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Abstract

BACKGROUND: Over the last decade, studies in the chemokine biology field revealed re-

markable complexity of the chemokine interactome. The discovery of chemokine heteromers

and their ability to enhance or dampen the functional responses of their cognate receptors

led to new therapeutic opportunities to manipulate the chemokine system in a sophisticated

manner. Chemokine CXCL12 forms with fully reduced (fr) alarmin HMGB1 a physiologically

relevant heterocomplex (CXCL12•frHMGB1) that synergically promotes the inflammatory re-

sponse elicited by the G-protein coupled receptor CXCR4. The functional synergism of the

heterocomplex has been linked to inflammatory diseases, in particular rheumatoid arthritis,

and to inflammation-related cancers, such as malignant mesothelioma. Targeting therefore

CXCL12•frHMGB1 to treat inflammatory disorders and possibly cancer by dampening CXCR4

hyperactivity and surface retention might be a promising therapeutic strategy. However, the

molecular details of heterocomplexation were still elusive, as they lack the information of an

experimentally validated structure. Moreover, HMGB1 belongs to the class of intrinsically dis-

ordered proteins displaying a high degree of flexibility, whose interaction sites and binding

modes are difficult to predict by current artificial intelligence tools.

AIM: The aim of this work is therefore to obtain an experimentally validated atomic-resolution

model of CXCL12•frHMGB1 in solution

RESULTS: We show by an integrated structural approach (NMR, ITC, MST, AUC, SAXS) that

CXCL12 and frHMGB1 form an ensemble of dynamic interconvertible heterocomplexes and

unravel biologically relevant binding sites of CXCL12•frHMGB1. Herein, we uncover an unex-

pected role of the acidic intrinsically disordered region (IDR) of HMGB1 in complex formation

with CXCL12 and furthermore in binding to CXCR4 on the cell surface. The heteromeric

binding interface involves both the HMG tandem domains and acidic IDR of frHMGB1 in rec-

ognizing the dimerization surface of CXCL12. Importantly, the acidic IDR of HMGB1 remains

structurally disordered in complex establishing dynamic contacts between HMGB1’s structured

domains, linker and CXCL12. The result of this dynamic interplay is that CXCL12•frHMGB1

cannot be represented by a single structure but by an ensemble of heterocomplexes. Unlike

previous assumptions, we demonstrated experimentally that one CXCL12 molecule binds to

frHMGB1 in a 1:1 ratio and that CXCL12 is able to discriminate the redox state of HMGB1 by

binding preferentially to BoxA of frHMGB1. Like many chemokine interactions, the dissociation

constant of hetero-association is in the low-micromolar range and mainly charge-driven with

the acidic IDR recruiting CXCL12 via long-range electrostatic interactions favouring thereby

the recognition process.

CONCLUSION: On this basis, CXCL12•frHMGB1 is a fuzzy protein complex, which by def-

inition is an ensemble of complexes that are formed due to retained structural disorder of

flexible regions. The CXCL12-HMGB1 interaction diverges from the classical rigid heterophilic

chemokines dimerization. Pharmacological inhibition of fuzzy interaction sites of CXCL12•frHMGB1

may pave the way for the treatment against inflammatory conditions and malignancies.
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Chapter 1

Introduction and Aim of Thesis

1.1 Chemokines and their cognate G-protein coupled recep-

tors

Chemokines play a fundamental role in the physio-pathological response mechanisms of the

innate and adaptive immune system by orchestrating cell recruitment, trafficking and activ-

ity (Charo and Ransohoff, 2006a). As they serve as primary guidance cues for controlled

leukocyte trafficking (Baggiolini, 1998), their involvement in inflammatory diseases (Premack

and Schall, 1996), such as atherosclerosis (Zernecke and Weber, 2014) and HIV infection

(Cocchi et al., 1996), has been deeply investigated in in-vitro and in-vivo studies. Chemokine

activity has a dual role in suppressing and supporting tumorigenesis and metastasis forma-

tion (Balkwill, 2003, Rollins, 2006, Mantovani et al., 2008, Allavena et al., 2011). However, its

involvement in dictating the tumour fate in the microenvironment is still at its infancy and an

important matter of study.

The chemokine system (Figure 1.1) is characterized by a set of almost 50 ligands, which en-

gage in a promiscuous fashion with a panel of more than 20 chemokine receptors (Bachelerie

et al., 2014a, Murphy et al., 2000). Chemokines belong to the largest family of 8-10 kilodalton

small, homeostatic cytokines exhibiting chemotactic functions through their cognate receptors

(Blanchet et al., 2012). The canonical chemokine receptor, also known as G-protein coupled

receptor (GPCR), consists of 7 transmembrane domains joined by extracellular loops, linked to

a heterotrimeric G protein. The unconventional chemokine receptor is G-protein independent

and operates as a scavenger to create chemokine gradients for chemotaxis (Gether, 2000).

The chemokine interactome (Figure 1.1), modulates the GPCR signalling by engaging ligands

and their receptors in homo- and hetero-association reactions (Mellado et al., 2001). Some

of these associations depend on other molecules, such as cell surface glycosaminoglycans

(GAGs) (Proudfoot et al., 2003). The activation of chemokine receptors occurs through prote-

olytic cleavage of the N-terminus of their agonists after entering the receptor transmembrane

domains (TMs). This truncation leads in most cases to the diminished function of the agonist

or to complete antagonism (Clark-Lewis et al., 1991).
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Figure 1.1: The chemokine interactome. Scheme of chemokine-chemokine receptor interaction net-

work, figure reused with permission from Elsevier (license no. 5724760858023), from (Märkl et al., 2022).

The different chemokine receptor types are represented in different colors: CCR (green), CXCR (red),

XCR (orange), or CX3CR (blue). The cognate chemokine ligands are listed in the light blue boxes. Ab-

breviations: CCL, CC motif chemokine ligand; CCR, CC motif chemokine receptor; CXCL, CXC motif

chemokine ligand; CXCR, CXC motif chemokine receptor; XCL, XC motif chemokine ligand; XCR, XC

motif chemokine receptor.

Structurally, chemokines share a conserved cysteine motif (C-motif) that categorizes them

into C, CC, CXC or CX3C type ligands with “X” representing the residue spacing between

the cysteines (Clark-Lewis et al., 1991), as shown in Figure 1.2 A, B. These form disulphide

bonds that stabilize the typical chemokine fold composed of a flexible N-terminus, a three-

stranded antiparallel β-sheet, short loops, a 310 helix and a C-terminal α-helix, as depicted in

the schematic representation in Figure 1.2 A. Despite the variable sequence identity (20% to

90%), this folding is highly conserved among the major families of CC and CXC chemokines

(Rajagopalan and Rajarathnam, 2006). The structural integrity of chemokines is therefore

essential for receptor binding and activation.
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Figure 1.2: Chemokine classification. Chemokines are categorized according to the conserved cys-

teine motifs. (A) Conserved structure architecture of chemokines. (B) Schematic representation of

chemokine structures categorized based on cysteine motifs in C (yellow), CC (green), CXC (red) and

CX3C (blue) chemokines.

1.2 Chemokine homo-associations and receptor activation

Chemokine homo-associations emerged as a physiological process in regulating the down-

stream signalling. Homo- as well as hetero-associations typically occur amongst CC and CXC

chemokines due to energetically favoured binding interfaces formed between their respective

monomers. These arrangements can appear as dimers, trimers, tetramers and as complexes

of higher order.

The CC-type dimers align their N-termini to form a two-stranded antiparallel β-sheet, which

gives them an elongated and dumbbell shape, as shown in Figure 1.3 A. The CXC chemokines

instead dimerize by arranging their first β1-strand to form a central antiparallel β-sheet com-

post of six strands, which results in a globular shape (Figure 1.3 B) (Miller and Mayo, 2017).

Exceptions of the typical CC- and CXC-type dimer conformation are CCL20 and CCL7 that

form CXC-type dimers, XCL1 that adopts a β-sandwich-type structure (Clore and Gronen-

born, 1995 , Meunier et al., 1997) and CXCL12, CCL2 and CCL27 that can exist in both

conformations (Hoover et al., 2002, Lubkowski et al., 1997, Jansma et al., 2010).

Homoassociations of chemokines are considered to be weak interactions with apparent disso-

ciation constants (KD) values in the micromolar range (Murphy et al., 2010, Chen and Mayo,

1991, Mayo, 1991). Nonetheless, chemokine oligomerization has been demonstrated to be
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Figure 1.3: Structures of CC and CXC chemokine homodimers. Structures of homodimers of (A)

CCL5 (PDB code: 2L9H) and (B) CXCL12 (PDB code: 1QG7).

relevant for leukocyte recruitment in vivo (Mellado et al., 2001). Although the binding affini-

ties in-vitro are low, chemokine self-assembly in-vivo may be enhanced through changes in

the chemical environment determined by pH, solution ions and presence of specific modula-

tory ligands, such as glycosamicoglycans (GAGs) (Figure 1.4) (Yang et al., 1994, Veldkamp,

2005). The interactions between GAGs and chemokines are of electrostatic nature and com-

prise arginine, lysine or histidine that form the basic (“B”) signature of chemokines in general.

Binding affinities depend on GAG composition and length and chemokine oligomeric state

(Brown et al., 2017a). Chemokine homodimers usually bind stronger to GAG ligands com-

pared to their monomers (Lortat-Jacob, Grosdidier, and Imberty, 2002, Sawant et al., 2016,

Ziarek et al., 2017a). However, self-assembly of chemokines independently from GAG binding

has been identified as a general mechanism to generate concentration gradients for inducing

chemotaxis and other signalling processes.

The general accepted mechanism of GPCR signalling activated by chemokines is shown in

Figure 1.4. The signal transduction is initiated by conformational rearrangements in the TM

region of the GPCR upon ligand-binding. The heterotrimeric G-protein at the receptor disso-

ciates into different Gα isoforms and into the Gβγ dimer. The Gα isoforms and the Gβγ sub-

units induce differential signalling by triggering the formation of second-messenger effectors,

such as cyclic adenosine mono-phoste (cAMP), inositol triphosphate (IP3) and diacylglycerol

(DAG). This in turn stimulates the release of intracellular calcium and activation of multiple ki-

nase cascades, which results in the activation of the final cellular responses. Despite the high

variability and promiscuity of the chemokine interactome, the receptor responses appear to be

very specific in their final functional outcome. Chemokine oligomerization represents only one

mechanism by which selectivity for specific downstream events is achieved.
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Figure 1.4: G protein-dependent signalling. Figure reused according to the Creative Commons At-

tribution License 4.0 (CC BY) terms and adapted from Lai and Mueller, 2021. Schematic diagram of

the chemokine receptor signalling pathways upon activation. (1.) G protein activation upon chemokine

binding. The exchange of guanosine diphosphate (GDP) to guanosine triphosphate (GTP) leads to the

dissociation of the GTP-bound Gα unit from the Gβγ dimers. (2.-3.) Gα proteins are divided intro for dif-

ferent isoforms. The Gα isoforms and the Gβγ subunits induce differential signalling involving intracellular

calcium mobilization, stimulation or inhibition of cAMP production and activation of second messengers

(Ras, Rho and Rac). (4.) Second messengers trigger multiple kinase cascades contributing to the final

signalling responses (5.): chemotaxis, survival, proliferation and gene transcription.
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Agonists of GPCRs can trigger a broad range of signalling pathways. While full agonists ac-

tivate the entire G protein repertoire and arrestin axis equally (Figure 1.5 A), biased agonists

stimulate only a subset preferring one signal transducer over another (e.g. β-arrestin vs. G

protein, as shown in Figure 1.5 B) (Drury et al., 2011a). Other ligands act as antagonists by

blocking the entire receptor activity. Some chemokine oligomers are biased agonists. Struc-

tural studies elucidating the functional aspect of biased agonism of GPCRs offer the potential

for the development of more targeted therapeutics with less side effects.

Figure 1.5: Biased chemokine receptor signalling. Figure reused with permission from Springer

Nature (license no. 5732391098431) and adapted from Rajagopal et al., 2010a. (A) Balanced signalling:

Ligand-binding leads to activation of both G-protein dependent and β-arrestin signalling equally. (B)

Biased ligand agonism: Either G-protein signalling or β-arrestin signalling are triggered respectively by a
biased agonist.

1.3 Chemokine heterocomplexes

The chemokine biology is evidently more complex than the simple ligand-receptor interaction.

Chemokines can antagonize or synergize their cognate receptors with other chemokines by

forming heterocomplexes. Despite belonging to different chemokine classes, certain CC and

CXC chemokines can indeed associate non-covalently. The term "hetero-" refers hereby to

chemokine oligomers, mostly dimers, that are formed by monomeric units belonging to differ-

ent C-motif chemokine classes.

Chemokine heterocomplexes can magnify the functional responses with respect to their sin-

gle components (Cecchinato et al., 2016a). Besides heterocomplexation on a single receptor,

synergism and cooperativity can also occur through simultaneous or sequential triggering of

multiple receptors (Proudfoot and Uguccioni, 2016, De Buck et al., 2017. Synergism pro-

voked by chemokine heterocomplexes has been described as a crucial mechanism in reg-

ulating inflammatory conditions (Marshall and Ballante, 2017, Duan et al., 2017a). Koenen
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et al., 2009 provided a striking evidence of functional synergism mediated by chemokine-

based heterodimers in inflammatory diseases in-vivo. They showed that atherosclerosis in

hyperlipidemic mice was associated with enhanced monocyte recruitment mediated by the

CCL5•CXCL4 complex, as peptides disrupting the heterocomplex inhibited monocyte migra-

tion and reduced the disease progression. Other chemokine heterocomplexes associated with

functional synergism are for instance CXCL4 and CXCL8, which induce enhanced CXCL12-

elicited migration of bone marrow-derived B-cells (Paoletti et al., 2005), as well as CCL19,

which triggers augmented leukocyte migration upon heterocomplexation (Kuscher et al., 2009).

Besides synergism, chemokine heteromers have also shown inhibitory effects. For example,

CXCL12-induced chemotaxis of B cells is inhibited by the addition of CCR5 agonists, such as

CCL4, implying heterocomplexation as the source of the inhibitory activity (Honczarenko et al.,

2002).

The list of chemokine heterodimers increases and over 200 were identified with modulatory

functions in the chemokine system (Blanchet, Weber, and Hundelshausen, 2023). The trend

of chemokine heteromer pairs is increasing and extending to structurally diverse chemokines,

termed as atypical chemokines (ACKs). ACKs comprise small (8–25 kDa) chemo-kines that

lack the classifying N-terminal cysteine residues. Like chemokines, they bind to chemokine

receptors with high affinity and elicit chemotactic cell migration (Kapurniotu, Gokce, and Bern-

hagen, 2019). Macrophage migration-inhibitory factor (MIF) is an ACK that binds to chemokine

receptors CXCR2 and CXCR4 to promote atherogenic leukocyte recruitment (Brandhofer et

al., 2022). MIF forms with platelet chemokine CXCL4L1 a heterocomplex with inhibitory ef-

fects on MIF-elicited chemotaxis and thrombus formation (Brandhofer et al., 2022).

To summarize, chemokine heteromers amplify or attenuate chemokine responses of the cor-

responding receptors to modulate the chemokine system. Accumulating evidence from in vitro

and in vivo experiments elucidate the functional role of synergism and antagonism exerted

by chemokine heterocomplexes in inflammatory and oncological situations. Thus, targeting

heterophilic chemokine-chemokine interactions appears to be a promising approach for the

development of novel anti-inflammatory and anti-cancer drugs.
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Table 1.1: Examples of chemokine receptor modulators. Chemokines exerting antagonistic and

synergistic activities on chemokine receptors. Table reproduced from Cecchinato et al., 2023.

Activity Receptor Modulator Reference

Antagonism

CCR1
CCL4 Chou et al., 2002

CCL26 Petkovic et al., 2004a

CCR2
CCL2 Gong et al., 1997

CCL11 Ogilvie et al., 2001

CCR3

CCL18
Loetscher et al., 2001,

Fulkerson et al., 2004,

Nibbs et al., 2000

CXCL9

CXCL10

CXCL11

CCR5

CCL7 Blanpain et al., 1999

CCL26 Petkovic et al., 2004a

CCL11 Petkovic et al., 2004b

Synergism

CCR2
CCL19

Kuscher et al., 2009
CCL21

CCR4 CXCL10 Sebastiani et al., 2005

CCR5 CXCL4 Von Hundelshausen et

al., 2005

CCR7 CXCL13 Paoletti et al., 2005

CXCR3 CXCL12 Krug et al., 2002, Van-

bervliet et al., 2003

CXCR4

CXCL9 Venetz et al., 2010

HNP1 Alard et al., 2015

Galectins Eckardt et al., 2020a

HMGB1 Schiraldi et al., 2012,

Cecchinato et al., 2018

1.4 Chemokine CXCL12

Stromal cell derived factor-1 (SDF1) is a prototypical C-X-C chemokine (9-16 kDa) exerting

essential homeostatic processes during embryogenesis, hematopoiesis, angiogenesis and in-

flammation (Wisler et al., 2014, Nagasawa et al., 1996, Juarez, Bendall, and Bradstock, 2004).

The name originates from its first isolation as a pure protein from bone marrow stromal cells

(Tachibana et al., 1998). SDF1, also referred to as CXCL12, is the only CXC chemokine that

exists in humans in six different isoforms (α to φ, Figure 1.6, A) as a result of differential RNA

splicing. The alpha and beta isoforms of CXCL12 are the most abundantly expressed isoforms

in liver, pancreas and spleen (Tashiro et al., 1993, Yu et al., 2006a). Besides the abundance

and availability of CXCL12 molecules in cell, evolutionary pressure led to high sequence iden-

tity (e.g. 99% amino acid sequence identity between human and mouse) and exceptional

homology amongst CXCL12 orthologs to retain the essential chemotactic function (Hersh et
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Figure 1.6: Protein sequence of CXCL12 isoforms, also referred to as SDF-1, and the molec-

ular structure of CXCL12-alpha. (A) Multiple sequence alignment of human CXCL12 isoforms us-

ing COBALT: constraint-based alignment tool for multiple protein sequences (Papadopoulos and Agar-

wala, 2007). Protein sequences of CXCL12, named as sp | Uniprot code -isoform | SDF-1_ HU-

MAN, are listed in the following order: SDF-1-alpha1−68 (P48061-2), SDF-1-beta1−72 (P48061-1), hSDF-

1gamma (P48061-3), hSDF-1delta (P48061-4), hSDFepsilon (P48061-5), hSDFtheta (P48061-6), SDF-7

(P48061-7). The first 21 amino acid residues belong to the signal peptide sequence of CXCL12. The

numbering starts with the first residue of CXCL12 involved in CXCR4 activation. (B) Structure and amino

acid sequence of CXCL12-alpha (PDB code: 2kee).

al., 2018).

Thus, CXCL12 shows the key features of the typical chemokine fold (Figure 1.6 B). It com-

prises 68 amino acid residues and is composed of an unstructured N-terminus (aa 1–8), long

flexible loop (N-loop), three-stranded β-sheet joined by loops (30s, 40s and 50s), a 310 helix,

followed by a C-terminal α-helix (Dealwis et al., 1998a). The three-dimensional structure of

CXCL12 was determined by NMR spectroscopy (Yu et al., 2006b, Crump et al., 1997) and

X-ray diffraction (Murphy et al., 2007). Mutagenesis studies of CXCL12 revealed that residues

of the N-terminus including the N-loop and β-sheet are implicated in binding to CXCR4 and
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thus critical for the CXCR4-mediated signalling ( Yu et al., 2006b, Crump et al., 1997, Dealwis

et al., 1998a, Doranz et al., 1999). CXCL12 mediates cell motility, proliferation and survival

through its canonical and non-canonical receptors CXCR4 and CXCR7, also known as ACKR3

( Berger, Murphy, and Farber, 1999, Ratajczak et al., 2006, Rajagopal et al., 2010a, Sun et

al., 2010). Figure 1.7 represents some of the key pathways involved in the CXCL12-induced

signal transduction of CXCR4 and CXCR7. Binding of CXCL12 engages the N-terminus and

extracellular loops (ECLs) of CXCR4 and induces thereafter conformational rearrangements

in the receptor transmembrane domain (TM) region (Brelot et al., 2000, Zhou et al., 2001, Ko-

bilka, 2007, Weis and Kobilka, 2008, Goldsmith and Dhanasekaran, 2007). This initiates the

dissociation of the CXCR4-bound trimeric G-protein [56] leading to the subsequent release of

the Gα and Gβγ subunits, which in turn trigger intracellular Ca2+ flux and the activation of the

PI3K/Akt, PLC, and ERK1/2 pathways (Vlahakis et al., 2002, Ganju et al., 1998). This results

in gene transcription, cell migration, proliferation and survival (Proost et al., 1999). CXCR4

oligomerization can also activate the G-protein independent Janus kinase/signal transducers

and activators of transcription (JAK/STAT) pathway (Christopherson, Hangoc, and Broxmeyer,

2002). Termination of the signal transduction occurs through G-protein receptor kinase (GRK)

phosphorylation and CXCL12 binding to CXCR7, which initiate the internalization of phospho-

rylated CXCR4 by β-arrestin (Rajagopal et al., 2010a). Doing so, CXCL12 signalling reduces

the receptor levels in CXCR4-expressing tissues through the scavenger receptor CXCR7.

Figure 1.7: CXCL12-CXCR4/CXCR7 signaling pathway. Figure reused according to the Creative

Commons Attribution (CC By) license terms, from Lounsbury, 2020. CXCL12 binding activates CXCR4

through G protein dissociation and GRKs. This subsequently triggers intracellular Ca2+ release and

the activation of PI3K, AKt, ERK1/2 pathways which result in cell survival, proliferation and chemotaxis.

GRKs primarily induce the recruitment of β-arrestin leading to CXCR4 internalization. CXCR7 could

induce β-arrestin independently or through CXCR4/CXCR7 heterodimer, resulting in MAPK activation

and CXCL12 scavenging.
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The evolutionary conservation of the structure and function of CXCL12 in addition to its func-

tionally relevant truncated analogs (Ohnishi et al., 2000, Veldkamp et al., 2008 ) underscores

the importance of its diverse regulatory activities through CXCR4 and CXCR7 in cell. Indeed,

structural, functional and computational work (Zhou et al., 2001, Kawatkar et al., 2011, Xu

et al., 2013, Ziarek et al., 2017a, Stephens et al., 2020a) aim to elucidate several molecular

mechanisms that explain the CXCL12/CXCR4/CXCR7 activity (Santagata et al., 2021) with

the focus on CXCL12 and CXCR4, one of the most extensively studied modulators related

to cancer development (Shi, Riese, and Shen, 2020). Such mechanisms include homo-and

hetero-associations of CXCL12 and/or CXCR4 and CXCR7. Therapeutic intervention involves

targeting the canonical CXCL12/CXCR4 axis with pharmacological agents to treat different

cancers over the past years (Wang et al., 2020). With the prospect of designing new thera-

peutic drugs with higher efficacy, structural information about the CXCL12-CXCR4 interaction

that triggers disease-relevant pathways is fundamental, but requires a deeper understanding

of the homo- and hetero-assembly of both ligand and receptor.

