MultiFoXS: Single-state and multi-state structural
modeling of proteins and their complexes based on SAXS profiles.
Nucleic Acids Res. 44, W424–W429 (2016).

49. Mezzapelle, R. et al. Human malignant mesothelioma is recapitu-
lated in immunocompetent BALB/c mice injected with murine AB
cells. Sci. Rep. 6, 22850 (2016).

50. Bugge, K. et al. Interactions by disorder –Amatter of context. Front.
Mol. Biosci. 7, 110 (2020).

51. Uversky, V. N. Intrinsically disordered proteins and their “myster-
ious” (Meta) physics. Front. Phys. 7, 10 (2019).

52. Arbesú, M., Iruela, G., Fuentes, H., Teixeira, J. M. C. & Pons, M.
Intramolecular fuzzy interactions involving intrinsically disordered
domains. Front. Mol. Biosci. 5, 39 (2018).

53. Fuxreiter, M. Electrostatics tunes protein interactions to context.
Proc. Natl Acad. Sci. USA 119, e2209201119 (2022).

54. Holehouse, A. S. & Kragelund, B. B. The molecular basis for cellular
function of intrinsically disordered protein regions. Nat. Rev. Mol.
Cell Biol. https://doi.org/10.1038/s41580-023-00673-0 (2023).
Online ahead of print

55. Miskei, M. et al. Fuzziness enables context dependence of protein
interactions. FEBS Lett. 591, 2682–2695 (2017).

56. Wang, Q., Zeng, M., Wang, W. & Tang, J. The HMGB1 acidic tail
regulates HMGB1 DNA binding specificity by a unique mechanism.
Biochem. Biophys. Res. Commun. 360, 14–19 (2007).

57. Cato, L., Stott, K., Watson, M. & Thomas, J. O. The interaction of
HMGB1 and linker histones occurs through their acidic and basic
tails. J. Mol. Biol. 384, 1262–1272 (2008).

58. Watson, M., Stott, K., Fischl, H., Cato, L. & Thomas, J. O. Char-
acterization of the interaction between HMGB1 and H3-a possible
means of positioning HMGB1 in chromatin. Nucleic Acids Res. 42,
848–859 (2014).

59. Rowell, J. P., Simpson, K. L., Stott, K., Watson, M. & Thomas, J. O.
HMGB1-facilitated p53 DNA binding occurs via HMG-Box/p53
transactivation domain interaction, regulated by the acidic tail.
Structure 20, 2014–2024 (2012).

60. Ziarek, J. J. et al. Heparin oligosaccharides inhibit chemokine (CXC
Motif) Ligand 12 (CXCL12) cardioprotection by binding orthogonal
to the dimerization interface, promoting oligomerization, and
competing with the chemokine (CXC Motif) Receptor 4 (CXCR4) N
Terminus. J. Biol. Chem. 288, 737–746 (2013).

61. Sharma, R., Raduly, Z., Miskei, M. & Fuxreiter, M. Fuzzy complexes:
Specific binding without complete folding. FEBS Lett. 589,
2533–2542 (2015).

62. Uversky, V. N. A decade and a half of protein intrinsic disorder:
biology still waits for physics. Protein Sci. 22, 693–724 (2013).

Article https://doi.org/10.1038/s41467-024-45505-7

Nature Communications |         (2024) 15:1201 16

https://doi.org/10.1038/s41580-023-00673-0


63. Borg, M. et al. Polyelectrostatic interactions of disordered ligands
suggest a physical basis for ultrasensitivity. Proc. Natl Acad. Sci.
USA 104, 9650–9655 (2007).

64. Bianchi, M. E. HMGB1 loves company. J. Leukoc. Biol. 86,
573–576 (2009).

65. Agresti, A., Scaffidi, P., Riva, A., Caiolfa, V. R. & Bianchi, M. E. GR and
HMGB1 interact only within chromatin and influence each other’s
residence time. Mol. Cell 18, 109–121 (2005).

66. Celona, B. et al. Substantial histone reduction modulates geno-
mewide nucleosomal occupancy andglobal transcriptional output.
PLoS Biol. 9, e1001086 (2011).