1.5 The CXCL12-CXCR4 Interaction

Both high concentrations of CXCL12 and upregulated CXCR4 activity are associated with tu-

mour development and cancer progression as a result of aberrant cell trafficking (Su et al.,

2005, Wagner et al., 2009, Wang et al., 2014). Current therapeutic strategies consist of iden-

tifying agents that target either CXCL12 or CXCR4 or that interfere with the CXCL12•CXCR4

complex to inhibit CXCR4-mediated tumorigenesis driven by hyperactivity. To discover thera-

peutic molecules capable of interfering with interactions that resolve the pathological outcome

in the CXCL12/CXCR4 axis, a deep understanding of the CXCL12-CXCR4 interaction at atom-

istic level is fundamental. For this purpose, structural studies aim to shed light on the functional

activity of the CXCL12/CXCR4 by investigating the underlying interactions.

Matthew P. Crump et. al. (Crump et al., 1997) solved the structure of CXCL12 by NMR and

identified the receptor binding sites of CXCL12 by measuring binding affinities and immobilized

calcium levels between sequentially truncated N-terminal constructs of CXCL12 and CXCR4-

expressing cells. They discovered that the first residues of the N-terminus of CXCL12 estab-

lished an important contact with CXCR4 with Lys-1 (K1) and Pro-2 (P2) being directly involved

in receptor activation. The receptor binding site comprising residues 12–17 of the N-terminal

loop of CXCL12 is referred to as RFFESH motif. Based on these findings, a mechanistic model

for complex formation between CXCL12 and CXCR4 has been postulated describing two inde-

pendent binding events (Figure 1.8 A-C). The first contact is established by the RFFESH motif

of CXCL12 binding to the N-terminus of CXCR4 (Figure 1.8 B), followed by the entrance of the

N-terminus of CXCL12 in the TM region of CXCR4 triggering its activation with K1P residues

of CXCL12 (Figure 1.8 C).
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Figure 1.8: CXCL12-CXCR4 two binding site mechanism. (A) Two binding regions of CXCL12 com-

prising residues RFFESH and KP are important for binding and activating CXCR4. (B) 1st step: the

first contact is established by the RFFESH motif of CXCL12 with the extracellular N-terminal domain

of CXCR4. (C) 2nd step: the first two residues of CXCL12 (KP) activate CXCR4 upon binding to the

transmembrane region.

Veldkamp et al., 2006 demonstrated that sulphation of the N-terminal tyrosines of CXCR4 is

important for binding to CXCL12 in NMR titrations of CXCL12 with tyrosine-sulphated peptide

corresponding to the CXCR4 N-terminus (Figure 1.9 A, B). The sulfonation pattern at tyrosine

(Y) positions Y-7, Y-12 and Y-21 (sY7, sY12, sY21) increased binding affinity and site specificity

on CXCL12. In particular, the sulphation of Y-21 (sY21) contributed the most to the affinity and

specificity for CXCL12 and to its dimerization suggesting sulphation as an important driver for

the CXCL12-CXCR4 recognition process (Veldkamp et al., 2006, Farzan et al., 2002).

Figure 1.9: Sulphation of tyrosines of CXCR4 important for CXCL12 recognition. (A) Chemical

reaction of tyrosine sulphation. (B) Sulfotyrosines of CXCR4 N-terminus recognized by CXCL12. Abbre-

viations: PAPS = 3’ phosphoadenosine-5’-phosphosulphate, PAP=3’ phosphoadenosine-5’-phosphate.

Veldkamp et al., 2008 and Ziarek et al., 2013a furthermore revealed crucial binding modes

of CXCL12 involving the initial part of CXCR4 based on NMR titrations of a 38-mer pep-

tide resembling the CXCR4-N-terminus, also referred to as p38, into generated monomeric

and dimeric variants of CXCL12 (Figure 1.10 A and B). The utilized monomeric and dimeric

mutants of CXCL12, termed by the authors as "locked" monomer (LM) and "locked" dimer

(LD), were engineered with disulphide bonds at specific positions to stabilize the monomeric

conformation of CXCL12 and to connect covalently two CXCL12 molecules, respectively. As
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Figure 1.10: Binding of CXCR4 N-terminal peptide involves different binding region of CXCL12

monomer and dimer. CXCR4 N-terminal domain peptide (p38) in yellow bound to (A) CXCL12-LM (PDB

code: 2n55) and (B) CXCL12-LD (PDB code: 2k04). CXCL12-LM and CXCL12-LD are shown in surface

representation coloured in magenta and cyan/teal, respectively. Tyrosine residues are represented as

spheres to highlight the different binding sites of p38 to CXCL12 oligomers. Insets show the orientation

of CXCL12-LM and CXCL12-LD in cartoon representation.

illustrated in Figure 1.10 (A, B), p38 binds to CXCL12-LM and CXCL12-LD at different re-

gions suggesting different binding mechanisms between CXCR4 and CXCL12 oligomers. To

be specific, p38 "wraps" around CXCL12-LM (PDB code: 2n55) crossing the three stranded

anti-parallel β-sheet region, whereas in CXCL12-LD (PDB code: 2k04) it is displaced and

touches different areas. Given the importance of Y21 of p38 in recognizing CXCL12, the au-

thors inspected the binding pocket of Y21 in the structures of p38 bound to CXCL12-LM and

CXCL12-LD. Of note, Y21 established hydrophobic contacts with residues V18, R47 and V49

of CXCL12-LD, whereas with CXCL12-LM the hydrophobic contacts appear to be primarily

satisfied by V49 and E15. Interestingly, Veldkamp et al., 2008 showed that p38 promoted

CXCL12 dimerization by fluorescence polarization measurements and deduced from the ap-

pearance of NMR spectra the presence of a stable 2:2 symmetric CXCL12:p38 complex, as

illustrated in Figure 1.10 B. The NMR structure of CXCL12-LM bound to p38 (Figure 1.10 A)

was solved later by Ziarek et al., 2017a and used for modelling the entire CXCL12•CXCR4

complex in a 1:1 ligand:receptor ratio (shown later).

Overall, these findings indicate that post-translational modifications, in this case tyrosine-

sulphation of the N-terminus of CXCR4, is crucial for the recognition process and that the

N-terminal domain of CXCR4 establishes distinct interaction contacts for CXCL12 monomer

and dimer may dictate the oligomer selectivity for CXCL12 implying another layer of signalling

regulation. Although these data are compatible with the two-step binding model, However,

the lack of evidence that the interactions between CXCL12 and the N-terminal fragment of

CXCR4, reported in the NMR study, would correspond to the binding of CXCL12 to the entire

CXCR4 remains to be clarified. The analogous problem was found for the HIV-1 interaction

with receptor CCR5, presented by Cormier et al., 2001, who demonstrated that the binding

of HIV-1 gp120 to CCR5 is different when gp120 binds to an N-terminal sulfopeptide of CCR5

and the entire CCR5 (Cormier et al., 2001). Thus, the structural basis for the CXCL12–CXCR4
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interaction remains obscure.

Groundbreaking findings emerged from advances in the application of NMR spectroscopy to

larger protein complexes by enabling the binding analysis of CXCL12 to full-length CXCR4

(Kofuku et al., 2009a). Methyl-based transferred cross-saturation (TCS) NMR experiments

unveiled a more extensive interaction surface of CXCL12 engaging with CXCR4 compared

to mutational studies in the past. The binding site spread over the whole chemokine includ-

ing the β1-strand (V23, L26, and I28), the β3-sheet (L29, V39, and V49), and the 50-s loop

(L55) in addition to the N-terminus (V3 and L5). The question of the exact stoichiometry of the

CXCL12•CXCR4 complex has been re-considered and addressed by several studies to build

a structural model.

Several computational models aid to describe the CXCL12-CXCR4 interactions in agreement

with the experimental and functional data. The ones reported here shed light on the critical role

of residues of CXCL12 and CXCR4 in binding and signalling (Ziarek et al., 2017a, Stephens

et al., 2020a). These models have been validated through experimental and computational

means by others (Tamamis and Floudas, 2014, Wang et al., 2020. The established in-silico

structures of the CXCL12•CXCR4 complex show CXCL12 buried with the N-terminus in the

transmembrane region of CXCR4 in a 1:1 complex (Figure 1.11 A and B, 1:2 stoichiometry not

shown). Both models highlight the dominance of electrostatic interactions between CXCL12

and CXCR4 residues (Figure 1.11 C, D) but display the highest dissimilarity in the flexible

N-terminal domain of CXCR4 in binding to CXCL12 (Figure 1.11 A and B, coloured in cyan).

Model 1 was obtained from docking the NMR solution structure of CXCL12-LM bound to

p38 (PDB code: 2n55) into the crystal structure of CXCR4 (PDB code: 3odu) (Ziarek et

al., 2017a). It shows the N-terminus of CXCR4 and the β1-strand of CXCL12-LM forming

a parallel-stranded β-sheet arrangement as an interaction surface mimicking the dimerization

interface of CXCL12. As mentioned before, CXCL12-LD binds differently to p38 in a 2:2 ratio

suggesting a entire 2:2 ligand•receptor complex Veldkamp et al., 2008. The hybrid Model 1

has been supported by another computational derived CXCL12-CXCR4 model (Tamamis and

Floudas, 2014) describing identifying key regions of CXCL12 and CXCR4 that are mainly of

electrostatic nature, but interestingly points out that the N-terminal domain of CXCR4 displays

the highest flexibility in binding to CXCL12.

Model 2 results from a combination of structure-guided mutagenesis of CXCR4 with com-

putational modelling to propose an experimental validated CXCL12•CXCR4 complex model

(Stephens et al., 2020a). It elucidates the initial signal transduction of CXCR4 upon CXCL12

binding. The N-terminal domain of CXCR4 “wraps around” one CXCL12 molecule binding

thereby the 310 and the C-terminal α helix of CXCL12. In this pose, the β1-strand of CXCL12

forms with the distal N-terminal residues 1-MEGISI(sY7) of CXCR4 an anti-parallel β-sheet oc-

cupying the dimerization surface of CXCL12. The model as well suggests intermolecular inter-

actions mediated by electrostatic contacts (Figure 1.11 D). Despite the similarity between the
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Figure 1.11: Structural models of the CXCL12•CXCR4 complex. Models of the CXCL12•CXCR4

complex obtained from (A) docking of CXCL12-LM:p38 in CXCR4 (Model 1) by Ziarek et al., 2017a and

(B) Homology modelling combined with charge swap mutagenesis data (Model 2) by Stephens et al.,

2020a. Electrostatic surface representation of CXCR4 (left) and CXCL12 (right) of (C) Model 1 and (D)

Model 2.

two models, the different orientation β-sheet arrangement is a structural-relevant difference.

However, the anti-parallel alignment is supported by experimental evidence from charge-swap

15



mutagenesis (Stephens et al., 2020a). Other models describe the CXCL12-CXCR4 interaction

as a 1:2 ligand-receptor complex considering CXCR4 homodimerization (not shown).

A weak point of both representative models of the CXCL12•CXCR4 complex is the unde-

scribed activation state of CXCR4, as they are build on the X-ray structure of the inactive

CXCR4 conformation (PDB code: 3odu). Recent cryo-electronmicroscopy (cryo-EM) stud-

ies show CXCL12 monomer bound to the active CXCR4 conformation including parts or the

entire G-protein (Liu et al., 2023, Saotome et al., 2024). In addition, atomic-level molecular

dynamics (MD) simulations were also used to describe the structural activation of CXCR4 with

Gi protein and internal water distribution upon binding to CXCL12 (Figure 1.12, Wang et al.,

2020). All structural representations show the conformational activation of CXCR4 involving

the displacement of the TM-6 helix. Despite the progress in the structure determination of

the CXCL12•CXCR4 complex, the role of the flexible N-terminal domain of CXCR4 in binding

to CXCL12 is still an open question, but an important matter to understand the dynamics of

ligand selection in the extracellular environment.

Figure 1.12: MD simulation of Internal water formation in the CXCL12-CXCR4 complex with empty

Gαi-protein. Figure reused according to Creative Commons Attribution (CC BY) license terms from

Chang et al., 2020. Water molecules represented as red spheres move along the CXCR4 TM region.

The side chains illustrated as sticks of the hydrophobic layer 1 (HL1) and 2 (HL2) are colored in orange

and green. (A) Initial state of agonist CXCL12 bound to receptor CXCR4. (B) Intermediate state of

CXCL12 bound to CXCR4 after 1.8 µs MD simulations. (C) Active state of CXCL12-bound CXCR4 in

complex with Gαi-protein after 1.0 µs MD simulations.

In light of the emerging structural information, the two-site model, although useful, appears to

be an oversimplification of the chemokine-receptor recognition. Future studies involve the

integration of different techniques to determine the structure of the flexible regions of the

CXCL12•CXCR4 complex.
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1.6 Drug discovery targeting the CXCL12/CXCR4 axis

An increasing number of studies have attributed an oncogenic role to the dysregulation in the

CXCL12/CXCR4 axis caused by elevated levels of CXCL12 and overexpression of CXCR4

nourishing the lingering activities of tumour formation, growth, survival and metastasis (Su et

al., 2005, Wagner et al., 2009, Wang et al., 2014). The CXCL12/CXCR4 signalling is therefore

a promising target in the discovery of anti-cancer drugs.

Hyperactivity and overexpression of CXCR4 negates the efficacy of cytotoxic chemotherapy

due to enhanced survival signalling and rehoming of the leukemia cells to the protective

bone marrow. For instance, treatment resistance in acute myeoloma leukemia (AML) af-

ter chemotherapy has been linked to CXCR4 upregulation (Sison et al., 2014, Chopra and

Bohlander, 2019). CXCR4 antagonists in the form of small molecules and peptides (Figure

1.13) sensitized successfully leukemia cells to chemotherapy (Zhao et al., 2022). The small

molecule AMD3100 (Plerixafor) reduced cytotoxic protection mediated by overexpressed sur-

face CXCR4 (Flomenberg, 2005). The agent AMD3100 was approved in 2008 by the FDA

for short-term treatment of Hodgkin’s lymphoma and multiple myeloma and is considered

to be anti-metastatic agents in many cancer types involving CXCR4 (Wang et al., 2020, Li

et al., 2018, LIAO et al., 2015, Kioi et al., 2010). Peptide T140 and its analogs, e.g. 4F-

benzoyl-TN14016, are inhibitors of CXCR4-mediated migration of human breast cancer in-vivo

and leukemia (Tamamura et al., 2003). Other therapeutic approaches are still at pre-clinical

stage and include the application of other CXCR4-binding ligands, such as drug carriers with

CXCR4-antibodies to facilitate pharmacologic delivery (Engl et al., 2006, Kuhne et al., 2013)

or CXCR4 gene silencing by siRNAs (Abedini et al., 2012).

Figure 1.13: Therapeutic targeting the CXCL12/CXCR4/CXCR7 signalling axis. Therapeutic strate-

gies target CXCR4 with antagonists: small molecules, peptides, natural inhibitors and anti-CXCR4 anti-

bodies.
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However, given the large tissue distribution of CXCR4, the risk of developing side effects from

general and prolonged CXCR4 inhibition, as observed for instance with chronic AMD3100

treatment in acute leukemia, has spread concerns. A potential problem with CXCR4 antag-

onists is their effect on persistent cell mobilization. Patients may experience an increase in

leukocytes (leukocytosis) or a decrease in platelets circulating in the blood (thrombocytope-

nia). The size of the spleen may increase after long-term administration of CXCR4 antago-

nists, which can result in spleen rupture and cause death (Karpova et al., 2017). Moreover,

improvements in efficiency of current CXCR4 antagonists are marginal and efforts in designing

metastatic inhibitors with reduced side effects has been proven challenging and less promising

for reaching the clinical stage.

The potential adverse effects and the slow progress in optimizing CXCR4 antagonists led to

alternative strategies to interfere with CXCR4-guided metastatic homing. Such approaches

involve targeting CXCL12, as it activates multiple tumorigenic signalling pathways of CXCR4.

Although chemokines have been considered to be "undruggable", the discovery of the pharma-

cological agent chalcone as CXCL12 binder and consequently CXCR4 inhibitor has demon-

strated that chemokines are viable targets for drug design (Hachet-Haas et al., 2008). Chal-

cone (Figure 1.14 A) and its analogs enabled the consideration of new therapeutic approaches

in targeting CXCL12. However, no structural information about chalcone binding to CXCL12

has been revealed. The first structure-guided approach on CXCL12 has been later adopted by

Veldkamp et al., 2010 who identified compound ZINC310454 (ZINC database) that inhibited

efficiently CXCR4-mediated calcium response by targeting CXCL12 at the binding pocket of

sulfotyrosine 21 (sY21) of p38 (Figure 1.14 B). Optimized in-silico fragment-based method by

J. Ziarek et al., 2013 provided ZINC210454 derivates with improved binding affinity in terms

of lower dissociation constant (Figure 1.14 C) and half-maximal inhibitory concentration (IC50)

confirming that the sY21 binding site of CXCL12 is critical for the CXCL12-CXCR4 interac-

tion (Veldkamp et al., 2006). Other optimized small molecules (Smith et al., 2014, Smith et al.,

2016) as well as peptides have been discovered that bind to the CXCL12:p38 binding interface

with inhibitory effects. Peptides inhibited the proliferation of cell lines of AML and acute lympho-

cytic leukemia (ALL) by stimulating apoptosis (Pillozzi et al., 2018a). The obtained compound,

a 17-mer peptide derived from the N-terminal CXCR4 domain, and a small drug-like molecule

represent good scaffolds for further fragment optimization to assemble novel drugs assembly.

Another peptide antagonist of CXCL12, named as W4, displayed potent anti-metastasis agent

that inhibits CXCL12-induced cell migration in CXCR4-positive breast cancer and leukemia

cells (Duan et al., 2017a). In terms of binding affinity, peptide W4 binds to ligand CXCL12 with

a KD value of 57 nM better than AMD3100.
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Figure 1.14: CXCL12 inhibitors. Figure adapted according to Creative Commons Attribution (CC BY

4.0) license terms from J. Ziarek et al., 2013. (A) Chalcone. (B) ZINC310454 molecule obtained by

structure-based drug discovery of CXCL12. (C) Optimized molecules based on scaffold structure (B).

Despite the promising results, peptide antagonists for CXCL12 have been rarely published,

but may represent another therapeutic option to patients for treating a variety of diseases,

including cancer, inflammation, and cardiovascular diseases.

The reason for the scarce success of current therapeutic agents has been attributed to the

redundancy of the chemokine system and calls for more specific modulators of the chemokine

system. For more targeted drug design elucidation of the chemokine interaction network is

therefore crucial. Structural information about CXCL12 and CXCR4 oligomerization are there-

fore fundamental to understand the regulation of the CXCR4-mediated signalling cascade (Xue

et al., 2017).

1.7 CXCL12 homodimerization

Accumulating evidence provide a novel mechanism, by which CXCL12 dictates divergent re-

ceptor signalling. CXCL12 exits pre-dominantly as monomer or dimer that establish different

binding contacts to CXCR4. Consequently, different bound CXCR4 conformations are trig-

gered by monomeric and dimeric CXCL12 that selectively activate distinct signalling pathways.

Under physiological conditions, secreted CXCL12 exists as a mixture of both forms (Ray et al.,

2012a). In fact, structure determination by NMR spectroscopy and X-ray diffraction at different

experimental conditions show CXCL12 as a monomer and a dimer, respectively (Figure 1.15

A, Dealwis et al., 1998a, Ohnishi et al., 2000, Baryshnikova and Sykes, 2006). The adopted

conformation by monomer and dimer CXCL12 is different, which is evident by the different

tilt angle between the β1 strand and α helix (Figure 1.15 B). The monomeric conformation is

favoured at small tilt angles (< 90◦) with respect to the dimer conformation (≈ 90◦).
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Figure 1.15: Structures of monomeric and dimeric CXCL12 and CXCL12-LM. (A) Structures of

CXCL12 monomer (PDB code: 2sdf) and CXCL12 dimer (PDB code: 1qg7). (B) Superimposition of

CXCL12 monomer with one CXCL12 molecule of CXCL12 dimer structure to highlight the conformational

differences: The spatial angle between the β1-strand and C-terminal α-helix form different angles, close

to 90◦ favours the dimeric conformation. (C) Structure of CXCL12-LM (PDB code: 2n55). Disulphide

bridge between engineered cysteines at position L55 and I58 of CXCL12-LM stabilize the monomeric

conformation by preventing β1-strand and C-terminal α-helix to assume angles close to 90◦. (D) Struc-

ture of CXCL12-LD (PDB code: 2K01). Two disulphide bridges link two CXCL12 monomers at L36C and

A65C, respectively.

Interestingly, Veldkamp et al., 2008 discovered that both states exist in a dynamic equilib-

rium and demonstrated that solution properties (pH, counterions and GAG molecules) affected

CXCL12 dimerization (Veldkamp, 2005). CXCL12 dimer is formed at basic pH and requires

stabilizing counterions, such as phosphate, sulphate, or citrate. The dimerization of CXCL12

is furthermore favoured in the presence of heparin (Veldkamp, 2005, Ziarek et al., 2013a) sug-

gesting a functional role of the dimer under the influence of GAGs. Moreover, they show that

the protonation state of His25, clustered with other basic amino acids (V23-KHLKI-L29) on

the β1-strand, governs the CXCL12 monomer–dimer equilibrium. Nonetheless, chemokines

exist predominantly as monomers at low nanomolar concentrations, as they mediate migration

and calcium mobilization. Indeed, the CXCL12-H25R variant stabilizing the monomeric state

triggered the mobilization of calcium, cell migration and β-arrestin recruitment, as expected for

the agonistic activities of CXCL12 monomer (Drury et al., 2011b). Since that variant was still

prone to dimerization, constitutively monomeric CXCL12-LM (Figure 1.15 C) with engineered

disulphide bonds at position L55C and I58C reproduced the balanced G protein–dependent

and β-arrestin–dependent responses associated with normal CXCR4 signalling (Ziarek et al.,

2017a). Despite the evidence of CXCL12 dimers in mammalian cells (Ray et al., 2012a), the

concern that dimerization was an artifact of high concentrations in in-vitro studies remained.

The generated CXCL12-LD (Figure 1.15 D) containing two CXCL12 molecules cross-linked

with disulphide bonds at positions L36C and A65C activated the calcium flux but inhibited cell
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migration and recruitment of β-arrestin (Drury et al., 2011b). Both CXCL12-LM (Ziarek et al.,

2017a, Ziarek et al., 2013a) and CXCL12-LD (Veldkamp et al., 2008) were utilized to dissect

CXCR4-mediated chemotaxis and calcium mobilization in-vitro confirming the selective acti-

vation through the two oligomeric forms of CXCL12. The hint that dimeric CXCL12 may act

as partial antagonist stem from experiments showing prevented metastasis of colonic carci-

nomas upon CXCL12 administration suggesting the formation of CXCL12 dimer as possible

inhibitor (Drury et al., 2011b). Indeed, CXCL12-LD inhibited implantation of lung metasta-

sis of melanoma cells more effectively than AMD3100 and blocked pulmonary tumour growth

(Takekoshi et al., 2012).

Based on this evidence, CXCL12 dimer may be used as an inhibitor to attenuate the chemoat-

tractant activities elicited by CXCL12 monomer. Hence, agents driving the equilibrium towards

the dimeric state of CXCL12, such as heparin, or the adiministration of CXCL12 to favour the

formation of CXCL12 dimer are considered therapeutic approaches. The latter goes along with

the administration of cytokines as biological therapeutic agents used to treat against cancer,

autoimmune diseases and viral infections (Silva and Lobo, 2020). However, the stability and

poor bioavailability of cytokines led to different strategies in developing stable protein agents

with improved pharmacokinetic properties and less adverse effects. The design of macro-

cyclic peptides emerged as an appealing approach in protein therapeutics (Kapurniotu and

Bernhagen, 2023). Sakai et al., 2023 designed lasso-grafted peptides with improved pharma-

cokinetics and blood-brain-barrier (BBB) penetration as cytokine mimics for the human recep-

tor tyrosine kinase MET. They developed a surrogate agonist of MET to exploit its mechanism

of organ homeostasis and tissue repair for therapeutic purposes. Met dimerizes upon activa-

tion by its ligand hepatocyte growth factor (HGF) that displays therapeutic efficacy in preclinical

models (Sakai, Aoki, and Matsumoto, 2015). The grafted macrocyclic-peptide inserts into the

loop regions of fragment crystallizable regions that serve as host scaffolds and preserve the

HGF-micking agonistic properties of the macrocyclic peptide. As a result, the HGF-mimicking

agonist displayed extended life-time and BBB penetration (Sakai et al., 2023). Another poten-

tial therapeutic approach involves targeting of chemokine•chemokine heterocomplexes.

1.8 CXCL12 heterocomplexes

Chemokine CXCL12 forms molecular hybrids with CXCL4 and CXCL9 exhibiting antagonistic

and synergistic activities, respectively. While the first acts as an antagonist of CXCL12-elicited

chemotaxis of breast cancer cells providing therefore a therapeutic opportunity (Nguyen et al.,

2022), the latter promotes CXCL12-mediated recruitment of tumour-infiltrating lymphocytes

and malignant B cells in primary central nervous system lymphoma (PCNSL) (Venetz et al.,

2010). Structural studies elucidating the mechanism by which the CXCL12 heteromers induce

immune responses that favour or suppress tumorigenesis in the microenvironment are encour-

aged to advance the field.
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Besides CXC chemokine partners, CXCL12 engages also with other molecular effectors, such

as inflammatory mediator ga(lactoside-binding)lectin-3 (Gal-3). Like some chemokines, Gal-3,

is upregulated during inflammation and therefore extensively studied in inflammatory diseases.

Under inflammation, metalloproteinases cleave the N-terminal region of Gal-3, resulting in free

Gal-3 carbohydrate recognition domain (CRD) (Ochieng et al., 1994). In this state, Gal-3 binds

to CXCL12 targeting the β1 strand that represents a hub for multiple interactions with GAGs

and chemokines for homo- and hetero-assembly. The interaction surface of CXCL12 upon

binding to Gal-3 is similar to the one of CXCL12 homodimer and in part coincides with the

receptor binding site and the GAG binding site (Hundelshausen et al., 2021). The authors

discard therefore a hypothetical complex composed of CXCL12, Gal-3, GAG and CXCR4 but

suggest an equilibrium of the individual interactions in which the components come together

in close proximity.

Figure 1.16: CXCL12 heterocomplexes. Panel A adapted in accordance with the terms of the Cre-

ative Commons Attribution (CC BY) license from Nguyen et al., 2022. (A) Structural model of the

CXCL4•CXCL12 heterodimer. The CXCL4 and CXCL12 monomer are coloured in blue and in red with la-

belled β1 strands forming the intermonomer interface. (B) Alignment of Gal-3 structure (PDB code: 1a3k)

and CXCL12 (PDB code: 3gv3 ) to represent the heterodimer, whose structural model was published by

Eckardt et al., 2020b.

Gal3 is not the only inflammatory mediator capable of forming a heterocomplex with CXCL12.

Another candidate is the extracellular High Mobility Group Box 1 (HMGB1) that belongs to the

class of alarmins or Danger Associated Molecular Patterns (DAMPs). The next sections will

provide a detailed background about the CXCL12•HMGB1 heterocomplex and HMGB1, the

protagonists of our structural and functional studies.

1.8.1 CXCL12 heterodimerization with High Mobility Group Box 1

In addition to heteromeric interactions across the CC- and CXC-chemokine class borders, the

discovery of molecular hybrids between chemokines and other effector molecules, such as

galectins (Hundelshausen et al., 2021), GAGs (Veldkamp, 2005, Brown et al., 2017a) and

inflammatory mediators (Cecchinato et al., 2023, Schiraldi et al., 2012), has expanded the

complexity within the chemokine-receptor network to capitalize on specificity, redundancy, and
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functional selectivity. Like chemokine-chemokine heterodimers, alarmins modulate the recep-

tor axis in a similar, but peculiar fashion to achieve a specific functional outcome to resolve

the inflammation. Since the CXCL12/CXCR4 axis has proven to be a difficult target, with both

disease-promoting and protective properties, chemokine-alarmin heterodimers appear to be

alternative targets to develop therapeutic treatments of inflammatory disorders and cancer.

In recent years, the alarmin HMGB1, an endogenous Danger Associated Molecular Pattern

(DAMP) molecule released upon injury, has been shown to form a heterocomplex with CXCL12

that induces enhanced CXCR4 signalling (Schiraldi et al., 2012). On one side, the CXCL12•HMGB1

heterocomplex promotes tissue regeneration and repair (Tirone et al., 2018, Bianchi et al.,

2017), on the other side the heterodimer favours the inflammatory state in active rheuma-

toid arthritis (Cecchinato et al., 2018) and appears to support the tumorigenic activities of

CXCR4. Compared to CXCL12 alone, the CXCL12•HMGB1 heterodimer is more efficient me-

diating cell migration without inducing CXCR4 internalization in-vitro and in-vivo. In addition,

the heterodimer has a potentiating effect on ERK activation and calcium rise (Cecchinato et al.,

2016a). The synergism results from the activation of both G protein and β-arrestins-mediated

signalling pathways to sustain chemotaxis and β-arrestin2 dependent retention of CXCR4 on

the cell surface (D’Agostino et al., 2020). The heterocomplex acts therefore as a balanced ag-

onist of CXCR4 with the difference that the β-arrestin isoforms 1 and 2 are triggered differently,

when CXCL12 alone or the heterocomplex is bound to CXCR4 (D’Agostino et al., 2020). This

suggests the recruitment of different molecules determining the activation of CXCR4 down-

stream axis. The association of CXCR4’s hyperactivity and surface preservation with complex

formation between CXCL12 and HMGB1 suggests a pro-tumorigenic activity of the heterocom-

plex, especially in the context of inflammation-related cancers (Guo et al., 2016). Extracellular

HMGB1 binds to specific partners and receptors in a redox-dependent manner. It was shown

that CXCL12•HMGB1 is formed, when HMGB1’s conserved cysteines are fully reduced to thi-

ols (Schiraldi et al., 2012). However, the structural information about the chemokine•alarmin

heterocomplex is scarce leading to a limited comprehension of its synergistic mechanism as

well as redox-selectivity of CXCL12 in binding to HMGB1. One hypothesis behind the po-

tentiating effect of the heterocomplex is that frHMGB1 operates as a cargo of two CXCL12

molecules that activate a pair of CXCR4 receptors promoting thereby CXCR4 dimerization

(Figure 1.17 A and B, Fassi et al., 2019). However, the structural illustration does not take

into account how CXCL12 for example could discriminate the different redox forms of HMGB1.

Moreover, it is not clear, whether the heterocomplex induces different conformational changes

of CXCR4 homodimers compared to CXCL12, which could explain the differential receptor

signalling including phosphorylation patterns and recruitment of additional molecules. Tumour

cells may benefit from the synergism of CXCL12•frHMGB1 in sustaining the hyperactivity of

CXCR4. In this sense, we describe the heterocomplex as a pathological one.

Thus, given the pathological role of the CXCL12•frHMGB1 in inflammatory disorders and pos-

sibly also in cancer, targeting of the heterocomplex appears to be an appealing strategy in

dampening oncogenesis mediated by CXCR4. In fact, the identification of Diflunisal (DFL,
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Figure 1.17: The CXCL12•HMGB1 heterocomplex. Figure adapted in agreement with the terms of the

Creative Commons Attribution License (CC BY) from Cecchinato et al., 2023. (A) Depiction of functional

synergism by CXCL12 heteromers. CXCL12•CXCL9 and CXCL12•frHMGB1 trigger enhanced signalling

through CXCR4. (B) Representation of the CXCL12 • HMGB1 heterocomplex that may explain the

synergism. (C) The functional activity of the CXCL12•frHMGB1 heterocomplex in rheumatoid arithritis,

tissue regeneration and possible effect on cancer.

Figure 1.18), an aspirin-like anti-inflammatory drug, exhibited potent inhibition of the CXCR4-

mediated chemotaxis by targeting the CXCL12•frHMGB1 heterocomplex (De Leo et al., 2019).

Structural validation by NMR spectroscopy and biophysical assays reveal that DFL binds di-

rectly both HMGB1 and CXCL12 and is capable of disrupting the CXCL12•frHMGB1 het-

erodimer when added in stoichiometric excess (De Leo et al., 2019). Diflunisal represents

therefore the first molecular probe that targets the CXCL12•frHMGB1 heterocomplex. Gly-

cyrrhizin, a previously known HMGB1 inhibitor, has been later found to bind also CXCL12 and

to inhibit similarly to DFL inflammatory cell migration in vivo (Mollica et al., 2007). Pamoic

acid (PAM, Figure 1.18), a salicylate commonly used in drug formulations, has been iden-

tified in-vitro as another CXCL12•frHMGB1 dependent chemotaxis inhibitor (De Leo et al.,

2022). Importantly, PAM delivered by aerosol in vivo to mice with P. aeruginosa infection
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shows no toxicity in the airways and can ameliorate neutrophilic inflammation and lung dam-

age (De Leo et al., 2022). Virtual screening (VS) delivered 5,5’-methylenedi-2,3-cresotic acid

(MCA, Figure 1.18 C) as best small molecule inhibitor of in vitro chemotaxis mediated by the

CXCL12•frHMGB1 complex with an with the half maximal inhibitory concentration (IC50) value

in the sub-nanomolar range (De Leo et al., 2022). Moreover, recent computational dockings

identified the first peptide (HBP08) binding HMGB1 and selectively inhibiting the cell migration

mediated by the CXCL12•frHMGB1 heterocomplex with an IC50 value of 50 µM and highest

affinity (KD of 0.8± 0.4µM) (Sgrignani et al., 2021).

Figure 1.18: Small molecule inhibitors of the CXCL12 • HMGB1 heterocomplex. Chemical struc-

tures of (A) Diflunisal (DFL), (B) Pamoic acid (PAM) and (C) 5’5-Methylenedi-3,4-cresotic acid (MCA).

Collectively, these results show that pharmacological agents interfering with the CXCL12•HMGB1

complex inhibit efficiently CXCR4-induced chemotaxis in-vitro. Thus, targeting the heterophilic

binding surface of CXCL12 and HMGB1 has proven to be a promising strategy for the identi-

fication and design of novel drug candidates to treat severe chronic inflammatory conditions.

However, the development of optimized protein-protein interaction antagonists, either pep-

tidomimetics or small organic molecules, is hampered by the fact that the three-dimensional

structure of the CXCL12•frHMGB1 complex is unknown. Current high-resolution descriptions

of this interaction are still elusive, thus making structure-based drug discovery extremely chal-

lenging. So far, researchers coped with this problem by targeting the isolated component of

the heterocomplex. Research, including the present study, seeks to establish a structurally

validated model of the CXCL12•frHMGB1 complex through experimental means. This work

will therefore facilitate and advance the design of more potent and effective pharmacological

drugs by providing an experimental template of the CXCL12•frHMGB1 complex for rational

design. However, numerous obstacles, both at the structural and technical levels, arise when

examining the complicated nature of CXCL12 and frHMGB1.

1.8.2 High Mobility Group Box 1 (HMGB1)

HMGB1 belongs to the group of nuclear chaperones and alarmins capable of performing multi-

tasking activities based on its cellular location: inside the nucleus, it acts as a DNA modulator
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and repair molecule; in the cytosol or mitochondria, it modulates autophagy and apoptosis;

on the cell surface of neurons, it promotes axon sprouting and neurite outgrowth (Vénéreau,

Ceriotti, and Bianchi, 2015). Stressed cells and malign tumours release HMGB1 in massive

amounts to the extracellular milieu, where it activates different receptors depending on the

redox-state of its highly conserved cysteine residues C23, C45 and C106. The cysteines can

be either fully reduced to thiols or completely oxidized to sulphonyl groups or the intermedi-

ate stage is, when the cysteines C23 and C45 form an intramolecular disulphide bond. The

functionally active redox states of HMGB1 are the all-thiol and disulphide form. The latter is

formed under oxidative conditions. Fully reduced HMGB1 (frHMGB1) triggers the receptor

for advanced glycation end products (RAGE) to stimulate autophagy and CXCL12 secretion,

while the disulphide HMGB1 (dsHMGB1) promotes the production of inflammatory cytokines

and chemokines via Toll-like receptor 4 (TLR4) (Yu et al., 2006c). Both forms are not mutually

exclusive and can interconvert depending on the presence of reactive oxygen species (ROS)

and oxidizing condition in the extracellular milieu. Both processes of HMGB1-signalling appear

to be sequentially during the development of inflammation and its resolution. It is therefore not

trivial to assess a beneficial or detrimental role to HMGB1’s redox forms, as they are produced

at the biological needs of the cell. frHMGB1 binds to CXCL12 and exerts chemoattractant

activities through CXCR4, while dsHMGB1 loses the ability to engage with CXCL12 to stim-

ulate CXCR4-mediated chemotaxis (Venereau et al., 2013a,Venereau et al., 2012). Instead,

dsHMGB1 interacts with the lymphocyte antigen (Xu et al., 2011) (MD2)-TLR4 complex and

stimulates activation of NF-kB, inducing the secretion of multiple proinflammatory cytokines

and chemokines (Yu et al., 2006c). The oxidizing environment eventually induces the latest

stage of oxidation of HMGB1 to the sulphonyl form, which no longer promotes chemoattractant

and proinflammatory activities. dsHMGB1 binds to TLR4 and leads to malignant transforma-

tion by generating chronic inflammation. From this aspect, HMGB1 is a typical oncogene,

however, it can also exert anti-tumor function via the immune system through immunogenic

cell death (ICD)(Galluzzi et al., 2017). Extracellular HMGB1 is implicated in many tasks as

DAMP molecule and fine-tunes its functions through redox-selective binding to different recep-

tors and interaction partners in a highly sensitive manner.

Structurally, HMGB1 is a 215-amino acid protein that contains three main functional domains:

two L-shaped DNA binding tandem domains HMG-Box A (aa 9–79) and HMG-Box B (aa 89-

163) joined by a basic linker and an intrinsically disordered C-terminal region (aa 186–215)

composed of consecutive aspartic and glutamic acid (D/E) repeats. Box A contains a pair of

cysteines (Cys23 and Cys45), that can form a disulfide bond under oxidative conditions, while

Box B has only one unpaired cysteine (Cys106) (Li et al., 2004, Najima et al., 2005, Knapp

et al., 2004a, Thomas and Travers, 2001). As mentioned before, the redox state of HMGB1’s

conserved cysteines determine its function as chemoattractant or inflammaotry cytokine with

frHMGB1 and dsHMGB1 displaying specific binding regions for interaction partners to undergo

chemotaxis or cytokine-inducing activities, respectively (Janko et al., 2014). The schematic

representation in Figure 1.20 illustrates the diverse biological activities of HMGB1’s functional

domains. Focusing on the extracellular activities, binding of Box B domain is responsible for
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Figure 1.19: Schematic representation of functional domains of human High Mobility Group Box 1

(HMGB1). Figure reused and adapted in agreement with the terms of the Creative Commons Attribution

License (CC BY) from Tang et al., 2023. HMGB1 is mainly composed of two DNA-binding domains (BoxA

and BoxB) and a negatively charged C terminus (acidic tail). HMGB1 contains three redox-sensitive

cysteine residues (C23, C45 and C106). Depending on its subcellular location, HMGB1 can act as

DNA chaperone in the nucleus maintaining chromosme structure and function or in the extracellular

environment operating as a damage-associated molecular pattern or danger signal under conditions of

stress to mediate immune responses by interacting with various receptors and binding partners.

the inflammatory state presenting specific recognition sites for receptors TLR4 (aa 150-183)

and RAGE (aa 150 and 183) (Li et al., 2003), whereas Box A works as an antagonist of Box

B (Tang et al., 2010). The N-terminus of HMGB1 (6–12 aa) binds to heparin, which reduces

the affinity of HMGB1 for its receptors inhibiting thereby the proinflammatory activity (Li et al.,

2015, Ling et al., 2011). Importantly, the anti-bacterial action of HMGB1 is mediated by the C-

terminal acidic region (aa 201-205), the reason for which it is difficult to obtain decent amounts

of recombinant HMGB1 from E-coli expression systems (Gong et al., 2009).

HMGB1 contains intrinsically disordered regions (IDRs), the interdomain linker and acidic C-

terminus composed of aspartate (D) or glutamate (E) residues. IDRs in general represent a

large fraction of the proteome across species. Although they lack a defined three-dimensional

structure, they still have functional abilities. The biological relevance of IDRs was first de-

scribed in gene-regulatory proteins, some of which contain negatively charged D/E repeats

similar to the acidic C-terminal segment of HMGB1 (Ueshima, Nagata, and Okuwaki, 2017,

Watson, Stott, and Thomas, 2007, Wiebe, Nowling, and Rizzino, 2003). In fact, the acidic IDR
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of HMGB1 plays a central role in the nucleolar function, in which it regulates DNA-binding to

the basic charged HMG boxes through charge shielding (Ueda et al., 2004, Wang et al., 2007).

As a result, HMGB1 does not adopt a single structure but an ensemble of interconvertible con-

formations, in which the binding mode of the acidic IDR to the HMG boxes can vary in degrees

from a bound to a free state. Herein, the conformational space of HMGB1 is restricted to a

closed and open conformation, in which the acidic IDR is bound to the HMG domains like a

sandwich or completely free floating outside the HMG boxes, respectively (Figure 1.20) (Stott

et al., 2010).

Figure 1.20: Conformational space of HMGB1 between closed collapsed and open state. Figure

resused according to the Creative Commons Attribution License (CC BY) from source Stott et al., 2010.

(A) Closed collapsed state of HMGB1 inhibits binding of other charged molecules, in particular DNA,

to the basic charged HMG tandem domains (autoinhibition state). (C) The open conformation is the

uninhibited state of HMGB1 able to bind DNA at BoxA and BoxB and the acidic IDR free to interact with

other binding partners.

The low sequence variability of the acidic IDR renders its binding unspecific, transient and

charge driven offering thereby many binding opportunities for HMGB1. These typical IDR

characteristics can be retained to a certain degree in complex with other interaction partners,

a phenomenon defined as fuzzy. The term fuzzy stems from the fuzzy logic of variables as-

suming values between true (=1) and false (=0) defining in this case a spectrum of structural

disorder from entirely folded to unfolded in protein complexes (Tompa and Fuxreiter, 2008).

The acidic IDR creates in HMGB1 a large number of microstates by means of intramolecu-

lar interactions with linker and DNA-binding domains and can be in this sense categorized

as fuzzy. Fuzzy regions usually drive the formation of biomolecular condensates, which are

membrane-less assemblies comprising proteins or nucleic acids mediated through phase sep-

aration. Recent studies show that disease -associated mutations replacing the acidic IDR

of HMGB1 with positively charged residues alter the phase separation of HMGB1 leading to

promoted partitioning of HMGB1 in the nucleus (Mensah et al., 2023). The acidic IDR plays

therefore a central role in the regulating liquid-liquid phase separation of HMGB1 in the cell

and consequently its function. In the light of emerging studies acknowledging the structural

multiplicity of proteins caused by IDRs, HMGB1 represents a prototypical example of a fuzzy

protein. The molecular interactions generated by HMGB1’s acidic IDR elucidate the complexity
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of DNA-binding regulation, but are poorly investigated in the context of complex formation with

other ligands, such as CXCL12. The current model of the CXCL12•frHMGB1 heterocomplex

describes the heterophilic interactions as well-defined, ordinary protein-protein binding inter-

faces involving exclusively the structured domains of frHMGB1 (Fassi et al., 2019). According

to the proposed model, the heterocomplex consists of two CXCL12 monomers binding to the

concave pockets of Box A and B, respectively to activate two CXCR4 molecules (Cecchinato

et al., 2023). This scenario implies that the enhanced cell migration and retention of CXCR4

on the cell surface results from HMGB1 offering two CXCL12 monomers to a CXCR4 homod-

imer. However, this model proposes an oversimplified version of interaction that is based on

CXCL12-binding to the individual structured domains and does not comply with the multiva-

lent, redox-selective interferences of HMGB1 and omits the monomer/dimer specific binding

of CXCL12 to CXCR4. Thus, interaction studies by NMR showing CXCL12-binding to Box A

and Box B separately (Schiraldi et al., 2012) are not sufficient to provide a comprehensive pic-

ture that includes the fuzzy interactions of HMGB1. Instead, more biophysical techniques are

necessary to shed light on the functional complexity of CXCL12 and HMGB1 from a structural

perspective. In conclusion, the current heterodimer model bypasses the structural complexity

and conformational dynamics of HMGB1 by neglecting the influence of its IDRs, in particular

the acidic C-terminal tail. Thus, the model of the heterocomplex may oversimplify the mech-

anism of synergism, as it lacks functional relevant interactions between HMGB1’s IDRs and

CXCL12 driving hetero-association and binding to CXCR4.
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1.9 Aim of thesis

The synergistic actions mediated by the CXCL12•HMGB1 heterodimer trigger pro-inflammatory

and tumorigenic activities through exclusively CXCR4. The HMGB1/CXCL12/CXCR4 axis is

thus a valuable target for the development of selective anti-inflammatory and anti-cancer com-

pounds.

The overarching aim of this thesis is to provide a three-dimensional atomistic model

of the CXCL12•frHMGB1 complex to overcome simplistic descriptions of this physio-

pathologically relevant heterocomplex. We consider the inherent dynamics of extracellular

HMGB1 due to its intrinsically disordered acidic C-terminus to be important for complex for-

mation with CXCL12, the reason for which we include the acidic IDR in our structural studies.

Importantly, we investigate the heterodimer binding surface and stoichiometry by taken into

account the two oligomeric states of CXCL12. In combination with structural analysis, we

aim to demonstrate the importance of the HMGB1 acidic IDR in mediating CXCL12 binding to

CXCR4 on a cellular level.

We thus adopted a dissecting approach using a tail-less HMGB1 analog with truncated acidic

IDR (HMGB1-TL), a synthetic and recombinant acidic IDR peptide (Ac-pep and Ac-peprec) and

HMGB1 full length (Figure 1.21) to study the interactions with CXCL12 including its monomeric

form. In our work, we utilized CXCL12-LM (Figure 1.15 C and Figure 1.21 A) to discriminate

heterophilic interactions of CXCL12 with conformational changes in the structural studies. We

chose this mutant, since it is effective in stabilizing the monomeric state of CXCL12. The disul-

phide bond of variant L55C I58C keeps CXCL12 monomer in a closed conformation, where

the dimerization along the β1 sheet and α-helix with another monomer is prevented through

steric blockade. The characterization of the heteromeric interactions between CXCL12 and

HMGB1 poses technical challenges as well. The application of crystallographic-based meth-

ods is limited to static ligand-receptor complexes and require proteins that primarily consist

of structured and ordered domains producing sufficient electron density. Thus, X-ray diffrac-

tion cannot be utilized to determine the structure of the CXCL12•HMGB1 heterodimer, as the

disordered regions of HMGB1 hamper its crystallization and the small size of the heterodimer

does not generate detectable electron density to give interpretable Cryo-electron microscopy

maps. We adopted therefore an integrative structural approach that consists of a set of in-

solution methods to describe the heteromeric interaction in terms of binding interface, affinity,

size, stoichiometry and shape. We utilized chemical shift perturbations of two-dimensional

Nuclear Magnetic Resonance (NMR) experiments to map the interaction surface on CXCL12

and HMGB1, respectively and estimate binding affinities by Isothermal titration calorimetry

(ITC) and microscale thermophoresis (MST). We combine analytical ultracentrifugation (AUC)

– sedimentation experiments with Small Angle X-ray scattering (SAXS) to determine the com-

plex stoichiometry, size and shape. NMR driven computational dockings in combination with

SAXS analysis are utilized to generate a low-resolution three-dimensional structures of the
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CXCL12•HMGB1 heterodimer. The output of the structural studies is validated in cellular

assays to demonstrate the validity of our model by including the receptor CXCR4. In collab-

oration with the research group of Prof. Marco Bianchi, proximity ligation assays (PLA) on

AB1 mesothelioma cells overexpressing CXCR4 are utilized to detect interactions involving

CXCL12, HMGB1 and CXCR4.