67. Agresti, A. & Bianchi, M. E. HMGB proteins and gene expression.
Curr. Opin. Genet. Dev. 13, 170–178 (2003).

68. Clouser, A. F. et al. Interplay of disordered and ordered regions of a
human small heat shock protein yields an ensemble of ‘quasi-
ordered’ states. Elife 8, e50259 (2019).

69. Wright, P. E. & Dyson, H. J. Intrinsically disordered proteins in cel-
lular signalling and regulation. Nat. Rev. Mol. Cell Biol. 16,
18–29 (2015).

70. Tsafou, K., Tiwari, P. B., Forman-Kay, J. D., Metallo, S. J. & Toretsky, J.
A. Targeting intrinsically disordered transcription factors: changing
the paradigm. J. Mol. Biol. 430, 2321–2341 (2018).

71. Delaglio, F. et al. NMRPipe: a multidimensional spectral
processing system based on UNIX pipes. J. Biomol. NMR 6,
277–293 (1995).

72. Vranken, W. F. et al. The CCPN data model for NMR spectroscopy:
development of a software pipeline. Proteins Struct. Funct. Genet.
59, 687–696 (2005).

73. Grzesiek, S., Stahl, S. J., Wingfield, P. T. & Bax, A. The CD4 deter-
minant for downregulation by HIV-1 Nef directly binds to Nef.
Mapping of the Nef binding surface by NMR. Biochemistry 35,
10256–10261 (1996).

74. Schumann, F. H. et al. Combined chemical shift changes and amino
acid specific chemical shift mapping of protein–protein interac-
tions. J. Biomol. NMR 39, 275–289 (2007).

75. Farrow, N. A. et al. Backbone dynamics of a free and
phosphopeptide-complexed Src- homology 2 domain studied by
15N relaxation. Biochemistry 33, 5984–6003 (1994).

76. Yip, G. N. B. & Zuiderweg, E. R. P. Improvement of duty-cycle
heating compensation inNMRspin relaxation experiments. J.Magn.
Reson. 176, 171–178 (2005).

77. Houtman, J. C. D. et al. Studyingmultisite binary and ternary protein
interactions by global analysis of isothermal titration calorimetry
data in SEDPHAT: Application to adaptor protein complexes in cell
signaling. Protein Sci. 16, 30–42 (2007).

78. Philo, J. S. SEDNTERP: a calculation and database utility to aid
interpretation of analytical ultracentrifugation and light scattering
data. Eur. Biophys. J. 52, 233–266 (2023).

79. Brautigam, C. A. Calculations and publication-quality illustrations
for analytical ultracentrifugation data. Methods Enzymol. 562,
109–133 (2015).

80. Manalastas-Cantos, K. et al. ATSAS 3.0: Expanded functionality and
new tools for small-angle scattering data analysis. J. Appl. Crystal-
logr. 54, 343–355 (2021).

81. Svergun, D. I. Determination of the regularization parameter in
indirect-transform methods using perceptual criteria. J. Appl.
Crystallogr. 25, 495–503 (1992).

82. Eswar, N. et al. Comparative protein structure modeling using
MODELLER. Curr. Protoc. Protein Sci. Chapter 2, Unit 2.9 (2007).

83. Pettersen, E. F. et al. UCSF Chimera - A visualization system for
exploratory research and analysis. J. Comput. Chem. 25,
1605–1612 (2004).

84. Stringer, C., Wang, T., Michaelos, M. & Pachitariu, M. Cellpose: a
generalist algorithm for cellular segmentation. Nat. Methods 18,
100–106 (2021).

85. Ngo, T. et al. Crosslinking-guided geometry of a complete CXC
receptor-chemokine complex and the basis of chemokine sub-
family selectivity. PLoS Biol. 18, e3000656 (2020).