Overall, results emerging from this thesis are expected to represent an important step for-

ward in the characterization of heterophilic chemokine interactions. This work provides novel

insights into heterophilic chemokine interactions by introducing fuzzy interactions of atypical

chemokines. The adopted approaches elucidate the manifestation of fuzziness in chemokine

heterocomplexes and paves a new avenue for therapeutic targeting of fuzzy interactions.

Figure 1.21: Strategy to dissect the heterophilic interactions between CXCL12 and functional

domains of HMGB1. Figure reused according to the Creative Commons Attribution License (CC By 4.0)

terms, from Mantonico et al., 2024. Sequence alignment performed with ENDscript server (Robert and

Gouet, 2014) and structure of (A) CXCL12 and CXCL12-LM and of (B) HMGB1, HMGB1-TL and Ac-

pep. (C) Schematic representation of domains and redox sensitive cysteine residues with the structure

of full-length frHMGB1.
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Chapter 2

The CXCL12-HMGB1 Binding Interface studied by

NMR

2.1 Introduction

Chemokine CXCL12 and the fully-reduced (fr) HMGB1 form a heterocomplex that elicits syner-

gistic signalling through CXCR4. The unavailable experimental structure of the heterocomplex

led to an oversimplified depiction of its three-dimensional atomic structure, as the underlying

heterophilic interactions of the complex lack the structural information of HMGB1’s IDRs. Previ-

ous examination of the CXCL12•frHMGB1 binding interface by NMR solely relies on chemical

shift mappings of CXCL12 and the single domains BoxA and BoxB of HMGB1 (Schiraldi et al.,

2012). However, several studies demonstrated that the acidic IDR of HMGB1 has a functional

role both in the nucleus and extracellular environment, where it operates as a DNA-binding

modulator to the basic charged HMG boxes (Cato et al., 2008) and exerts anti-bacterial activ-

ity (Gong et al., 2009), respectively. On a structural level, the acidic IDR undergoes multivalent

interactions with the interdomain linker and HMG tandem domains generating thereby multi-

ple coexisting dynamic conformations of HMGB1 (Stott et al., 2010). Therefore, the resulting

structural multiplicity of HMGB1 challenges the traditional lock-key principle in the context of

hetero-association with other binding partners, as it can form multiple heterocomplexes instead

of a unique heterodimer (Sharma et al., 2015). The “fuzzy” nature of frHMGB1 has to be ad-

dressed in the heterophilic interactions with CXCL12 with appropriate approaches in applying

NMR spectroscopy.

We opted for a dissecting strategy to characterize the binding between CXCL12 and the dif-

ferent functional domains of full-length frHMGB1 by NMR titration experiments (Figure 1.21).

We use the synthetic and recombinant acidic IDR peptide (Ac-pep and Ac-peprec) and tail-

less HMGB1 construct devoid of the acidic IDR (frHMGB1-TL) in comparative NMR titrations

of full-length frHMGB1 with CXCL12 and "locked" monomeric CXCL12-LM. We utilize NMR

titration experiments that generally serve to obtain the interaction surface of the protein upon

ligand-binding, as ligand-interaction induces spectral perturbations of the protein’s amino acid

resonance frequencies. We acquire a Heteronuclear Single Quantum Coherence (HSQC)

spectrum that correlates proton (1H) and nitrogen (15N) atoms of the protein’s peptide bonds
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as a finger print spectrum of the protein, where each peak corresponds to an amino acid

residue of the protein. At each titration point, a 1H-15N HSQC spectrum of the protein is

recorded to analyse spectral perturbations in terms of peak displacement and intensity reduc-

tion upon ligand-binding. The requirement for acquiring a 2D 1H-15N HSQC spectrum of the

protein are NMR-active nuclei. While protons are naturally in abundance NMR-active, nitrogen

atoms need to be enriched with 15N isotope to be detected by NMR. The quantification of peak

displacement, termed as chemical shift perturbation (CSP), and intensity change as the ratio

of intensities of protein bound (I) and protein free (I0), allows for inspecting the key regions of

the protein involved in ligand binding. We performed NMR titrations on 15N enriched CXCL12

and CXCL12-LM with added amounts of Ac-peps, frHMGB1-TL or frHMGB1 and vice versa to

describe the binding interface of the CXCL12•frHMGB1 heterocomplex. Residues exhibiting

spectral perturbations greater than the average (AVG) +/- standard deviation (SD) are involved

in binding and mapped on the structures.

2.2 Results

2.2.1 The HMGB1 acidic IDR takes part in the formation of the HMGB1-

CXCL12 heterocomplex

Titrations of 15N CXCL12 and 15N CXCL12-LM with Ac-pep, frHMGB1-TL, frHMGB1

As CXCL12 presents basic charged areas, we expected that electrostatic interactions be-

tween the acidic IDR and CXCL12 are important in complex formation with frHMGB1. In fact,

the titration of Ac-pep to 15N CXCL12 induced a drastic change of the corresponding 1H-15N

HSQC spectrum (Figure 2.1 A), displaying substantial chemical shift perturbations (CSPs,

in the 0.2-0.6 ppm range) and intensity reduction over all the peaks of 15N CXCL12 (Figure

2.1 A-C). Peaks exhibited extensive line-broadening or disappeared beyond the detection of

sub-stoichiometric added amounts of Ac-pep, but reappeared at 1:1 stoichiometry (Figure 2.2

A). The dissociation constant (KD) determined via line-shape analysis using software TITAN

(Waudby et al., 2016) was in the sub-micromolar range (KD = 0.2 ± 0.1µM), as shown in Fig-

ure 2.2 B. CXCL12 residues with the highest CSPs were R12, H17, V18, R20, V23, K24, H25,

A40, R41, N45, W47, L66, N67 (Figure 2.1 B). Of note, the amide resonances of V23, K24,

and H25, L66, N67 are located on the homodimerization interface of CXCL12 (Figure 1.15).

Besides direct ligand-binding, peak perturbations of NMR-HSQC spectra may also arise from

structural changes upon binding (allosteric effects), conformational rearrangements as well as

oligomerization. CXCL12 is known to homodimerize, therefore spectral perturbations at the

known dimerization surface of CXCL12 might stem also from changes in the monomer-dimer

equilibrium of CXCL12 (Veldkamp, 2005).
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Figure 2.1: HMGB1’s acidic IDR and tandem domains target the dimerization surface of CXCL12.

(A, E, I) Superposition of HSQC spectra of CXCL12 free (0.1 mM, black) and CXCL12 bound to Ac-pep

(red), frHMGB1-TL (magenta), HMGB1 (blue). Bar plots show CSP and I/I0 ratio of CXCL12 upon binding

to Ac-pep (B and C), frHMGB1-TL (F and G), frHMGB1 (J and K); highlighted and labelled are CXCL12

residues exhibiting CSP > AVG + SDcorr and I/I0 < AVG− SD beyond the continuous line, dashed black

line in bar plots of I0 ratio indicates the peak intensity decrease due to the titration dilution effect. Dots in

the CSP plots represent disappearing residues. Interaction surface mapping on the structure of CXCL12,

represented as grey cartoon (PDB code: 2kee) upon binding to (D) Ac-pep (red areas), (H) frHMGB1-TL

(magenta areas), (L) frHMGB1 (blue areas).

Thus, to simplify spectral analysis and to distinguish CSPs due to direct interactions with Ac-

pep from those related to changes in the CXCL12 oligomerization state, CXCL12-LM was

utilized in NMR titrations (Ziarek et al., 2013b). The spectral perturbations of CXCL12-LM

upon Ac-pep addition were similar to those observed with wild type CXCL12, in terms of peak

broadening (KD = 0.2 ± 0.1µM as measured by software TITAN) and CSPs (Figure 2.3 A-C).

The highest CSPs stem from residues V23, K24, H25, suggesting that in fact the N-terminal

part of the first β1-strand is a direct interaction surface of Ac-pep. Increasing ionic strength to

150 mM led to exacerbated line broadening for the wild-type protein. One possible explanation

may be the emerging effect of the dimer-monomer equilibrium favoured towards the dimeric
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Figure 2.2: Estimation of binding affinity of acidic IDR to CXCL12 by NMR lined shape analysis.

(A) HSQC spectra of CXCL12 (0.1 mM, black) at different Ac-pep titration points (colored from blue to

red). (B) Line shape analysis of V18, V23 and A40 residues of free and bound CXCL12 to estimate KD

of Ac-pep binding.

species of CXCL12 at higher ionic strengths.

The KD estimation from line-shape analysis was hampered due to the low spectral quality of

CXCL12. It was possible to estimate a KD of ≈ 9 µM (TITAN) at 150 mM NaCl for CXCL12-

LM upon binding to Ac-pep, as the line-broadening effect of CXCL12-LM upon titration with

Ac-pep was less pronounced. NMR titrations of 15N CXCL12 and 15N CXCL12-LM with Ac-

pep demonstrate direct binding of HMGB1’s acidic IDR to CXCL12. Conversely, the addition

of frHMGB1-TL to both 15N CXCL12 (Figure 2.1 E-G) and 15N CXCL12-LM (Figure 2.3 E-

G) induced minor CSPs (in the 0.02-0.06 ppm range). Small peak displacement is typically

observed for chemokine heterocomplexation and are indicative for interactions occurring in the

intermediate exchange regime on the NMR chemical shift timescale (Eckardt et al., 2020a).

The highest displacement and peak intensity reduction are mainly localized on the dimerization

surface of CXCL12 and CXCL12-LM upon binding to frHMGB1-TL (Figure 2.1 E-H; Figure

2.3 E-H). Interestingly, residues mostly affected by the interaction with HMGB1-TL in part

coincided with the ones affected by Ac-pep (V23-H25, A40, N45), implying that both the acidic

IDR and the HMG tandem domain are potentially able to engage the same CXCL12 surface.

Comparison of CSP profiles of 15N CXCL12 and 15N CXCL12-LM upon addition of either Ac-

pep and HMGB1-TL with the one obtained from titrations with full-length frHMGB1 were all

similar, with residues located on the β1-strand and on the α-helix displaying the highest CSPs

(Figure 2.1 B, F, J; Figure 2.3 B, F, J). However, the CSPs induced by full-length frHMGB1 were
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Figure 2.3: The interaction of CXCL12-LM with Ac-pep, HMGB1-TL and HMGB1 is similar to

CXCL12. (A, D, G) Superimposition of 1-15N HSQC spectra of CXCL12-LM free (0.1 mM, black) and

CXCL12-LM bound to Ac-pep (orange), HMGB1-TL (salmon), HMGB1 (cyan). Bar plots represent CSP

(B, E, H) and I/I0 (C, G, K) of CXCL12-LM upon binding to Ac-pep (B, C), frHMGB1-TL (F, G), frHMGB1

(J, K); highlighted and labelled are CXCL12 residues exhibiting CSP > AVG+SDcorr and I/I0 < AVG−SD

beyond the continuous line, dashed black line in bar plots of I0 ratio indicates the peak intensity decrease

due to the titration dilution effect. Dots in the CSP plots represent disappearing residues. Interaction sur-

face mapping on the structure of CXCL12, represented as grey cartoon (PDB code: 2n55) upon binding

to (D) Ac-pep (orange areas), (H) frHMGB1-TL (salmon areas), (L) frHMGB1 (cyan areas).

ten times smaller than the ones generated by Ac-pep, but larger as compared to frHMGB1-

TL. Moreover, the line broadening effects upon HMGB1 addition were much more pronounced

as compared to frHMGB1-TL, suggesting different binding dynamics and affinities for the full-

length protein and for its different constructs.

In summary, analysis of signal perturbations of 15N CXCL12 (or 15N CXCL12-LM) upon addi-

tion of Ac-pep demonstrate the involvement of the acidic IDR of HMGB1 in binding to CXCL12.

Moreover, both Ac-pep and frHMGB1-TL target the dimerization surface of CXCL12 suggest-

ing a dynamic interplay between HMG boxes and acidic IDR in binding to CXCL12. Indeed,
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the profile of chemical shift perturbations (CSPs) of 15N CXCL12 (or 15N CXCL12-LM) titrated

with Ac-pep, frHMGB1-TL and full-length frHMGB1 are similar. The binding effects of Ac-pep

on CXCL12 in terms of CSP and I/I0 are more pronounced compared to the ones produced by

frHMGB1-TL. Thus, the contribution of the HMG tandem domains to the spectral perturbations

of 15N CXCL12 titrated with full-length frHMGB1 are overshadowed by the acidic IDR binding.

Collectively, these findings show that the acidic IDR together with the HMG boxes are involved

in complex formation with CXCL12. Therefore, both functional domains of HMGB1 need to be

included in structural models of the CXCL12•frHMGB1 heterocomplex.

2.2.2 Binding between CXCL12 and HMGB1 is governed by fuzzy inter-

actions mediated by the acidic IDR of HMGB1

Titrations of 15N frHMGB1 and 15N frHMGB1-TL with CXCL12

The dynamic nature of HMGB1 is governed by multi-valent intramolecular interactions between

the acidic IDR and HMG tandem domains (Stott et al., 2010). The emerging conformational

equilibria of HMGB1 are modulated through charge interactions affecting the binding between

the acidic IDR and HMG boxes. Thus, presence of charged binding partners (e.g. DNA)

or increasing salt concentrations perturb the conformational equilibria of HMGB1. Therefore,

spectral perturbations (CSPs and I/I0) of
15N HMGB1 in titrations with CXCL12 are more com-

plicated to interpret, as the addition of CXCL12 to 15N frHMGB1 may perturb the intramolecular

conformational equilibria of HMGB1 due to intermolecular electrostatic interactions between

CXCL12 and acidic IDR. Indeed, reverse titrations of 15N frHMGB1 (and 15N frHMGB1-TL)

with CXCL12 confirmed this hypothesis.

HMGB1 amide resonances of spy residues that are reported to interact with the acidic IDR (e.g.

T76, W48, I78 on BoxA, and A93, I158, R109 on BoxB) (Knapp et al., 2004b) moved partially

towards their NMR frequency in the tailless construct upon addition of CXCL12 (Figure 2.4).

Figure 2.4: CXCL12 weakens the intra-molecular binding between HMGB1 acidic IDR and boxes.

Spy residues of 15N frHMGB1 free (0.1 mM, black) and bound to CXCL12 added at two equivalents (red),

superimposed with the respective residues of frHMGB1-TL (0.1 mM, blue).

These displacements suggest a weakening of the intramolecular interaction between the acidic

IDR and the HMG boxes. The shifts towards HMGB1-TL resonances were relatively small, pre-

sumably because CXCL12 only partially competes with frHMGB1 intra-molecular interactions.

Competition experiments adding an equimolar amount of Ac-pep to 15N frHMGB1 in complex
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Figure 2.5: The acidic IDR mediates the interaction between CXCL12 and frHMGB1. Competition

experiment showing HSQC spectra of 15N frHMGB1 free (0.1 mM, black), 15N frHMGB1:CXCL12 (1:2)

(red) and recovered 15N frHMGB1 free upon addition of one equivalent of Ac-pep (green).

Figure 2.6: CXCL12 binds to fully reduced BoxA with no major involvement of the second domain

BoxB. Bar plot of (A) CSP and (B) I/I0 of
15N frHMGB1 (0.1 mM) titrated with one equivalent of CXCL12.

(C) Interaction surface of frHMGB1: residues exhibiting CSP > AVG + SD and I/I0 < AVG − SD are

mapped on the model of HMGB1 (blue on grey surface, Aphafold2 model AF- P63159). Bar plot of (D)

CSP and (E) (I/I0) of
15N frHMGB1-TL (0.1 mM) titrated with one equivalent of CXCL12. (F) Analogue to

frHMGB1 interaction mapping, binding surface of frHMGB1-TL: residues with CSP > AVG + SD and I/I0
< AVG− SD mapped on the model of HMGB1-TL (magenta on grey surface, PDB code: 2yrq).

with CXCL12, shown in Figure 2.5, was sufficient to sequester CXCL12 and disrupt the het-

erocomplex, as 15N frHMGB1 resonances reappeared. Hence, this confirms the important

contribution of the acidic IDR to heterocomplex formation.

As the CSPs in terms of peak displacement and intensity changes in 15N NMR titrations of

HMGB1 with CXCL12 are caused by both intra- and inter-molecular interactions, mapping of

the spectral perturbations on the HMGB1 structure are difficult to interpret, as they reflect

both phenomena (Figure 2.6). Since equimolar concentrations of Ac-pep are sufficient to

sequester CXCL12 from HMGB1, we can deduce that the acidic IDR peptide competes with
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Figure 2.7: CXCL12 interacts with the acidic IDR, but not with oxidized BoxA of dsHMGB1. Spectral

perturbations in terms of CSP and reduced I/I0 of (A)
15N dsHMGB1-TL (0.1 mM) titrated with CXCL12 at

ratio 1:1 and of (B) 15N CXCL12 (0.1 mM) tirated with dsHMGB1-TL at ratio 1:1. Spectral perturbations

in terms of CSP and reduced I/I0 of (C)
15N dsHMGB1 (0.1 mM) upon CXCL12 addition at ratio 1:1 and

(D) 15N CXCL12 (0.1 mM) upon addition of dsHMGB1 at equimolar ratio.

the acidic IDR of HMGB1 for CXCL12 and that the HMG domains weakens the acidic IDR

binding to CXCL12. Thus, the observed spectral perturbations of 15N frHMGB1 upon CXCL12

addition mainly result from the acidic IDR binding to CXCL12 (Figure 2.5). The acidic IDR

may thus mask the interactions between CXCL12 and the HMG boxes. Hence, NMR titration

experiments were performed with 15N frHMGB1-TL and CXCL12. The removal of the veiling

effect of the acidic IDR resulted in smaller peak displacement and intensity reduction profiles

(Figure 2.6 D, E) compared to the ones of the full-length protein (Figure 2.6 A, B). Importantly,

the deletion of the acidic IDR brought to light an interaction surface formed by the first HMG

box, BoxA, where CXCL12 binds to the first two helices, with no major involvement of BoxB

(Figure 2.6 D-F).

In accordance with biological data that demonstrate the ability of CXCL12 to discriminate the

thiol and the disulphide form of BoxA of full-length HMGB1, this finding highlights the rele-

vant role of BoxA in the interaction. The preference of CXCL12 for the thiol state of BoxA in

frHMGB1 for complex formation (Venereau et al., 2012) is supported by the negligible small

CSPs and intensity reduction in NMR titrations between CXCL12 and dsHMGB1-TL (Figure
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2.7 A, B). Nonetheless, NMR titrations of 15N dsHMGB1 and CXCL12 and the reverse ones

produced comparable results with frHMGB1 (Figure 2.7 C, D). This confirms that the ma-

jor spectral perturbations arise from intra- and intermolecular interactions of the acidic IDR,

whose binding to CXCL12 is independent from the redox state of BoxA.

Spectral perturbation analysis combined with Relaxation and heteronuclear NOE of 15N

Ac-peprec free and in complex with CXCL12

The dynamic nature of the interaction of the acidic IDR with CXCL12 was further verified by re-

laxation experiments of recombinant 15N acidic IDR (Ac-peprec) with unlabelled CXCL12. IDRs

of proteins or IDPs that retain their structural disorder in complex with other binding partners

are referred to as "fuzzy" protein complexes, as it enables them to engage into multiple bound

states in a promiscous fashion (Fuxreiter, 2020). The 1H-15N HSQC spectrum of 15N Ac-peprec

showcases common spectral features of IDRs or IDPs, characterized by low peak dispersion

of the 1H chemical shift region with many peak overlaps.

Figure 2.8: 15N Ac-peprec) dynamically interacts with CXCL12. Superposition of (A) 1H-15N HSQC

spectra of 15N Ac-peprec without (0.2 mM, black) and with (orange) CXCL12 (1:1), (B)
1H-13C HSQC spec-

tra of 15N/13C Ac-peprec without (0.2 mM, black) and with (orange) CXCL12 (1:1). Bar graphs showing

(C) chemical shift perturbation (CSPs) and (D) peak intensities ratios (I/I0) of
15N Ac-peprec upon addition

of CXCL12 (1:1). (E) Signal intensity ratios of heteronuclear NOE with and without proton saturation

(Isat/Iref), error bars were calculated by error propagation described in methods. (F) Ratios of R2 and R1

relaxation rates of 15N Ac-peprec without (0.2 mM, black) and with CXCL12 (1:1) (orange). Error bars are

derived from relaxation data as described in methods.

Interestingly, the narrow spectral range, indicative for a random-coil structure like the ones of

flexible peptides, is maintained in the 1H-15N HSQC spectrum of the 15N Ac-peprec•CXCL12

complex, as evident by the absence of significant chemical shift changes in the superimposed
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spectra of 15N Ac-peprec and
15N Ac-peprec•CXCL12 (Figure 2.8 A). This suggests that the

acidic IDR does not adopt a secondary structure upon binding to CXCL12. Due to the repeti-

tive D/E regions of the acidic IDR, the 1H-13C HSQC spectra of 13C and 15N labelled Ac-peprec

displayed clustered signals of Cα and Cβ atoms of aspartic and glutamic acid residues, whose

assignment to specific Aspartic and Glutamic acid residues of Ac-peprec was not possible (Fig-

ure 2.8 B). Minor chemical shift changes were also observed in the 1H-13C HSQC spectra of
15N Ac-peprec titrated with equimolar CXCL12 (Figure 2.8 B). The manifestation of reduced

peak dispersion and high signal overlap with minimal chemical shift perturbations is typical for

IDRs or IDPs in fuzzy protein complexes, in which their structural disorder is retained in the

bound state (Mittag et al., 2008, Borgia et al., 2018). Changes of the motional dynamics of

Ac-peprec upon binding to CXCL12 were probed by 15N relaxation parameters, in which local

motions of the protein backbone were analysed. For the analysis, peaks of 15N Ac-peprec were

assigned to arbitrary numbers, as specific residue assignment was not possible. The examina-

tion of 15N relaxation parameters (heteronuclear steady state NOE, R1, R2) for free and bound
15N Ac-peprec in Figure 2.8 E,F show that the acidic IDR remains mobile in both forms display-

ing negative heteronuclear NOE values that are indicative for high flexibility in the picosecond

to nanosecond timescale. The modest increase in heteronuclear NOE values of the complex

indicate a slight rigidification of the acidic tail peptide in the presence of CXCL12. The increase

in R2/R1 values and reduction of peak intensities are consistent with complex formation, which

results in slower rotational molecular tumbling in solution. Importantly, the distributed increase

in R2/R1 values for bound
15N Ac-peprec indicates the presence of multiple CXCL12 binding

sites within the acidic IDR. The observed line-broadening-induced signal attenuations of all

CXCL12 residues in 15N CXCL12-Acpep titrations can be ascribed to exchange contributions

due to dynamic binding. Collectively, the relaxation experiments provide evidence that the

acidic IDR remains disordered in complex with CXCL12 supporting the formation of a fuzzy

complex.

Fuzzy interactions arise from binding motifs of IDPs that similarly interact with their binding

partner allowing for a dynamic exchange. For this purpose, IDPs or IDRs contain repetitive

amino acid sequences with low residue variability, also known as low complexity regions, that

bind equally to a broad range of interaction partners due to their unspecific recognition mo-

tifs. The D/E repeats of the acidic IDR represent an unspecific, charged binding surface for

CXCL12 containing potentially multiple binding sites. To demonstrate this, peptide fragments

of the IDR (Ac-pep185−195 and Ac-pep204−214) were titrated into 15N CXCL12. As a negative

control, a peptide corresponding to the arginine/lysine-rich C-tail of a variant of HMGB1 lead-

ing to a human malformation syndrome (Mensah et al., 2023) was used. Both Ac-pep185−195

and Ac-pep201−214 similarly interacted with the CXCL12 dimerization surface (Figure 2.9 A-F)

suggesting multiple CXCL12 binding sites on the acidic IDR. The formation of multiple and

interchangeable bound states of acidic IDR and CXCL12 elucidate furthermore the dynamic

nature of HMGB1’s acidic IDR in complex formation with CXCL12. The titration with the con-

trol peptide highlights the electrostatic nature of interaction between CXCL12 and acidic IDR of
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HMGB1, as evident by the negligible small spectral perturbations of CXCL12 residues (Figure

2.9 G-I).

Figure 2.9: The CXCL12-Ac-pep interaction is primarily electrostatic and CXCL12 dimerization

region is targeted by multiple internal sites in the acidic IDR. Bar plots of CSP and intensity ratio

I/I0 of 15N CXCL12 (0.1 mM) titrated with (A, B) Ac-pep185−195 segment and with (D, E) Ac-pep204−214

segment, respectively. Labelled residues go beyond the continuous lines in bar plots. Dashed lines

indicates reduced signal intensities due to dilution effects. Dots in CSP bar plots indicate disappeared

residues. (C, F) Interaction surface formed by binding-induced perturbed residues mapped on CXCL12

structure (PDB code: 2kee). (G, H) Histogram of CSP and intensity ratio I/I0 of 15N CXCL12 titrated

with basic K/R enriched IDR peptide of pathogenic HMGB1-mutant. (I) HSQC spectrum of 15N CXCL12

titrated with basic K/R enriched IDR peptide.

Taken together, the combination of the different NMR titrations and the relaxation data on 15N

Ac-peprec indicate that CXCL12•frHMGB1 is a fuzzy dynamic heterocomplex, characterized by

multivalent inter- and intra-molecular equilibria involving CXCL12, the HMG tandem domains

and the acidic IDR as major players within this intricate network of interactions.

2.3 Summary

The examination of NMR-based binding studies of the heterophilic interactions between CXCL12

and frHMGB1 and relaxation analysis unravel multivalent intra- and intermolecular interac-

tions involving HMGB1’s functional tandem domains, acidic IDR and CXCL12. The dissection

approach elucidates the pivotal role of the acidic IDR in binding to CXCL12, as shown by

prominent spectral perturbations of 15N CXCL12 peaks upon addition of Ac-pep. Both minor

spectral perturbations in NMR titrations of 15N Ac-peprec free and bound to CXCL12 and relax-

ation analysis showed that the mobility of the acidic IDR is retained in complex with CXCL12,
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which defines a fuzzy complex. Interaction mappings of CXCL12 unveil the dimerization sur-

face as a shared interaction hub for the acidic IDR and HMG boxes, while reverse titrations of
15N frHMGB1-TL and 15N frHMGB1 reveal frBoxA domain and acidic IDR as the important in-

teraction partners of CXCL12 with the acidic IDR presenting multiple binding sites for CXCL12.

Collectively, these findings spot the key elements of dynamic binding between CXCL12 and

HMGB1, as observed in fuzzy protein complexes. The heterocomplex is characterized by

multivalent inter- and intra-molecular equilibria involving CXCL12, the HMG tandem domain

and the acidic IDR as major players within this intricate network of interactions.
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Chapter 3

Thermodynamics and Affinity of the

CXCL12-HMGB1 Interaction

3.1 Introduction

CXCL12 is known to exert its chemoattractant function also as a heterocomplex with the re-

duced form HMGB1 (Schiraldi et al., 2012, Fassi et al., 2019). NMR studies in the previous

chapter provide evidence that, besides the redox state of BoxA, inter- and intramolecular inter-

actions of the acidic IDR also play a role in complex formation and in modulating the CXCL12-

frHMGB1 interaction. The question arises to which extent the acidic IDR does contribute to the

binding to CXCL12 from the thermodynamic point of view. We have therefore applied the same

dissection approach used for NMR studies to investigate the thermodynamics of the CXCL12

interaction with HMGB1. To this end, we combined isothermal titration calorimetry (ITC), mi-

croscale thermophoresis (MST) and fluorescence measurements to derive the binding affinity

between CXCL12 and Ac-pep, HMGB1-TL and HMGB1.

3.2 Results

3.2.1 The acidic IDR of HMGB1 interacts with CXCL12 via long-range

electrostatic interactions

Binding of CXCL12 to frHMGB1 and constructs thereof by ITC and MST.

ITC injection of CXCL12 into Ac-pep solution generated spikes with a biphasic profile (Figure

3.1 A), indicative of different binding events with 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 (Table 3.1), in agreement with the low micromolar affinity estimated

by NMR line-shape analysis. Also the interaction between frHMGB1 and CXCL12 appeared

biphasic and exothermic (Figure 3.1 B), 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 fitting (Houtman et al., 2007) (Table 3.1). Importantly, the low micromolar affinities

45



Figure 3.1: The acidic IDR of frHMGB1 interacts with CXCL12 through electrostatic interactions.

ITC measurements of CXCL12 (600 µM) titrated into (A) Ac-pep (10 µM, red), (B) frHMGB1 (10 µM,
blue) and (C) frHMGB1-TL (10 µM, magenta). 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=3 for (A) and n=2 for (B)) for each titration is

shown. The error associated with the integrated heat of injection arises from baseline uncertainties and is

estimated by the automatic peak integration procedure in NITPIC 2.0.0 (Keller et al., 2012). Normalized

variation of fluorescence of 5,6-FAM-labelled Ac-pep upon addition of CXCL12 (red) and normalized

variation of MST signal of Red-tris-NTA labelled His-tagged CXCL12 in the presence of frHMGB1 (blue)

and of frHMGB1-TL (magenta), with (D) 20 mM NaCl and with (E) 150 mM NaCl. Data are presented as

mean values +/- SD of n=3 independent replicates. The thermodynamic parameters and KD values are

summarized in Table 3.1.

measured by ITC for Ac-pep and frHMGB1 were in good agreement with the ones deriving

from fluorescence and MST experiments, respectively (Figure 3.1 D (red and blue), Table 3.2).

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) (Figure 3.1 C),

a change of the thermophoretic diffusion properties of fluorescently labelled CXCL12 was

detectable in the presence of frHMGB1-TL (Figure 3.3 D and E, magenta curve). Notably, the

derived affinity (KD = 12.5 ± 5.5 µM) was almost one order of magnitude weaker than the one

measured with full-length frHMGB1 (KD = 1.7 ± 0.2 µM), thus confirming the important role of

the acidic IDR in heterocomplex formation (Table 3.2).
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Table 3.1: ITC thermodynamic parameters of the interactions between CXCL12 and Ac-pep, frHMGB1

and frHMGB1-TL in 20 mM TrisHCl, 50 mM NaCl at pH 7.5.

KD1
(µM) KD2

(µM) δH1 (kcal/mol) δH2 (kcal/mol)

Ac-pep1 0.6± 0.1 0.1± 0.1 -10.4± 0.8 1.6± 0.7

frHMGB12 1.2± 0.4 7.8 · 10-3 ± 1.5 · 10-2 -1.4± 0.1 -2.1± 0.2

frHMGB1-TL n.d. n.d n.d. n.d.

1 CXCL12 is the titrant, n=3 independent replicates, error estimates from covariance matrix
2 CXCL12 is the titrant, n=2 independent replicates, error estimates from covariance matrix
3 CXCL12 is the titrant, n=2 independent replicates, n.d. not detected

Short versus long-range electrostatic interactions between the acidic IDR peptide and

CXCL12 measured by ITC and MST at increased ionic strength

The recognition process between CXCL12 and HMGB1 might be governed by long-range

electrostatic interactions between the acidic IDR of HMGB1 and the basic charged surface

of CXCL12 (Figure 3.2 A, B). In fact, upon increase of the ionic strength (150 mM NaCl) the

heat of reaction associated to CXCL12 interaction with Ac-pep or frHMGB1 at higher did not

yield any spikes above baseline (3.2 C, D), thus confirming the important role of long range

electrostatic interaction in the binding. Complementary evidence stems from fluorescence and

MST experiments at 150 mM that yielded reduced binding affinities by one order of magnitude

with respect to the same measurements performed at 20 mM NaCl (Figure 3.1 E, Table 3.2).

Figure 3.2: Electrostatic interactions drive enthalpic changes in CXCL12•frHMGB1 complex for-

mation. Electrostatic surface representation (as calculated by the Poisson Boltzmann Electrostatic Sur-

face routine in Maestro-Schrödinger) of (A) CXCL12 and (B) frHMGB1. The ITC sequential heat pulses

(upper panel) and the integrated data corrected for heat of dilution (lower panel) of CXCL12 binding (600

µM) to (C) Ac-pep (10 µM, 20 mM TrisHCl at pH 7.5, 150 mM NaCl) and to (D) frHMGB1 (10 µM, 20 mM
TrisHCl at pH 7.5, 150 mM NaCl)
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Table 3.2: MST binding affinity parameters of the interactions between CXCL12 and Ac-pep, frHMGB1

and frHMGB1-TL in 20 mM NaH2PO4/Na2HPO4, 20 mM NaCl at pH 7.3 and 20 mM NaH2PO4/Na2HPO4,

150 mM NaCl at pH 7.3.

Binding parameters derived from MST

KD (µM) [NaCl]=20 mM KD (µM) [NaCl]=150 mM

Ac-pep1 0.6± 0.1 5.0± 0.6

frHMGB12 1.7± 0.2 31.8± 1.4

frHMGB1-TL2 12.5± 5.5 81.4± 6.8

1 CXCL12 is the titrant, n=3 independent replicates, values are mean ± standard deviation
2 frHMGB1 or frHMGB1-TL is the titrant, n=3 independent replicates, values are mean ± standard

deviation, n.m. not measure

Given the dynamic nature of binding between CXCL12 and HMGB1, the binding mecha-

nism is more complex than the binding models we used for fitting to derive the KD. The en-

tropies obtained in ITC experiments of CXCL12 titrations into Ac-pep and into frHMGB1 were

δS1 = 5.3 cal/mol·K, δS2 = 38 cal/mol·K and δS1 = 23 cal/mol·K, δS2 = 28 cal/mol·K, respec-

tively. It was not possible to derive the entropic contribution (δS) of the binding of CXCL12 with

frHMGB1-TL from δH, which could not been determined, and the equilibrium constant K. Im-

portantly, the calculated entropic contributions of CXCL12-binding to Ac-pep and to frHMGB1

should be considered with caution! An adequate way of deriving the entropy of IDRs and IDPs

considering also the conformational entropy of IDRs (δSconf) has been described by (Skriver,

Theisen, and Kragelund, 2023). The scope of using ITC was to understand, whether long-

range electrostatic interactions may govern the interaction between CXCL12 and frHMGB1,

in particular with the acidic IDR given that long-range electrostatic interactions play important

roles in the molecular recognition in fuzzy complexes (Mukhopadhyay, Ahmed, and Forman-

Kay, 2022).

Binding of CXCL12 to frHMGB1 and dsHMGB1 measured by MST

Although NMR titrations emphasize the redox selectivity of CXCL12 for frHMGB1, they also

show that CXCL12, as it binds to the acidic IDR, is also able to interact with the disulphide form

of HMGB1. Indeed, MST data reveal that binding between CXCL12 and dsHMGB1 occurs, but

with reduced affinity (37.3 ± 3.3µM) with respect to frHMGB1 (1.7 ± 0.2µM), in line with the

concept that the oxidized BoxA within the full length protein has a reduced interaction with

CXCL12. Figure 3.3 represents the MST binding curves of CXCL12 titrated with frHMGB1 and

dsHMGB1, respectively.
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Figure 3.3: Redox-selectivity of CXCL12 is grounded on the different binding affinities to the redox

state of BoxA. MST binding curves of Red-tris-NTA labelled His-tagged CXCL12 titrated with frHMGB1

(blue) and dsHMGB1 (light blue) show a shift of deflection points corresponding to apparent KD values

towards higher ligand concentrations indicating reduced affinity.

3.3 Summary

Taken together, ITC, MST, as well as fluorescence measurements support a scenario in which

the frHMG tandem domains and the acidic IDR together contribute to binding to CXCL12. The

long-range electrostatic interactions between the acidic IDR and CXCL12 represent a driving

force for complex formation between CXCL12 and HMGB1, as increasing ionic content in

solution shields the heterophilic interactions. The interaction between CXCL12 and HMGB1

is stronger with the reduced state of BoxA compared to the disulphide form, thus supporting

the notion that CXCL12 preferentially interacts and exerts its biological function with the fully

reduced form of HMGB1.
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Chapter 4

CXCL12•HMGB1 Stoichiometry obtained by

Analytical Ultracentrifugation

4.1 Introduction

Previous studies postulated that HMGB1 and CXCL12 form a 1:2 complex implying that syner-

gism emerges from HMGB1 operating as a cargo of two CXCL12 molecules to activate a pair

of CXCR4 receptors (Fassi et al., 2019, Cecchinato et al., 2023). However, this hypothesis has

been never validated experimentally. To determine the stoichiometry of the heterocomplex, we

used analytical ultracentrifugation (AUC), a label-free technique, that has the capacity to detect

weak binding protein complexes by discriminating sizes based on sedimentation velocities.

4.2 Results

4.2.1 CXCL12 and HMGB1 form a transient equimolar complex

We first attempted to determine the size of the heterocomplex by sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS PAGE) and size exclusion chromatography (SEC).

Both methods, although commonly used to determine the size of protein assemblies, were un-

able to detect the heterocomplex due to the weak and transient interactions between CXCL12

and HMGB1. We therefore utilized analytical ultracentrifugation that monitors the sedimenta-

tion of proteins by UV absorbance or interference measurements. First, the size of the indi-

vidual proteins were determined by sedimentation velocity AUC (SV-AUC) experiments. The

sedimentation coefficients of 1.1 S and 2.3 S that correspond to the derived molecular weights

(MW) of 8.7 kDa and 27.1 kDa for CXCL12 and frHMGB1, respectively (Figure 4.1 A, B, 4.1)

were in good agreement with the theoretical calculated molecular weights of 9 and 25 kDa.

Of note, the MW discrepancy of frHMGB1 can be explained by the fact that the hydrodynamic

radius of HMGB1 is larger because of the IDRs occupying a larger space compared to com-

pact globular proteins of equivalent MW (Perez et al., 2014). The determined shape factors,

expressed as the quotient of the friction coefficients of the molecule and an ideal sphere (f/f0),

of 1.3 of CXCL12 and of 1.4 of frHMGB1 indicate a globular and moderately elongated shape,

respectively (Table 4.1). To study the hydrodynamic properties of the heterocomplex, CXCL12
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Figure 4.1: frHMGB1 and CXCL12 form a transient equimolar heterocomplex. Sedimentation veloc-

ity analytical ultracentrifugation (SV-AUC) experiments of free (A) CXCL12 (38 µM) and (B) frHMGB1 (15
µM), scanned by absorbance at 280 nm. (C) SV-AUC profiles of frHMGB1-CXCL12 mixtures at ratios

with increasing amounts of CXCL12 (colors). The dotted lines indicate the sedimentation coefficients

of the free components. (D-E) Multi-signal sedimentation velocity (MS-SV) analysis to determine the

stoichiometry of frHMGB1:CXCL12 complex, with 7.7 µM frHMGB1 and 43 µM CXCL12. The raw sedi-

mentation signals of frHMGB1:CXCL12 mixture acquired at different time points with (D) absorbance at

280 nm, and (E) absorbance at 250 nm with the corresponding signal profiles as a function of radius in

centimetres. 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 sedimentation coefficient distributions,

ck(s), for CXCL12 (8.5 µM, yellow line) and frHMGB1 (7.7 µM cyan line).

and HMGB1 were prepared as mixtures at different stoichiometric ratios (Schuck, 2000a).

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

sedimentation distributions: one peak at lower s-values, corresponding to free CXCL12, and

one at higher s-values, deriving from the sedimentation of free and bound frHMGB1 (Figure

4.1 C).

At 50 mM NaCl, the latter experienced line-broadening and shifts towards higher s-values (and

apparent MWs) with increasing concentrations of CXCL12 (Figure 4.1 C, 4.2). This behaviour

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 exper-

iment (Balbo and Schuck, 2005). Hetero-association was also observed at 150 mM NaCl,

but less complex was formed, as line-broadening and shifts of the reaction boundary towards

higher s-values (and apparent MWs) were smaller compared to the ones observed at 50 mM

NaCl (Figure 4.2). This confirms that long-range electrostatic interactions govern complex
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Figure 4.2: The association reaction between CXCL12 and frHMGB1 at 150 mM NaCl concentra-

tion. SV-AUC analysis of (A) CXCL12 (38 µM) and (B) frHMGB1 (15 µM) at 20 mM TrisHCL pH 7.5, 150

mM NaCl, scanned by absorbance at 280 nm and (C) frHMGB1:CXCL12 mixtures with HMGB1 (7.7 µM)
with increasing amounts of CXCL12 at 20 mM TrisHCL pH 7.5, 150 mM NaCl (colors).

Figure 4.3: The association reaction between CXCL12 and frHMGB1 stabilized by the acidic IDR.

SV-AUC experiments of free (A) CXCL12 (38 µM) and (B) frHMGB1-TL (15 µM) at 20 mM TrisHCL pH

7.5, 50 mM NaCl, scanned by absorbance at 280 nm and (C) SV-AUC profiles of frHMGB1-TL:CXCL12

mixtures with HMGB1-TL (7.7 µM) with increasing amounts of CXCL12 at 20 mM TrisHCL pH 7.5, 50

mM NaCl (colors). The sedimentation signals of frHMGB1-TL:CXCL12 mixture acquired at different

time points with (D) absorbance at 280 nm, and (E) absorbance at 250 nm with the corresponding

signal profiles as a function of radius in centimetres. 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

sedimentation coefficient distributions, ck(s), for CXCL12 (0 µM, yellow line) and frHMGB1-TL (5.6 µM,
purple line).

formation between CXCL12 and frHMGB1. Notably, without the acidic IDR the association

between CXCL12 and HMG tandem domains is too rapid to detect the CXCL12•frHMGB1-TL
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Figure 4.4: frHMGB1 forms with monomeric CXCL12 mutant a 1:1 heterocomplex. SV-AUC experi-

ments of free (A) CXCL12-LM and (B) frHMGB1, scanned by absorbance at 280nm. (C) SV-AUC profiles

of frHMGB1:CXCL12-LM mixtures at ratios with increasing amounts of CXCL12-LM (colors). The dotted

lines indicate the sedimentation coefficients of the free components. The c(s) analysis shows that the

peak corresponding to frHMGB1 broadens and shifts to a larger s-value in an CXCL12-LM concentration-

dependent manner. (D-E) MS-SV analysis reveal a frHMGB1:CXCL12-LM 1:1 complex. The raw sedi-

mentation signals of frHMGB1:CXCL12 mixture acquired at different time points with (D) absorbance at

280 nm, and (E) absorbance at 250 nm with the corresponding signal profiles as a function of radius in

centimetres. 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 sedimentation coefficient distributions,

ck(s), for CXCL12 (4.9 µM, magenta line) and frHMGB1 (5.3 µM, cyan line).

Table 4.1: SV-AUC of CXCL12, CXCL12-LM, frHMGB1 and frHMGB1-TL in 20 mM TrisHCl, 50 mM

NaCl at pH 7.5. Parameters were calculated from c(s) model analysis of SV profile of the free compo-

nents.

Parameters CXCL12 CXCL12-LM frHMGB1 frHMGB1-TL

s1 (S) 1.1 1.2 2.3 1.7

f/f0
2 1.3 1.2 1.4 1.6

MW (kDa) 8.4 8.9 27.1 21.1

RMSD3 0.0052 0.0057 0.0051 0.0049

1 sedimentation coefficient expressed in Svedberg (S)
2 frictional ratio, f is the frictional parameter of the particle and f0 is the frictional value of a smooth

sphere
3 root mean square deviation of the fitting of the c(s) model to the experimental sedimentation curves

complex in the sedimentation time scale (Figure 4.3 C, E, Table 4.2). This finding suggests

that the acidic IDR also increases the life time of the CXCL12•HMGB1 heterocomplex besides
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Table 4.2: MSSV-AUC analysis of CXCL12:frHMGB1, CXCL12-LM:HMGB1, CXCL12:frHMGB1-TL

mixtures in 20 mM TrisHCl, 50 mM NaCl at pH 7.5. Parameters were derived from multi signal sed-

imentation velocity (MS-SV) model of frHMGB1:CXCL12 (1:7.5), frHMGB1-TL:CXCL12-LM (1:7.5) and

frHMGB1-TL:CXCL12 (1:7.5).

Parameters frHMGB1:CXCL12 1:7.5 frHMGB1:CXCL12-LM 1:7.5 frHMGB1-TL:CXCL12 1:7.5

CXCL12 frHMGB1 CXCL12-

LM

frHMGB1 CXCL12 frHMGB1-

TL

sw,20
1 (S) 2.8 3.1 2.8 2.9 - 1.8

Concmix
2

(µM)

43.0 7.7 51.0 7.9 48.0 7.8

Conccomp
3

(µM)

8.5 7.7 4.9 6.5 - 5.3

RMSD280nm
4 0.0072 0.0077 0.0079

RMSD250nm
5 0.0050 0.0057 0.0058

Dnorm
6 0.08 0.16 0.08

1 sedimentation coefficient normalized to standard solution conditions of water at 20◦C
2 concentration of the components in mixture
3 calculated concentration of the components in the complex sedimentation distribution
4 root mean square deviation of the fitting of the MS-SVmodel to the experimental sedimentation curves
5 determinant of the extinction coefficient matrix

recruiting CXCL12. Next, to determine the ratio of frHMGB1 and CXCL12 in the complex distri-

bution, multi-signal SV-AUC experiments (MS-SV-AUC) was carried out. The method exploits

the different extinction coefficients of frHMGB1 and CXCL12 at minimal (250 nm) and maxi-

mal (280 nm) wavelengths to distinguish between the two components in complex (Brautigam,

Padrick, and Schuck, 2013, Padrick and Brautigam, 2011). Analysis of MS-SV-AUC sug-

gested that frHMGB1 predominantly forms with CXCL12 a 1:1 heterocomplex, as indicated

by the equimolar concentrations of CXCL12 and frHMGB1 derived from the peak area at ≈ 3

S (Figure 4.1 E, Table 4.2). The equimolar stoichiometry of the CXCL12•frHMGB1 complex

was furthermore confirmed by MS-SV-AUC analysis of monomeric variant CXCL12-LM with

frHMGB1 (Figure 4.4 E, Table 4.2).