Acknowledgements
The research reported here has received funding from AIRC (Associa-
zione Italiana per la Ricerca sul Cancro) under IG 2018 - ID. 21440project
– P.I. GM, and IG 2020 – ID. 24702 P.I. MEB, and MFAG27415 P.I RM; by
Fondazione Buzzi Unicem –P.I MEB. MVMwas supported by a FIRC-AIRC
fellowship 24118 for Italy. LSC was supported by the RENOIR European
Training Network. CZ was supported by FSHD Global Research Foun-
dation FSHD-Winter2021-5008608933, GG has received funding from
the University of Padova, Starting Grant STARS@UNIPD. The authors
acknowledge the European Synchrotron Radiation Facility (ESRF) for
provision of synchrotron radiation facilities under proposal number
MX2386 and thank Mark Tully and Petra Pernot for assistance and sup-
port in using beamline BM29. We wish to thank Dr Joy Zhao, (Laboratory
of Dynamics of Macromolecular Assembly National Institute of Biome-
dical Imaging and Bioengineering) for useful discussions on AUC data.
Part of the present work was performed by MVM in fulfillment of the
requirements for obtaining a Ph.D. degree at Vita-Salute San Raffaele
University, Milan, Italy.

Author contributions
M.V.M., C.C., C.P. produced recombinant proteins. M.V.M., F.D.L., M.G.
and G.Q. analyzed NMR experiments. M.V.M., T.S. and S.R. performed
and analyzed ITC experiments. M.V.M. performed and analyzed AUC
experiments and prepared a draft of the manuscript. G.Q. and M.V.M.
performed the NMR experiments. F.D.L. and C.Z. performed and ana-
lyzedMSTexperiments. L.S.C., F.D.M. andM.C. performed and analyzed
PLA experiments and generated Cxcr4 KO AB1 cells. F.C. performed
flow cytometry. R.M. participated to the design of cell-based experi-
ments. M.E.B. coordinated all experiments with cells and contributed to
the writing of the manuscript. G.G. supervised the SAXS experiments
and performed all the SAXS data analysis with the support of M.V.M.,
F.D.L. and M.G. M.G. generated the model of the interaction, partici-
pated to the interpretation of all the data and inmanuscript preparation.
G.M. supervised the study and was involved in all aspects of the
experimental design, data analysis, and manuscript preparation. All
authors critically reviewed the text and figures.

Competing interests
The authors declare the following competing interests: L.S.C. is an
employee and M.E.B. is founder and part-owner of HMGBiotech, a
company that provides goods and services related to HMGB proteins.
The remaining authors declare no competing interests.

Additional information
Supplementary information The online version contains
Supplementary Material available at
https://doi.org/10.1038/s41467-024-45505-7.

Correspondence and requests for materials should be addressed to
Michela Ghitti or Giovanna Musco.

Peer review information Nature Communications thanks Junji Iwahara,
Erik Martin, Theodora Myrto Perdikari and the other, anonymous,
reviewer for their contribution to the peer review of this work. A peer
review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-024-45505-7

Nature Communications |         (2024) 15:1201 17

https://doi.org/10.1038/s41467-024-45505-7
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-45505-7

Nature Communications |         (2024) 15:1201 18

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The acidic intrinsically disordered region of the inflammatory mediator HMGB1 mediates fuzzy interactions with�CXCL12
	Results
	HMGB1 acidic IDR takes part in frHMGB1•CXCL12 formation
	The frHMGB1•CXCL12 heterocomplex forms via fuzzy interactions
	The acidic IDR binds CXCL12 via long-range electrostatics
	frHMGB1 and CXCL12 form an equimolar heterocomplex
	SAXS supports the dynamic nature of frHMGB1•CXCL12
	The acidic IDR modulates frHMGB1•CXCL12 binding to�CXCR4

	Discussion
	Methods
	Protein production and synthetic peptide
	NMR spectroscopy (NMR)
	NMR titration experiments
	Lineshape analysis
	NMR relaxation measurements
	Isothermal titration calorimetry�(ITC)
	Microscale thermophoresis�(MST)
	Analytical ultracentrifugation�(AUC)
	Small angle X-ray scattering�(SAXS)
	Molecular�images
	Cell line and treatments
	Proximity ligation assay�(PLA)
	Generation of Cxcr4 knockout AB1�cells
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