4.3 Summary

Previous studies describe the mechanism of synergism of CXCL12•frHMGB1 as a result of

two CXCL12 molecules, each delivered by the single boxes of HMGB1, to CXCR4. In con-

trast to past assumptions, we provided experimental evidence that the heterocomplex forms

transiently an equimolar heterocomplex by AUC analysis suggesting a different mechanism for

synergism. Moreover, we established that the acidic IDR promotes complex formation via long-

range electrostatic interactions and prolongs the heterocomplex life-time that is detectable in

the sedimentation time scale. These findings suggest that the acidic IDR plays a fundamental

role in complex assembly.
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Chapter 5

CXCL12•frHMGB1 Size and Shape obtained by

Small Angle X-ray Scattering

5.1 Introduction

Complementary to AUC, Small-Angle X-ray Scattering (SAXS) provides molecular properties

such as size and shape of proteins and protein complexes. Compared to X-ray diffraction,

SAXS has the advantage to provide structural information of solution samples containing par-

tially or completely disordered macromolecules. We performed SAXS to derive the size and

shape of the heterocomplex and to obtain low-resolution models by utilizing programs that

integrate NMR data with SAXS structure determination.

5.2 Results

5.2.1 Small Angle X-ray scattering (SAXS) analysis supports the dy-

namic nature of HMGB1-CXCL12 heterocomplex

Primary analysis of the SAXS scattering curves of CXCL12 and frHMGB1 yielded radii of

gyration (Rg) of 1.52 nm and 2.60 nm, respectively, as well as pair distance distribution plot

(P(r)) derived maximum distance (Dmax) values of 4.8 nm and 8.5 nm. These values indicate

that both proteins are monomeric and monodisperse in solution (Figure 5.1 A, gold and black

curves respectively, Table 5.1). The values obtained for frHMGB1 are in accordance with a

previous report (Stott et al., 2010). The normalized Kratky representation of free CXCL12 and

HMGB1 displayed upward trends at higher qRg values (4 and 6, respectively) well in agreement

with the presence of flexible regions within a folded core (Figure 5.1 B). While the profile of the

P(r) plot of CXCL12 was relatively symmetric compared to the one of frHMGB1 that displayed

an asymmetric, elongated shape, tailed off to large distances (Figure 5.1 C, gold and black).

This feature suggests the existence of multiple conformations in solution, and aligns with

the presence of flexible regions and intramolecular multivalent fuzzy interactions between the

acidic IDR and the basic HMG domains (Stott et al., 2010). Thus, to generate an ensemble

of HMGB1 conformers able to account for its intrinsic dynamics and able to fit the experi-

mental scattering curve, the Ensemble Optimization Method (EOM) was utilized (Stott et al.,
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Figure 5.1: SAXS studies of free frHMGB1, CXCL12 and CXCL12•frHMGB1 heterocomplex. (A)

I(q) versus q experimental SAXS profiles for CXCL12 (3.9 mg/ml, gold), frHMGB1 (1.95 mg/ml, black)

and frHMGB1•CXCL12 complex (magenta). In the inset, the Guinier regions used to estimate the radii

of gyration. Increased steepness indicates complex formation with the Rg value of 2.9 nm corresponding

to the size of a 1:1 CXCL12•frHMGB1 complex (35.8 kDa). (B) Dimensionless Kratky plot of CXCL12,

frHMGB1 and CXCL12•frHMGB1 (gold, black and magenta curve, respectively) indicating flexible and

structured regions. (C) Pair distance distribution function (PDF) plotted against the maximal particle

distance (Dmax).

Table 5.1: Experimental SAXS parameters and analysis of CXCL12, frHMGB1 and frHMGB1•CXCL12.

Parameters CXCL12 frHMGB1 CXCL12•frHMGB1

Guinier analysis

I(0) (cm−1) 33 44 83

Rg (nm) 1.52± 0.01 2.60± 0.02 2.93± 0.02

q-range (nm−1), point

range

0.04-4.0, 11-752 0.16-3.0, 13-573 0.03-2.8, 7-508

P(r) analysis

I(0) (cm−1) 33 44 83

Rg (nm) 1.5 2.6 2.9

Dmax (Rmax, nm) 4.8 8.5 10.5

q-range (nm−1) 0.04-4.0, 11-752 0.16-3.0, 13-573 0.03-2.8, 7-508

Porod analysis

Porod volume (nm3) 19.4 52.7 71.7

Estimated MW (kDa) 9.1 26.4 35.8

1 Intensity
2 estimated radius of gyration (Rg)
3 estimated maximal particle distance (Dmax)
4 estimated Porod volume
5 estimated Molar Mass

2010) and combined with rigid body modelling (Bernadó et al., 2007) to obtain models of

the CXCL12•frHMGB1 heterocomplex. However, due to the transient and dynamic nature of

the heterocomplex, the SAXS measurements coupled to size chromatography could not be

successfully applied to study the heterocomplex from CXCL12•frHMGB1 sample mixtures.
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Instead, a "batch-mode" strategy was used where HMGB1 was incubated with increasing con-

centrations of CXCL12 and immediately measured and analysed by SAXS. In the SAXS spec-

trum of a protein complex in batch mode, the relative contribution of the individual components

to the overall scattering curve varies depending on their size and scattering intensity (Tuukka-

nen and Svergun, 2014). Hence, the heterocomplex, which is the largest component (35.8

kDa), was expected to contribute the most to the overall scattering signal and to dominate over

the scattering contribution of the smallest component CXCL12 (9.1 kDa). Indeed, in the pres-

ence of two equivalents of CXCL12, where more than 96% of frHMGB1 was saturated with

CXCL12, a 1:1 complex with an estimated molecular weight of 35.8 kDa was obtained (Table

5.1). At higher CXCL12 concentrations the molecular weight estimation was not accurate and

unreliable due to the increasing scattering contribution of unbound CXCL12. Thus, the SAXS

analysis of the heterocomplex was performed on the sample comprising two CXCL12 equiva-

lents. The overall increase of the derived SAXS parameters with respect to free HMGB1, were

compatible with complex formation (Rg of 3.0 nm and Dmax of 10.5 nm). The normalized Kratky

plot confirmed the dynamic and flexible nature of the complex, containing both folded domains

and unstructured segments (Figure 5.1 B, magenta curve).

Next, to model more quantitatively the fuzzy nature of HMGB1•CXCL12 heterocomplex, NMR-

guided rigid-body docking (SASREF (Petoukhov and Svergun, 2005) and FoXSdock (Schneidman-

Duhovny et al., 2016) was combined to EOM analysis (Bernadó et al., 2007) (details in mate-

rials and methods).

Figure 5.2: EOM models that describe the ensemble of CXCL12•frHMGB1 complexes. Analysis of

SAXS data by EOM on CXCL12•frHMGB1 models obtained using (A) SASREF and (B) 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

the most populated EOM ensembles are shown in cartoon, with BoxA, BoxB, 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.

The IDRs of HMGB1 in complex remain flexible generating thereby conformational ensembles

of bound HMGB1 that contribute to the overall scattering pattern. EOM derived conformational

ensembles of frHMGB1 that best fit the experimental SAXS curve of the CXCL12•frHMGB1

were utilized as starting structure for rigid docking on CXCL12. Since our NMR data indi-

cated that CXCL12 can bind both BoxA and the acidic IDR, two initial docking models were
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generated. One was obtained by guiding the interaction between CXCL12 on BoxA with pro-

gram SASREF (Petoukhov and Svergun, 2005) taking advantage of the experimental CSPs,

while for the other binding between CXCL12 and the acidic IDR was modelled with FoXSDock

(Schneidman-Duhovny et al., 2016), which is more suitable when no prior information is avail-

able about the specific interacting regions within a disordered segment. As a result, two EOM

conformational ensembles were obtained reflecting well the experimental SAXS curve (with

χ2 < 1, Figure 5.2 A and B denoted with a star in bar graphs, Table 5.2). In the first ensemble,

CXCL12 binds to BoxA of HMGB1, adopting alternatively open or more collapsed conforma-

tions (Figure 5.2 A). In the second one, the acidic IDR of frHMGB1 interacts with CXCL12,

while the two HMG boxes adopt different reciprocal orientations (Figure 5.2 B). To quantify the

flexibility of the CXCL12•frHMGB1 heterocomplex, the size of the ensemble distribution and

of the generated pool were determined by the Rflex metric. For highly flexible proteins, the Rflex

is close to 1 or 100% or in case of complete rigidity it assumes a value close to 0. Indeed,

the CXCL12•frHMGB1 retains the structural flexibilty of frHMGB1, as the Rflex value of the

heterocomplex (69.2%) is similar, if not almost identical, to the one of frHMGB1 free 69.4%

(Table 5.2). Compared to the original pool containing highly flexible HMGB1 conformers, the

conformational space of HMGB1 in complex with CXCL12 appears to be smaller, as indicated

by the Rσ value smaller than 1 of complexes with CXCL12 bound to frBoxA of 0.6 and bound

to acidic IDR of 0.7.

Table 5.2: EOM parameters of frHMGB1 and CXCL12•frHMGB1 models.

Parameters frHMGB1 CXCL12•frHMGB1

Input Struct. AFmodel P63159 SASREF:

CXCL12-frBoxA

FOXSDOCK:

CXCL12-acidic IDR

5 4

Structures1 6 5 4

Rflex ensemble
2 (%) 73.1 69.4 69.2

Rσ ensemble3 1.2 0.6 0.7

Avg. Rg (nm)
4 2.81 2.99 2.95

Avg. Dmax (nm)
5 9.07 9.19 9.88

1 Selected structures from ensemble that best fit the experimental SAXS curve
2 EOM flexibility parameter derived from the Shannon Theory of entropy as a measure of conforma-

tional space
3 EOM flexibility parameter using the randomized pool as reference
4 estimated radius of gyration (Rg) of ensemble
5 estimated maximal particle distance (Dmax) of ensemble

Overall, SAXS analysis of Rg, Dmax and Kratky profile as well as EOM metrics support the

notion that frHMGB1 and CXCL12 form an equimolar and fuzzy complex.
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5.3 Summary

We utilized small angle X-ray scattering (SAXS) in combination with NMR-guided rigid body

docking to obtain low-resolution models of the CXCL12•frHMGB1 heterocomplex. In accor-

dance with analytical ultracentrifugation data, the derived structural parameters from SAXS

indicate the formation of an 1:1 heterocomplex between CXCL12 and frHMGB1 (Rg = 2.9 nm,

MW = 35 kDa). Since HMGB1 does not have a unique structure but assumes multiple, in-

terconvertible conformational states, the ensemble optimization method (EOM), developed for

SAXS analysis of IDPs and proteins with IDRS, was used to model frHMGB1 in complex with

CXCL12. Exploiting the structural information about the binding interface and stoichiometry

from NMR and AUC studies, NMR-driven rigid body docking in EOM analysis delivered to ma-

jor ensembles of the CXCL12•frHMGB1 heterocomplex. In the first CXCL12 molecule binds

to frBoxA and in the second CXCL12 interacts with the acidic IDR of HMGB1. Overall, these

findings reflect very well the dynamic nature of the CXCL12•frHMGB1 heterocomplex, as they

show the heterocomplex as an ensembles of multiple conformational bound states of CXCL12

and frHMGB1.
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Chapter 6

Discussion

6.1 Chemokine•alarmin heterocomplexes in the chemokine

interaction landscape

The intricacy of the chemokine interactome has complicated our biological understanding of

the chemokine interaction landscape but also opened many opportunities to study a wide

range of modulators of the chemokine interaction network. The mechanism underlying the

chemokine biology are multifaceted and governed by a multitude of protein-protein interac-

tions ranging from oligomerization including homo- and hetero-associations of chemokines

(Miller and Mayo, 2017, Weber and Koenen, 2006) and their receptors (Allen, Crown, and

Handel, 2007), GAG-binding (Proudfoot et al., 2003, Yang et al., 1994, Veldkamp, 2005) as

well as interactions with atypical chemokines (Brandhofer et al., 2022). Chemokine-chemokine

interactions represent therefore a pharmacological opportunity to manipulate the chemokine

interactome to gain therapeutic benefits from potentiating or dampening certain chemokine

activities. The advantage of targeting chemokine complexes, rather than chemokine recep-

tors, is that a complete blockade or abrogation of the chemokine receptor activity is likely

to be accompanied by side effects. As the chemokine system represents an integral part

of the immune system, the consequences of complete receptor inhibition are undesired im-

munological side effects. The administration of for instance Met-CCL5, a CCL5 variant, blocks

the receptors CCR1, CCR3 and CCR5. Despite its beneficial effect in reducing plaque for-

mation and leukocyte infiltration in diet-induced atherosclerosis (Combadière et al., 2008), it

compromised immune responses against herpes simplex virus type 2 (HSV2) (Sørensen and

Paludan, 2004). The emergence of chemokine heterocomplexes as functional fine-tuners of

the chemokine system represents a convenient approach to reduce the risk of immunological

side effects by attenuating a particular chemokine–receptor axis during disease with the idea

to shift favourably the immune balance, meanwhile leaving physiological functions intact (We-

ber and Koenen, 2006).

Although structural investigations of heterophilic binding interfaces of chemokine•chemokine

and chemokine•receptor complexes provided a better understanding of the molecular basis of
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the chemokine interaction landscape, they also raised new questions about chemokine inter-

actions with other ligand classes, such as DAMPs (or alarmins) (Kapurniotu, Gokce, and Bern-

hagen, 2019). While CC and CXC chemokines are able to form heterocomplexes with binding

interfaces similar to those of their homo-dimers and -oligomers, chemokine associations with

inflammatory mediators, such as CCL5•HNP1 (Alard et al., 2015) and CXCL12•HMGB1 (Schi-

raldi et al., 2012) are less studied and therefore quite exotic. Since experimental structures of

chemokine•alarmin heteromers are currently unavailable, in-silico derived models were gen-

erated to complement experimental findings of their functional activity (Fassi et al., 2019) or to

design molecular inhibitors or stabilizers (Wichapong et al., 2016).

In this thesis, we focused on the CXCL12•frHMGB1 heterocomplex, whose functional syner-

gism on the CXCR4 downstream axis has pathological as well as physiological consequences.

It promotes tissue regeneration and repair (Bianchi et al., 2017, Tirone et al., 2018), but at the

same time favours the inflammatory state of rheumatoid arthritis (Cecchinato et al., 2018). In

addition, HMGB1, CXCL12 and CXCR4 assume a protagonistic role in promoting malignant

mesothelioma (Mezzapelle et al., 2021). However, our understanding of the molecular inter-

actions underlying the synergistic actions of this chemokine•alarmin complex is limited, as

HMGB1 is structurally very different from the chemokine scaffold, with only two structured do-

mains, each formed by three helices, and extensive unstructured segments. So, can HMGB1

be considered as a normal chemokine for our interaction studies? Does it maintain the char-

acteristics of chemokine•chemokine complexes?

6.2 Previous structural model of the CXCL12•frHMGB1 het-

erocomplex

Previous structural studies aimed at getting mechanistic insights into frHMGB1•CXCL12 have

focused on the interaction of CXCL12 with the single isolated HMG boxes (Schiraldi et al.,

2012, Fassi et al., 2019). In these studies the authors took advantage of NMR CSPs obtained

from titrations of CXCL12 with the isolated HMG boxes to produce a 3D model in which each

single HMG box bound one CXCL12 molecule (Schiraldi et al., 2012, Fassi et al., 2019). The

question arose whether 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 CXCL12 with the full-length protein.

The aim of this work was thus to characterize the entire CXCL12•frHMGB1 heterocomplex

through integrative structural biology techniques to provide an experimentally validated 3D

structural model. The prospect of our findings was to elucidate interaction sites between

CXCL12 and frHMGB1 that could be exploited for drug design through pharmacological in-

hibition, since dampening CXCR4 hyperactivity by targeting the synergically acting hetero-

complex seemed to be a promising strategy for treating inflammatory disorder and possibly
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also for inflammation-related cancers.

By considering the dynamic features of HMGB1, namely its IDRs, that fulfil essential regulatory

activities in the cell nucleus as described below, we expected that they also play an important

role in the extracellular environment in binding to CXCL12.

6.3 The involvement of HMGB1’s acidic IDR in complex for-

mation with CXCL12

The IDRs of HMGB1 include its interdomain linker and acidic C-terminal tail. The acidic C-

terminal IDR of HMGB1 modulates interactions with nucleic acids (Wang et al., 2007) and

different proteins, such as histones (Cato et al., 2008, Watson, Stott, and Thomas, 2007)

and p53 (Rowell et al., 2012). From a structural perspective, the mechanism underlying the

nuclear function of HMGB1 is linked to the acidic IDR regulating DNA-binding to the basic

charged HMG boxes (Stott et al., 2010). The binding affinity of DNA to HMG boxes is de-

creased, when the acidic IDR is bound to the tandem domains. This conformational state

inhibits the chromatin-protein domain interaction, which is referred to the auto-inhibitory state

of HMGB1 (Wang et al., 2021). Conversely in the extracellular milieu, the acidic IDR attracts

both positively charged HMG boxes and CXCL12 increasing thereby the binding affinity for het-

erocomplexation. The acidic IDR is strongly negatively charged composed of only aspartate

(D) or glutamate (E) residues. Its polyelectrolyte characteristics are fundamental for HMGB1’s

nuclear function through the formation of biomolecular condensates via liquid-liquid phase

separation (LLPS) (Mensah et al., 2023). Biomolecular condensates are membrane-less or-

ganelles composed of higher-order, non-stoichiometric molecular assemblies containing pro-

teins, RNA/DNA and/or small molecules ( Capasso Palmiero et al., 2022, Wan et al., 2018,

Li et al., 2012). Biomolecular condensates emerged as important regulators of cellular re-

sponses via controlled LLPS behaviour (Banani et al., 2017). LLPS is driven by multivalency

or by multiple weak interactions that rapidly form, break and reform (Banani et al., 2017).

HMGB1 achieves multivalency through the dynamic exchange between the structured tan-

dem domains and the acidic IDR. Indeed, replacement of the acidic IDR with an arginine-rich

basic tail has been recently shown to cause a rare human malformation syndrome, which re-

sults from HMGB1 aberrant phase separation behaviour in the nucleolus leading to nucleolar

dysfunction (Mensah et al., 2023). In accordance with the functional relevance of HMGB1’s

acidic IDR, in this work we show that the acidic IDR, whether isolated or in the context of

the full-length protein, binds to the CXCL12 homo- and hetero-dimerization surface. Interest-

ingly, the CXCL12 residues involved in the interaction with both Ac-pep and frHMGB1 in part

coincide with the ones involved in the interaction with negatively charged heparin oligosac-

charides (Veldkamp, 2005, Ziarek et al., 2013b). 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
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this multivalency, NMR relaxation experiments performed on the 15N Ac-peprec show that the

acidic IDR maintains 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 with CXCL12 for the acidic

IDR. Both ITC and MST experiments suggest long range electrostatic interactions between the

acidic IDR and the basic surface of CXCL12 as major 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 affin-

ity 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. Notably, while previous

NMR titrations suggested that the isolated HMG-boxes interact similarly with the dimerization

surface of CXCL12 (Schiraldi et al., 2012), a preference for BoxA is apparent in the context of

the tandem HMG-boxes, with the interaction surface mainly involving the two short helices of

the HMG domain. Of note, the targeting of BoxA is in line with the ability of CXCL12 to prefer-

entially recognize the reduced forms of Cys-22 and Cys-44 (Venereau et al., 2012). Moreover,

our MST and NMR experiments 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 con-

tribution 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.

6.4 Intrinsically disordered protein regions (IDRs) – the ne-

glected modulators of cellular function and their contri-

bution to fuzzy interactions

IDRs within their host proteins are often the major players in the recognition of their partners

(Bugge et al., 2020, Uversky, 2019, Arbesú et al., 2018) and they are generally character-

ized by low complexity sequences, often containing charged residues (Arbesú et al., 2018).

In several cases IDRs maintain a significant level of disorder in their bound states, exchang-

ing between multiple conformations and giving rise to so-called fuzzy complexes (Tompa and

Fuxreiter, 2008, Ahmed and Forman-Kay, 2022, Waudby et al., 2016). To be specific, each

bound-state configuration of a fuzzy protein complex is structurally and functionally relevant

and necessary to describe the biological activity of the entire complex (Tompa and Fuxreiter,

2008). While protein-protein interactions were categorized and defined as distinct structural

phenomena, being either static or dynamic disordered, nowadays a paradigm-shift towards

a continuous spectrum of binding modes involving structural disorder is observed and cov-

ered by the umbrella term of fuzziness. In static disorder, a region of a protein might adopt
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multiple stable conformations, whereas a protein, or a region of a protein, that constantly fluc-

tuates between a large number of states, can be best described as a conformational ensemble

(Tompa and Fuxreiter, 2008). The disorder in that case is dynamic. In fuzzy interactions, the

dynamic rearrangement of bound complex states occur in time scales that are faster than the

time scales of complex dissociation. Examples of static and dynamic fuzzy complexes are

the MEEVD peptide of molecular chaperone Hsp90 in binding to the Tetra-trico-peptide re-

peat (TPR) domain found in numerous proteins (Cliff et al., 2006) and the SP1 transcription

factor in complex with TATA-box-binding protein (TBP) in the TFIID complex (Gill et al., 1994),

respectively. The structural plasticity and ability of IDRs allows them to engage in fuzzy interac-

tions rendering them well-suited to favour the formation of biomolecular condensates through

LLPS (Fuxreiter, 2020), where specific interactions can be established without a clearly defined

bound-state conformation (Ahmed and Forman-Kay, 2022). Moreover, their conformational

malleability allows IDRs to engage with various partners and in different cellular conditions,

thus broadening the interaction scopes of their host protein (Miskei et al., 2017). Collectively,

our data reveal that the frHMGB1•CXCL12 heterocomplex behaves as a typical fuzzy complex

(Tompa and Fuxreiter, 2008), 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 fundamental for the interaction (Mittag et al., 2008, Sharma

et al., 2015). 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 ensemble of structures reflecting

the different ongoing equilibria. Accordingly, 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.

6.5 A new proposed structural model for the fuzzy

CXCL12•frHMGB1 heterocomplex

Based on our data, we propose a model (Figure 6.1, top) in which the acidic IDR works as

an antenna that recruits CXCL12 through long-range electrostatic interactions. Being intrinsi-

cally 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 dynam-

ically distributed (Uversky, 2013, Borg et al., 2007), preserving a significant flexibility even in

bound states. This behaviour 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 Cdc4 (Mittag et al., 2008). The rapid on-off rate

usually associated to long-range electrostatic interactions allows then CXCL12 to interact with
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HMG-boxes, in particular with BoxA in its reduced form, partially outcompeting HMGB1’s in-

tramolecular contacts. Remarkably, the binding mode of frHMGB1 to CXCL12 radically differs

from the usual beta-beta or alpha-beta interactions observed in chemokine heterocomplexes

(Miller and Mayo, 2017).

Figure 6.1: New proposed structural model of the CXCL12•frHMGB1 heterocomplex. Combining

our integrative structural approach with cell-based interaction studies, we propose a model of a hetero-

geneous ensemble CXCL12•frHMGB1 complexes.

6.6 Role of the acidic IDR in the ternary complex in the cel-

lular context

The CXCL12•frHMGB1 heterocomplex elicits an amplifying effect on the CXCL12/CXCR4

axis by binding exclusively to CXCR4. The question on how HMGB1 increases the effi-

ciency of CXCL12 in the activation of CXCR4 for enabling enhanced signalling and surface

retention requires an atomistic description of the heterocomplex involving the receptor. Our

data already indicate that the acidic IDR may not only recruit CXCL12 for complex forma-

tion with HMGB1, but also promote the recognition process between CXCL12 and CXCR4

through a ternary complex. Indeed, proximity ligation assays (PLA), used to localize pro-

tein complexes in cells, proved the existence of the CXCL12•frHMGB1 complex on CXCR4-

overexpressed cells and demonstrated higher CXCL12•frHMGB1 content on CXCR4 upon

addition of CXCL12•frHMGB1 compared to the content of heterocomplex detected in titra-

tions with CXCL12•frHMGB1-TL (Mantonico et al., 2024). This implies that CXCL12 bound
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to frHMGB1 can accommodate inside the cradle formed by the transmembrane helices of

CXCR4, yielding a three-component complex (Figure 6.1), whose existence on the cell sur-

face is supported by PLA experiments. These results are in line with the observation that

the HMGB1•CXCL12 heterocomplex acts differentially from CXCL12 alone on the reorgani-

zation of the actin cytoskeleton and on β-arrestin recruitment (D’Agostino, Cecchinato, and

Uguccioni, 2018). 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 pref-

erentially binds to CXCR4. In our cellular context, the acidic IDR facilitates the binding of

the frHMGB1•CXCL12 heterocomplex to CXCR4, and Ac-Pep does compete with it, confirm-

ing 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 as well. 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 interactors (Wang et al., 2021). Plausibly, the fuzzy conforma-

tion of HMGB1 allows interactions with multiple partners (Bianchi, 2009), 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 another molecule (Agresti et al., 2005,

Celona et al., 2011, Agresti and Bianchi, 2003). As such, the mechanism and the conforma-

tional 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 clients (Clouser et al., 2019).

6.7 Conclusion and future perspective for therapeutic tar-

geting of the CXCL12•frHMGB1 complex

In brief, we show here that frHMGB1 and CXCL12 form a bimolecular heterocomplex, which

is fuzzy and highly dynamic, and can go on to form a ternary complex with the CXCR4 re-

ceptor. These conclusions 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 pathways (Wright and Dyson, 2015). Finally, recent studies have

revealed that inhibiting heterophilic interactions among chemokines interactions can reduce

inflammation (Von Hundelshausen et al., 2017). Consequently, targeting these protein-protein

interactions 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 regulator 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 CXCL12 (De Leo et al., 2019). As the targeting of IDR and IDPs is starting to emerge as
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a pharmacological strategy (Tsafou et al., 2018), we anticipate that interfering with the fuzzy

interactions within the HMGB1•CXCL12 heterocomplex could represent an additional oppor-

tunity to inhibit its detrimental activity in inflammatory conditions.

Our structural studies of the complex CXCL12•frHMGB1 led to the discovery of the first fuzzy

chemokine heterocomplex. Besides providing a new interaction mode of chemokine het-

eromers, our work highlights the importance of IDRs of proteins and IDPs in complex with

chemokines. Our findings exemplifies a fuzzy chemokine heteromer leading to reconsidera-

tions of other CXCL12 as well as other chemokine heterocomplexes in general. One exam-

ple is the heterodimer of CXCL12 with Galectin-3 (Gal-3), a member of carbohydrate-binding

proteins, known as galectins (Eckardt et al., 2020a). Interestingly, Gal-3 is unique among

galectins, as it has a relatively long N-terminal tail (NT) attached to the carbohydrate recog-

nition domain (CRD). So far, only the CRD of Gal-3 has been considered in the binding to

CXCL12. Given the evidence that the N-terminal domain of Gal-3 is structurally disordered

and involved in the biological function of Gal-3 including in the formation of functionally rel-

evant biomolecular condensates (Voss and Wang, 2023), Gal-3 may undergo as well fuzzy

interactions with CXCL12.

Thus, the chapter of fuzzy chemokine heteromers is just the beginning of embracing struc-

turally diverse and dynamic binding partners of chemokines and their role in the chemokine

interactome.

70



Chapter 7

Materials and Methods

7.1 Protein Production and Peptide Synthesis

7.1.1 Expression and Purification of HMGB1 and HMGB1-TL

Recombinant labelled and unlabelled (15N/13C) HMGB1 (uniprot code P63159, residues 2–215)

and HMGB1-TL (uniprot code P63159, residues 2–188) were transformed in pLysS BL21

(DE3) and BL21 (DE3) strains of Escherichia coli, respectively, using the pETM-11 expres-

sion vector (EMBL, Heidelberg, DE). Cells were grown at 37◦C until the optical density at

600 nm reached 0.8 absorbance units. Gene expression was induced by the addition of iso-

propyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM. After 18 h of

incubation at 25◦C with shaking, cells were harvested by centrifugation. The cells were re-

suspended in lysis buffer (20 mM Tris–HCl pH 8.0, 150 mM NaCl, 10 mM imidazole, 2 mM

β-mercaptoethanol, 0.2% NP-40, Complete EDTA-free protease inhibitor (Roche), 2 µg/ml

DNase, 20 µg/ml RNase, 1mg/ml lysozyme) and lysed by sonication. Cell debris was removed

by centrifugation at 11,000 g for 45 min at 4◦C. The soluble 6His-tagged proteins were puri-

fied from the supernatant by affinity chromatography using Ni2+-NTA agarose resin (Qiagen,

Hilden, Germany). After several washing steps, proteins were eluted in 20 mM Tris pH 8.0,

150 mM NaCl, 300 mM imidazole pH 8.0, and 2 mM β-mercaptoethanol. The 6His-tag was

removed by overnight incubation at 4◦C with TEV protease. During incubation, the sample

was dialyzed against 20 mM Tris pH 8.0, 150 mM NaCl, 2 mM β-mercaptoethanol. Uncleaved

6His-tagged protein and TEV protease were then removed by repassing the sample over Ni2+-

NTA resin. frHMGB1 was further purified on a HitrapQ ion-exchange column using buffer A (20

mM Tris pH 8, 25-50 mM NaCl, 2 mM β-mercaptoethanol) and buffer B (20 mM Tris pH 8, 1

M NaCl, 2 mM β-mercaptoethanol) to create a linear gradient of NaCl. frHMGB1 elutes at 500

mM NaCl. frHMGB1-TL was purified by gel filtration on a Superdex-75 column (Amersham

Biosciences, Milan, Italy) equilibrated in 20 mM phosphate buffer (pH 7.3), 150 mM NaCl, and

1 mM dithiothreitol (DTT). For MST experiments, the 6His-tag was not removed. Uniformly 15N

labelled samples were prepared using M9 minimal bacterial growth media appropriately sup-

plemented with 15NH4Cl. dsHMGB1 and dsHMGB1-TL were obtained by extensively dialyzing

their fully reduced forms against a buffer devoid of DTT (volume ratio sample:buffer 1:2000),

changing the buffer every 2 hours overday, followed by an overnight dialysis. To reach the fully
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oxidized state, the samples were incubated at 4◦C for 72 hours, before NMR and MST anal-

ysis. 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.

Protein concentrations were determined considering molar extinction coefficients at 280 nm of

21,430 M−1 cm−1 for HMGB1 (and HMGB1-TL).

7.1.2 Expression and Purification of Ac-peprec

Recombinant Ac-pep (Ac-peprec) (corresponding to the HMGB1 acidic IDR, 30 aa, uniprot

code P63159, residues 186-215) 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 hours with 0.5 mM Isopropyl-β-D-1-thiogalattopiranoside (IPTG).

Cells were harvested by centrifugation (8,000 rpm, 4◦C) and lysed by sonication in Lysis Buffer

(150 mM NaCl, 20 mM Tris-HCl pH 8.0, 0.2% NP-40, 2 mM β-mercaptoethanol (BME), Com-

plete EDTA-free 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 (150 mM NaCl, 20 mM Tris-HCl pH 8, 2 mM BME, 300 mM

imidazole). The 6His-SUMO3 tag was cleaved during overnight dialysis at 4 ◦C against Dial-

ysis Buffer (20 mM Tris-HCl pH 8, 150 mM NaCl, 2 mM BME, 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

chromatography column (Cytiva) using buffer A (20 mM Tris-HCl pH 8.0, 50 mM NaCl) and

a slow linear gradient (3 ml/min flow, 15 column volumes) of buffer B (20 mM Tris-HCl pH 8,

1 M NaCl). The purified peptide was dialyzed against Milli-Q, lyophilyzed and resuspended

into NMR buffer (20 mM NaH2PO4/Na2HPO4 pH 6.3, 20 or 150 mM NaCl). The peptide iden-

tity was confirmed by mass spectroscopy. Peptide concentration was determined using the

absorbance at 205 nm and the molar extinction coefficient at 205 nm (83,400 M−1 cm−1). Uni-

formly labelled 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. Syn-

thetic Ac-pep fragments 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 form (Mensah et al., 2023) (R185RKMRKMKRMRRRRKMKKMK-

MKKKMKKMNK214, whereby M210-M211 where mutated into lysines to avoid possible aggre-

gation problems deriving from four consecutive methionines) were purchased from Davids

Biotechnologie GmbH (Germany). Peptide purity (>95%) was confirmed by HPLC and mass
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spectrometry. Peptide concentration was estimated from its dry weight. For ITCmeasurements

with Ac-pep, to obtain a more accurate estimation of the concentration by UV a tyrosine ǫ274nm

= 1,405 M−1 cm−1. For MST experiments 5,6 FAM was added at the peptide N-terminus.

7.1.3 Expression and Purification of CXCL12 and CXCL12-LM

Recombinant labelled 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 plasmid of CXCL12 was transformed into E.coli BL21(DE3)

and cells were grown at 37◦C in Luria-Bertani medium. CXCL12 expression was induced by

the addition of isopropyl-β-D-thiolgalactopyranoside (IPTG) at a final concentration of 1 mM

when cultures reached an optical density of 2.2 at 600 nm. Induced cultures were grown for

an additional 4.5 h at 37◦C, harvested by centrifugation at 6,000 g, and stored at -80◦C until

further processing. The cell pellets were resuspended in 20 ml buffer containing 50 mM Tr-

isHCl (pH 8), 100 mM NaCl, 1 mM EDTA, 5 mM DTT, 0.1 mg DNAse, 0.1 mg RNAse, and 5

mg lysozyme. The resuspended cells were lysed by sonication pulsed 1 s on and 1 s off for

2 min at 60% power. The inclusion bodies were washed twice with buffer containing 50 mM

TrisHCl (pH 8), 100 mM NaCl, 1 mM EDTA, and 5 mM DTT, and finally with 50 mM TrisHCl (pH

8), 100 mM NaCl, 1 mM EDTA, 5 mM DTT, and 0.1% Triton X100, followed by solubilization in

buffer supplemented with 6 M Guanidinium HCl and 50 mM HEPES pH 6.5 overnight at room

temperature. The solubilized fraction was cleared by centrifugation at 17,000 g at 4◦C for 30

min and diluted dropwise into refolding buffer containing 50 mM TrisHCl pH 8, 50 mM NaCl, 0.1

mM reduced glutathione, and 0.1 mM oxidized glutathione in a sample:buffer volume ratio of

1:12 and kept overnight at 4◦C with stirring. Prior to chromatography, the protein solution was

centrifuged at 17,000 g for 30 min. CXCL12 was purified by cation-exchange chromatogra-

phy using a SP Sepharose resin (SP Sepharose HP, GE Healthcare Bioscience AB, Uppsala,

Sweden). The protein was washed with buffer A, supplemented with 50 mM TrisHCl pH 8 and

50 mM NaCl, and eluted with buffer B, containing 50 mM TrisHCl pH 8 and 2 M NaCl. CXCL12

was finally dialysed against the desired experimental buffer.

For the production of CXCL12-LM, site-directed mutagenesis was performed to introduce mu-

tations L55C and I58C in CXCL12 pET30a expression vector by using standard overlap exten-

sion methods. The following oligo primers were used:

L55C forward (5’→3’): GGTGTGTATTGATCCGAAATGTAAATGGATTCAGGAATACC

L55C reverse (3’→5’): GGTATTCCTGAATCCATTTACATTTCGGATCAATACACACC

I58C forward (5’→3’): GATCCGAAACTGAAATGGTGTCAGGAATACCTGGAAAAAGC

I58C reverse (3’→5’): GCTTTTTCCAGGTATTCCTGACACCATTTCAGTTTCGGATC

CXCL12-LM was then expressed and purified as described for CXCL12. Uniformly 15N- and
13C-15N-labelled CXCL12 and CXCL12-LM were expressed by growing E. coli BL21 (DE3)
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cells in minimal bacterial medium containing 15NH4Cl, with or without 13C-D-glucose as sole

nitrogen and carbon sources. Unlabelled N-terminal-6His-tagged CXCL12 for MST measure-

ments was provided by HMGBiotech (Milan, Italy). Protein concentrations were determined by

UV absorbance at 280 nm with molar extinction coefficients of 8,730 and 8,855 M−1 cm−1 for

CXCL12 and CXCL12-LM, respectively.

7.2 Nuclear Magnetic Resonance Spectroscopy

NMR experiments were performed at 298 K on a Bruker Avance 600 MHz equipped with

inverse triple-resonance cryoprobe and pulsed field gradients (Bruker, Karlsruhe, Germany).

Typical sample concentration was 0.1–0.4 mM. Data were processed using Topspin 3.6 (Bruker)

and analyzed with CCPNmr Analysis 2.4 (Vranken et al., 2005). 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.

7.2.1 Titrations

Before NMR titrations the samples were typically dyalized against the same buffer 20 mM

NaH2PO4/Na2HPO4 pH 6.3, 20 mM NaCl (or 150 mM when explicitly stated), supplied with

0.15 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) and D2O (10% v/v). Of note, HMGB1

upon removal of DTT maintained its thiol form for at least 12 hours. 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 0.1 M NaOH. Titrations were carried out by adding

to 15N labelled protein samples (typically 0.1 mM) small aliquots of concentrated (15 mM) pep-

tide stock solutions or unlabelled protein (0.6-1 mM). For each titration point (typically 0.5, 1,

1.5, 2 equivalents of ligand) a 2D water-flip-back 15N-edited HSQC spectrum was acquired

with 2048 (160) complex points, apodized by 90◦ shifted squared (sine) window functions and

zero filled to 2048 (512) points for 1H (15N). The Spectra were assigned by following individual

cross-peaks throughout the titration series. For each residue the weighted average of the 1H

and 15N chemical shift perturbation (CSP) was calculated as:

CSP =

√

(δδH)2 + (δδN)2 /25

2
(7.1)

, where δδ1H and δδ15N are, respectively, the differences of 1H and 15N chemical shifts

between free and bound protein. The corrected standard deviation (σ0) was calculated as de-

scribed(ref). Because of extensive line broadening due to ligand binding in the intermediate

exchange regime on the NMR time scale, we also monitored 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. The errors in peak intensities were calculated by error propagation, ex-

pressed as:
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∆Eprop =

√

√

√

√

(

SDN
I0

I0

)2

+

(

SDN
I

I

)2

(7.2)

, where SDN is the standard deviation of mean of the noise intensity values of the corre-

sponding HSQC spectra.

7.2.2 Lineshape analysis

2D NMR lineshape analysis was performed using the software TITAN 1.6 (Waudby et al.,

2016). Spectra were processed with NMRpipe 10.9 (Delaglio et al., 1995) with a script pro-

vided by TITAN 1.6. A series of regions of interest (ROI) containing isolated peaks with

CSPs > AVG + SD were selected (V18, V23, K24, H17, A40, H25 and R12 for 15N CXCL12

and V23, K24, H25 for 15N CXCL12-LM) (Figure x) and fitted by optimizing the chemical shifts

and line widths for the free and the bound state. The program estimates KD, koff (set at 1:1

stoichiometry). Error estimates for the fit parameters were obtained using the bootstrap re-

sampling of residuals procedure implemented in TITAN 1.6.

7.2.3 Heteronuclear NOE

The
{

1H
}

-15N NOEs were measured recording HSQC spectra with and without proton satura-

tion in an interleaved fashion using a 6 seconds recycle delay/saturation. Values of
{

1H
}

-15N

NOE were obtained by means of the CcpNmr2.4 fitting routine (Vranken et al., 2005) and

scripts. The standard deviation of the noise (SDN) of both saturated and unsaturated spectra

were used to estimate the uncertainty of Isat/Iunsat via error propagation:

∆Errprop =

√

(

SDN
unsat

Iunsat

)2

+

(

SDN
sat

Isat

)2

(7.3)

7.2.4 Relaxation

Measurements of heteronuclear
{

1H
}

-15N Nuclear Overhauser (NOE) enhancement, longitu-

dinal and transversal 15N relaxation rates (R1, R2) on free 15N Ac-pep (0.15 mM) and in the

presence of CXCL12 (1:1) were performed using standard 1H–15N HSQC spectra with varying

relaxation delays. Duty-cycle heating compensation were used for both T1 and T2 relaxation

experiments (Farrow et al., 1994). T1 and T2 decay curves were sampled at 10 and 9 different

time points respectively (T1 in ms: 50
⋆, 150, 250⋆, 450, 650, 900, 1100, 1400, 2000, 3000 and

T2 in ms: 12
⋆, 28, 44, 56, 72, 112⋆, 144, 200, 244; with the stars denoting duplicate delay mea-

surements) collected in random order, with 4 seconds recovery delay. T1 and T2 values were

obtained from CcpNmr2.4 fitting routine (Vranken et al., 2005) and internal scripts. Values of

R1 and R2 were calculated from T1 and T2 values using the following equation:
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R2

R1
=
〈T1〉

〈T2〉
(7.4)

Error bars were calculated by error propagation of the standard deviation of the means 〈T1〉

and 〈T2〉 derived from relaxation data with duplicate delays.

∆Errprop =

√

√

√

√

(

−
SDT1

〈T1〉
2

)2

+

(

−
SDT2

〈T2〉
2

)2

(7.5)

7.3 Isothermal Titration Calorimetry

Proteins and peptides were dialyzed in a Slide-A-lyser mini-dialysis unit with a 2,000 MWCO

and Biodialyzer with 500 Da MWCO (Harvard Apparatus, US) against 20 mM TrisHCl at pH

7.5, 50 mM NaCl (or 150 mM NaCl when explicitly stated). ITC data were collected on a Mi-

croCal PEAQ-ITC instrument (Malvern). The cell temperature was set to 37◦C, the syringe

stirring speed to 750 rpm, reference power 10 µcal/sec. FrHMGB1 (frHMGB1-TL, Ac-pep) and

CXCL12 were loaded into the cell and syringe at concentrations of ca. 10 and ca. 600 µM,

respectively. The MicroCal PeakITC software (Malvern) was applied for initial data analysis.

For global fitting, thermograms were integrated using NITPIC (Keller et al., 2012) and SED-

PHAT (Houtman et al., 2007). Data were fitted with the two non-symmetric sites microscopic

K model (Brautigam, 2015b) applying Simplex and Marquardt-Levenberg optimization algo-

rithms, as implemented in SEDPHAT. Error estimates were based on the covariance matrix

generated by the Marquardt-Levenberg algorithm.

7.4 Microscale Thermophoresis

MST experiments were performed at 24◦C on a NanoTemper(R) Monolith NT.115 instrument.

Binding between Ac-pep and CXCL12 was monitored 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 50 nM 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 and medium MST power. Before MST

titrations the proteins (the ligand and the fluorescently labelled target) were dialyzed against

the same buffer, 20 mM NaH2PO4/Na2HPO4 pH 7.3, 0.05% TWEEN and 20 mM or 150 mM

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 (50

nM). Before mixing, both the ligand and the fluorescently labelled target were centrifuged at
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15,000 g, 4◦C, for 10 minutes. 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, re-

spectively. Complex samples were incubated for 30 minutes before loading into NanoTemper

premium capillaries. Each experiment was repeated three times, 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, ther-

mophoresis traces could not be used to measure binding affinity, we therefore used the quench-

ing of the 5,6-FAM-Ac-Pep fluorescence upon binding to estimate the KD. Data analyses were

carried out using NanoTemper Analysis software and the KD model fitting (one binding site).

7.5 Analytical Ultracentrifugation

7.5.1 Sedimentation Velocity (SV)

Sedimentation velocity experiments were performed on an Optima XLI (Beckman Coulter) us-

ing an A50 Ti eight-hole rotor and with seven 400 µl samples in standard dual-sector Epon cen-

terpieces 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 centrifugation cells containing, respectively, free CXCL12 (38.2

µM), frHMGB1 (15.6 µM), frHMGB1-TL (15.6 µM) and the frHMGB1:CXCL12 mixture at the

loading ratios of 1:2.5, 1:5, 1:7.5 (with frHMGB1 or frHMGB1-TL at 7.8 µM concentration), pH

7.5, 20 mM TrisHCl, 50 mM NaCl (or 150 mM NaCl when explicitly stated), were equilibrated

at 20◦C under vacuum for approximately 1.5 hr prior starting the experiment. Subsequently,

centrifugation was performed at 45,000 rpm with 90 scans. The highest protein concentration

was determined by the absorbance for which the linear relationship according to Lambert-Beer

Law was still guaranteed (O.D.max = 1.0). The buffer density and viscosity were estimated us-

ing SEDNTERP (Philo, 2023). c(s) Model: Sedimentation coefficient distributions at 280 nm

of the single proteins were obtained by applying the diffusion-deconvoluted c(s) model, im-

plemented in SEDFIT (Schuck, 2000b). 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)

(details in Appendix C).

7.5.2 Multi-signal Sedimentation Velocity (MS-SV)

Multisignal sedimentation velocity (MS-SV) analysis (Brautigam, Padrick, and Schuck, 2013)

was performed to determine the stoichiometry of the complex formed by frHMGB1 and CXCL12

(or CXCL12-LM). It is important to note that in MS-SV, 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 as-

sumption is made. The experimental sedimentation data, whose physical observable is ab-

sorbance, are fitted with mathematical equations (the Lamm equations) describing the sedi-

mentation process without assuming any binding stoichiometry. The sedimentation process
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is described as a superposition of normalized Lamm equation solutions of ideally sediment-

ing 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 hydrody-

namic scaling law to estimate the corresponding diffusion coefficients. The Lamm equation

solutions once superimposed give the number of species, molecular weight and weight av-

eraged shape. More in detail, in MS-SV the standard c(s) approach is modified to deconvo-

lute the contributions of individual species in a component distribution ck(s) based on equa-

tion. As the molar extinction coefficients of frHMGB1 (ǫ280=20872.8 M−1 cm−1, ǫ250=7987.7

M−1 cm−1) and CXCL12 (ǫ280=9907.2 M−1 cm−1, ǫ250=4704.2 M−1 cm−1) or CXCL12-LM

(ǫ280=8413.4 M−1 cm−1, ǫ250=4840.5 M−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 to perform global multi-signal analysis of the sedimentation bound-

ary associated to the co-sedimenting complex. MS-SV of the frHMGB1:CXCL12 (7.7 µM:43

µM) and frHMGB1:CXCL12-LM (6.9 µM:51 µM) heterocomplexes were collected at 250 nm

and 280 nm and globally fitted using the multi-wavelength discrete/continuous distribution anal-

ysis with mass constraints in SEDPHAT (Brautigam, Padrick, and Schuck, 2013). Integration

of the resulting ck(s) distributions revealed the content of each protein component under the

peak at a given sedimentation value. Plots of the signal profiles, fits, residuals and the MS-SV

results were generated using GUSSI (Brautigam, 2015a).

7.6 Small angle X-ray scattering

The experiments were performed at the ESRF bioSAXS beamline BM29, Grenoble, France at

a detector distance of 2.869 m. CXCL12 and frHMGB1 were measured in batch mode at 20◦C

using the sample changer immediately after protein thawing and centrifugation (30 minutes

at 16,000 g). 45 µL of sample solution at three different concentrations (1.95, 3.0 and 3.9

mg/mL per each protein, 20 mM Tris pH 7.5, 50 mM 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 1.95 mg/mL). After incubation and centrifuga-

tion, the supernatants were immediately measured in the SAXS beamline. Ten frames of 0.5 s

each were collected for each sample (frHMGB1•CXCL12, free components at different protein

concentration). Data from the frHMGB1 and CXCL12 dilutions were merged following stan-

dard procedures to create an idealized scattering curve, using PRIMUS within ATSAS 3.1.4

(Manalastas-Cantos et al., 2021)). The pair distribution function P(r) was calculated using

GNOM (Svergun, 1992). 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, Northampton, MA, USA).

To model the CXCL12•frHMGB1 heterocomplex, we employed a multistep approach rely-

ing on complementary experimental knowledge (NMR and AUC). The SAXS curce of frHMGB1
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in the presence of two equivalents of CXCL12 was used, as in this condition frHMGB1 is al-

most fully saturated and the contribution of free CXCL12 to the scattering signal is negligible

(Mantonico et al., 2024). This SAXS curve was used to generate EOM a representative bound

frHMGB1 starting structure for subsequent rigid docking on CXCL12 (PDB code: 2kee). In par-

ticular, two initial rigid docking models were generated. The first was obtained with SASREF

(Petoukhov and Svergun, 2005) combining the solution scattering data and guiding 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 (Schneidman-Duhovny

et al., 2016). Next, to describe the dynamic and fuzzy nature of the heterocomplex, we fixed

the protein-protein interaction surfaces obtained with SASREF47 and FoXSDock, and allowed

the rest of frHMGB1 to explore a wide range of conformations using the EOM algorithm within

ATSAS. Similarly, frHMGB1 alone was modelled using the EOM approach. The χ2 values of

EOM fits over the q range from 0.1 to 3 nm−1 of the experimental SAXS curves.

All SAXS data were deposited into SASBDB data bank (CXCL12, SASDB ID: SASDRG9);

frHMGB1, SASDB ID: SASDRH9; frHMGB1•CXCL12, SASDB ID: SASDRJ9.
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Appendix A

Appendix - Theoretical Background: NMR

A.1 Theoretical Background

A.1.1 Principle

Biomolecules are composed of atoms that primarily comprise the chemical elements carbon,

oxygen, hydrogen, nitrogen, phosphor and sulphur. Each element exist in the form of different

isotopes (nuclear species) with a non-zero nuclear spin (I > 0). Depending on the atom type,

they create a magnetic dipole moment µ, that is defined as:

µ = γ · I (A.1)

where γ is the gyromagnetic ratio and I the spin angular momentum.

Once a protein sample is placed into a magnetic field of strength B0, its nuclear spins align

with the direction of the static magnetic field. A nuclear spin in general rotates about its own

axis (spin property) in addition to its precession about the axis of the applied B0 field. The

frequency of this precession is referred to as the Lamor frequency, which is atom-specific and

proportional to the strength of the magnetic field. The Lamor frequency ν0 is defined by:

ν0 = γB0 (A.2)

The associated energy proportional to B0 and the magnetic dipole moment µ is expressed

as:

E = −µ · B0 (A.3)

For an angular momentum of l = 1
2
, the nuclear spin adopts two different orientations,

defined by the quantum mechanical definition of 2I + 1. As a result, two distinct energy levels,

known as α- and β-states are created and populated according to the Boltzmann distribu-

tion (Figure A.1). However, the small population difference in energy levels (N(α/β) ≈ 10−4),

makes NMR relatively insensitive compared to other methods, as the signal intensity is pro-

portional to this difference. NMR requires therefore optimization of the signal-to-noise ratio.

The NMR signal is only generated by transverse magnetization that is perpendicular to the
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Figure A.1: Principle of NMR - the nuclear spin. (A) Movement of a nuclear spin in applied magnetic

field. (B) Energy state splitting for 1/2 nuclear spin in a magnetic field. (C) Net magnetization of nuclear

spins at equilibrium state (Mz) and transverse magnetization (Mxy) generated after the 90◦ pulse.

B0 magnetic field with nuclear spins rotating with precession frequencies that have correlated

phases. Thus, to detect transverse magnetization in the x,y-plane, the equilibrium state of the

individual nuclear spins, whose precession frequencies are along B0 and have uncorrelated

phases, must be disturbed. This involves the application of a radiofrequency (RF) field called

B1 along the x- or y-axis perpendicular to the magnetic field B0 that brings the spin precession

in the transverse plane and correlates their phases. A typical 1D NMR consists of applying

a 90◦ RF pulse , followed by the detection of the so-called free induction decay (FID) signal

(pulse sequence scheme represented in Figure A.1 C). The final spectrum is generated by the

Fourier transformation of the FID NMR signal in the time domain to the frequency domain.

A.1.2 Two-dimensional Heteronuclear Single Quantum Coeherence (HSQC)

Two-dimensional (2D) spectra enable the observation of correlations between spins of the

same kind of atoms (homonuclear) or between different atom types (heteronuclear). They are

easier to interpret than 1D spectra due to the increased dispersion of NMR frequencies in

space. Figure A.2 summarizes the acquisition of a 2D correlation experiment: A 2D spectrum

is obtained by recording a set of 1D spectra, in which a delay time, known as evolution time (t1),

is systematically incremented (pulse sequence scheme in Figure A.2 A). The signal intensities

of the 1D spectra, repeated at different delays, form an amplitude, whose Fourier transforma-

tion yields the frequency in the so-called indirect dimension (F1). The final 2D spectrum shows

frequencies generated by the delay time in the indirect dimension (F1) against frequencies of

the measured 1D spectra in the direct dimension (F2).

The 1H-15N Heteronuclear Single Quantum Coherence (HSQC) experiment generates a spec-

trum that correlates the chemical shifts of the amide hydrogen and nitrogen in two dimensions,

as shown in the schematic view in Figure A.2 C. The observed NMR-signals correspond to the

different amino acids of the protein except for proline, which lacks a 1H-15N amide couple.
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Figure A.2: Schematic representation of the generation of a 2D NMR experiment. Figure reused

with permission from Elsevier (license no. 5740200034360) from Rinaldi and Monwar, 2017 (A) Pulsse-

quence to record a 2D spectrum. (B) Generation of a 2D spectrum. First, 1D spectra are acquired by

recording the FID (t2), then Fourier-transformed (FT(t2)) to obtain the spectrum in the frequency domain.

The 1D spectra acquired at different evolution times differ in the signal intensity maxima that form the

amplitude of the indirect dimension (t1). The Fourier transformation of the t1 (F(t1)) provides then the fre-

quency of the indirect dimension. (C) A simplified scheme of a 2D 1H-15N-HSQC spectrum. (D) Chemical

shift perturbations related to the exchange rate of protein-ligand binding.

The 1H-15N-HSQC spectra can be used as a protein’s fingerprint in providing information

about its degree of folding, purity and oligomerization. Dispersed signals in the spectrum are

indicative for folded proteins, while clustered NMR-peaks limited to the area between amide
1H chemical shifts of 8.0 and 8.5 ppm are diagnostic of random-coil like structures indicating

disorder. The 1H-15N-HSQC spectra are useful to monitor binding-induced changes of residue-

specific amide frequencies of a 15N labelled protein during the titration with an unlabelled

ligand. The resulting chemical shift perturbations (CSPs) in the form of peak displacement

or line-broadening induced signal intensity reduction (intensity ratio of protein bound (I) and

protein free (I0)) are manifestations of changes in the electron environment of the nuclear spins

due to direct binding or conformational rearrangements. CSPs and reduced I/I0 peaks in the
1H-15N HSQC spectrum indicate the backbone amide groups of the protein that are involved

in ligand-binding or allosteric events and can be thus mapped on the structure of the protein

to identify the perturbed regions. The free and bound state of a protein as well as different

conformers show distinct HSQC peaks. The exchange rate between these states or between

conformers determines the appearance of NMR signals, as shown in Figure A.3. Focusing on

ligand-binding effects, the conversion of the protein free to bound upon ligand addition is in the

simplest case described by a two-state reaction, where kon and koff are rate constants for the

forward and reverse reactions, respectively. The sample contains three species: the protein,

the ligand and the protein-ligand complex. The chemical exchange between these species

is determined by the concentration of ligand, protein and complex as well as the dissociation

constant (KD) and the exchange rate of the reaction, kex, that are related as the following:

83



kex = kon[L] + koff (A.4)

where the rate constants determine the population of the free protein, p(P), and bound

protein, p(PL) at equilibrium:

p(P) =
koff

kon[L] + koff
(A.5)

and

p(PL) =
kon[L]

kon[L] + koff
(A.6)

The chemical exchange can be categorized into three timescales: slow, intermediate or fast

depending on the magnitude of kex relative to the chemical shift timescale of a given nucleus in

P and PL. A slow exchange rate is much lower than the difference of the resonance frequen-

cies between free and unbound state (kex << δω). Thus, a slow exchange between the free

and bound state on the chemical shift time scale gives rise to two separate resonance peaks

corresponding to the respective forms.

Figure A.3: NMR quantification of binding events at different exchange regimes. Figure reused

under the terms of the Creative Commons Attribution License from Teilum et al., 2017. Protein with

added amounts of ligand ranging from 0 (light grey) to 15.8 (black) molar equivalents of ligand. Changing

the exchange rate (kex) from slow to fast (left to right) compared to the difference in resonance between

the free and bound states, changes the appearance of the spectra. In the slow exchange regime (left),

the quantification will rely on either the peak intensities of the unbound protein or of the protein-ligand

complex. In the fast exchange regime (right), the chemical shift of the observed peak will be a weighted

average of the population of the two states, and thus, the binding constant can be readily determined

from the chemical shift. In this case, quantification is feasible in both dimensions.

The intermediate exchange regime can either appear as a fast-exchange accompanied

with line-broadening or as one resonance with extensive line-broadening, where kex ≈ δω.
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At the fast exchange regime, the exchange rate is much greater than the chemical shift time

scale (kex >> δω). A fast chemical exchange leads to a single resonance peak positioned at

an average frequency between the two state populations that moves towards the bound state

with increasing ligand-binding.

A.1.3 Relaxation experiments: longitudinal and transverse relaxation

rates R1 and R2, and steady state heteronuclear Overhauser ef-

fect (HetNOE)

The biological function of a protein can be deduced from both its atomic structure and dynamic

behaviour. Solution NMR is a powerful tool to characterize the structure and dynamics of

proteins by measuring structural transitions at broad timescales ranging from fast (ps-ns) to

slow (µs-s) molecular motions (Figure A.4). Like any other molecules in solution, proteins

undergo constantly global motions. They can translate and rotate, but also segments and

specific residues can exhibit motions including fast atomic fluctuation, sidechain rotation, and

large-scale local structural change.

Figure A.4: NMR methods to discern protein dynamics at different time scales. Figure reused

under the terms of the Creative Commons Attribution license from Kawale and Burmann, 2021.

The internal dynamics of a protein directly affects the process of nuclear spins returning to their

equilibrium state after being perturbed by the RF pulse to generate detectable magnetization.

This process is referred to as relaxation. The internal motions of the protein modulate local

randomly fluctuating magnetic fields of its nuclear spins, which induce a variety of relaxation

mechanisms including dipole-dipole interactions, chemical shift (shielding) anisotropy (CSA),

quadrupolar interactions, and cross correlation. Thanks to the direct relationship between

internal dynamics and relaxation, it is possible to quantify the internal motions of a protein’s

backbone and to measure the tumbling time, i.e. the time of a protein to complete a 360◦
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rotation, by means of 1H-15N relaxation experiments. Relaxation experiments consist of a

series of 2D 1H-15N HSQC experiments recorded at different time delay increments. The

acquired 1H-15N HSQC spectra display intensity changes of the backbone amide peaks of the

protein as a result of relaxation. In most cases, the relationship between peak intensity and

relaxation rate is exponential:

I(t) = I0 exp
−Rt (A.7)

where I(t) is the peak height at delay time, t, I0 is the initial peak height, and R is the

relaxation rate. In other cases, the relaxation time dependence can more complicated (e.g.

cross correlated relaxation in methyl groups) or simply derived from a steady-state value (e.g.

the heteronuclear NOE). The observed relaxation processes are:

1. The spin-lattice or longitudinal relaxation (T1 relaxation) that corresponds to the time of

nuclear spins to re-establish the equilibrium distribution of the α/β states

2. The spin-spin or transverse relaxation (T2 relaxation) that describes the time of the decay

of transverse magnetization due to dephasing of spin precession frequencies (loss of the

coherence).

Typically, three relaxation parameters are determined in 15N relaxation experiments, which

are the longitudinal relaxation rate R1, the transverse relaxation rate R2, as well as the het-

eronuclear steady state Nuclear Overhauser effect, {1H}-15N HetNOE. To determine the rate

of longitudinal and transverse relaxation R1 and R2, inversion recovery measurements of T1

relaxation and spin-echo experiments of T2 relaxation are performed (Figure A.5 B, C). The

first applies a 180◦ pulse to invert the spin magnetization along B0 , followed by the acquisition

at different time points t after the application of a 90◦ pulse. The latter applies 90◦ pulse to

create transverse magnetization, that due to coherence loss of spin precession, diminishes,

but is recovered by a 180◦ pulse that refocuses the spin precession to detect the FID signal.

The T1 curve is represented as a plot of longitudinal magnetization Mz against the time t of ac-

quisition showing a logarithmic profile (Figure A.5 A). The T2 graph represents the transverse

magnetization Mxy as a function of time and reflects the exponential transverse magnetization

decay, as illustrated in Figure A.5 B.

The Nuclear Overhauser Effect or NOE describes the phenomenon of an irradiated nucleus

having an effect on another nucleus in close space that consequently manifests an increase or

decrease of its signal intensity as a result of mutual interaction. The steady state approach in

{1H}-15N HetNOE relaxation experiments refers to the measurement of longitudinal polariza-

tion of a spin system at thermal equilibrium and under proton 1H irradiation (Noggle, 2012). In

general, irradiation of a specific nucleus saturates the population difference between all spin

states. As a result, the net-magnetization along B0 is zero. In the {1H}-15N HetNOE experi-

ment, two NMR spectra are recorded: one at constant 1H-irradiation and another one without

the selective 1H irradiation. If there is cross relaxation between 15N and 1H nuclear spins, then

the intensities of the unirradiated 15N spin will be different and a NOE is observed (Figure A.5

86



Figure A.5: Schematic work-flow representation protein backbone dynamics characterization Fig-

ure reused under the terms of the Creative Commons Attribution License from source: Kawale and

Burmann, 2021.

C). The NOE in spectrum can be positive or negative depending on the sign of cross correla-

tion rate in the motional time regime. A fast rotation of the protein will result in positive NOE

values, while a slow tumbling protein will produce negative NOE values.

Overall, the relaxation parameters R1, R2, and HetNOE values provide insights into the (global)

molecular tumbling, local backbone mobility, and local correlation times.
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Appendix B

Appendix - Theoretical Background: ITC and MST

B.1 Isothermal Titration Calorimetry (ITC)

ITC is a label-free quantification technique that directly measures the heat exchange during a

chemical or biochemical reaction. The method is ideal for investigating ligand binding to bio-

logical macromolecules based on energetics (Freire, Mayorga, and Straume, 1990).

The typical set-up (Figure 3.1 A) consists of a calorimetric titration of a reagent, usually the lig-

and, into another reagent, the macromolecule at constant temperature and pressure. The heat

exchange is detected by the created temperature difference between the sample cell, in which

the binding reaction occurred, and the reference cell filled with buffer or water. To compensate

the temperature difference, depending on the reaction type (exothermic or endothermic) the

sample cell is either heated or cooled down to return the system to thermal equilibrium. This

is achieved by a power supply that brings the power level to the constant baseline reference

value. The ITC raw data consists therefore of power spikes plotted against the time, as shown

in Figure 3.1 B. The integration of each spike quantifies the heat exchange per injection and is

plotted against the added mole of ligand or against the molar fraction of ligand/macromolecule,

represented in Figure 3.1 C. Bindings models are then fitted to the binding isotherm (Figure

3.1 C ) to derive the thermodynamic parameters that include the association and dissociation

constant (KA and KD) as a measure of binding affinity. The association constant (KA) and

stoichiometry (n) are respectively extracted from the slope and deflection point of the binding

curve. From the thermodynamic perspective, the value of KA is associated with the free Gibbs

energy (δG) and entropic contribution (δS) by the following relation:

δG = −RT · lnKA (B.1)

with δG defined by the reaction enthalpy δH and entropy δS of the binding:

δG = δH˘T · δS (B.2)

where R is the universal gas constant.

The value of KD and KA is defined by the concentrations of ligand, protein and complex. Given

the relation:

89



P + L ⇀↽ PL (B.3)

the KD and KA are expressed as:

KD =
1

KA

=
[P][L]

[PL]
(B.4)

where [P] and [L] are the concentrations of free protein and free ligand and [PL] is the

concentration of the protein-ligand complex.

Under constant pressure the heat of reaction δQ is approximated to be equal to the reaction

enthalpy δH, which represents the height of the hyperbolic shaped binding isotherm. The

profile of the binding curve is modulated by the c-value that ideally should describe a hyperbolic

curve (Figure 3.1 D, middle). Assuming a one-binding site model, the theoretical c-window for

a hyperbolic shape is expressed as:

c = n · KA[titrand ] = n ·
[titrand ]

KD

(B.5)

where n is the number of ligands that bind the macromolecule that is usually the titrand or

analyte. The inspection of the c-value is crucial to evaluate the accuracy of the determined

apparent KD value. The c-value should be between 1 and 1000, ideally between 10 and 100,

which corresponds to binding affinity range from 1 · 103 to 1 · 107 M.

The accuracy of the derived thermodynamic parameters strongly relies on the binding model,

whose choice represents one of the greatest pitfalls of ITC experiments if chosen wrongly. In

this case, independent knowledge from other biophysical techniques or justified assumptions

about the binding affinity, symmetry and interactions sites as well as number and composition

of complexes must be considered. The most common binding models include: one-site binding

site, two equivalent and independent binding sites, n-equivalent and independent sites as well

as non-independent (cooperative) binding sites.
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Figure B.1: The experimental set-up of an ITC experiment. Figure adapted according to the Creative

Commons (CC BY 4.0) license terms from Simon Caulton (Wikipedia). (A) The ITC instrument. (B) The

output of an ITC raw measurement. (C) The derived binding isotherm from heat integration. (D) The

c-value range defining the profile of the binding curve.

B.1.1 Microscale Thermophoresis (MST)

Microscale thermophoresis complements ITC in the sense that fluorescence emission of ther-

mophoresis (Ludwig, 1856) or fluorescence quenching (Maiti, Haupts, and Webb, 1997) is

used as an alternative physical readout to quantify biomolecular interactions. The method

allows for the detection of the directed motion of a fluorescent molecule along a local micro-

scopic temperature gradient upon binding to a non-fluorescent ligand.

The core piece of a MST instrument (Figure B.2) is an incorporated IR-Laser that is highly

efficient in generating a temperature rise at microscopic scale and very precise in focusing

locally the heat on the sample within only a few µm of capillary. This enables fast MST anal-

ysis and quantification of thermophoretic property changes in less than 30 s. In detail, the

local heat induced thermophoresis of fluorescent molecules through the temperature gradi-

ent. The signal detection of a MST experiment occurs as the following (Figure B.2 B): Con-

stant "intial fluorescence" is measured. After the activation of the IR laser, a rapid change

in fluorophore properties due to the temperature change, known as the "T-jump" is observed.

Thermophoretic movement of the fluorescently labelled molecule is detected. After deactiva-

tion of the IR-Laser, an inverse T-jumps takes place, which then leads to the "backdiffusion" of

molecules. The typical binding affinity experiment (Figure B.2 C) consists of detecting the ther-

mophoretic movement of a fluorescent molecule free (black trace, unbound) and in complex

with a non-fluorescent ligand upon binding (grey traces, bound). The change in thermophore-

sis is translated into the change in the normalized fluorescence δFnorm, defined by the ratio

of Fhot/Fcold. The plot of the ligand-binding induced change in thermophoresis against ligand

concentration leads to a binding curve (Figure B.2 D) which can be fitted to derive the binding

constants.

MST is therefore very sensitive to changes in molecular properties such as size, charge, hy-

dration shell or conformation. The advantage of MST measurements is that it requires low
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sample quantities, compared to ITC, and does not require surface immobilization for studying

molecular interactions.

During a binding titration experiment, the normalized fluorescence changes, according to

the following expression:

Fnorm = (1− x)F (P)norm + x · F (PL)norm (B.6)

Where F(P)norm is the contribution of the unbound fluorescent molecule P and F(PL)norm

the contribution of the complex PL of the fluorescent molecule P and its interacting titrant

ligand L and x the fraction of fluorescent complexes. The normalized fluorescence is defined

by the temperature-dependent fluorescent quenching of the dye and the concentration ratio

approximated in terms of Soret coefficient, defined as the quotient of the diffusion constant D

and thermodiffusion coefficient DT and thermal distribution. The fraction of bound molecules x

can be derived from the measured change in normalized fluorescence Fnorm. The dissociation

constant KD is obtained by fitting the MST binding curve with the quadratic solution for the

fraction of bound fluorescent molecules FB, calculated from the law of mass action:

FB =
[PL]

[P]
=
[P] + [L] + KD −

√

([P] + [L] + KD)
2 − 4[PL]

2[P]
(B.7)

with the concentration of bound molecules [PL] and unbound protein [P] and ligand [L].
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Figure B.2: The MST technology and experimental set-up. Figure adapted in accordance with the

terms of Creative Commons Attribution license from Jerabek-Willemsen et al., 2014. A scheme repre-

senting the MST optics: The fluorescence within the capillary is excited and detected through the same

objective. (A) Focused IR-Laser is used to locally heat a defined sample volume. Thermophoresis of

fluorescent molecules through the temperature gradient is detected. (B) Signal detection of a MST ex-

periment. (C) The typical binding affinity experiment consists of detecting the thermophoretic movement

of a fluorescent molecule free (black trace, unbound) and in complex with a non-fluorescent ligand upon

binding (grey traces, bound). (D) Binding constants are derived from fitted the binding curve.
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Appendix C

Appendix - Theoretical Background: AUC

C.1 Theoretical Background

C.1.1 Principle

Analytical ultracentrifugation (AUC) is an informative technique and broadly applicable for in-

vestigating hydrodynamic characteristics and binding properties of compounds, proteins and

other molecular species.

The AUC instrument is an ultracentrifuge equipped with an optical device to monitor the sedi-

mentation of particles of different sizes. Sedimentation velocity (SV) and sedimentation equi-

librium (SE) are complementary measurements performed at high ( >40,000 rpm) and low

(< 40,000 rpm) rotor speeds, respectively to obtain structural and biophysical properties of

biomolecules, such as proteins. SV separates proteins based on their size-dependent migra-

tion rates in the centrifugal field, while sedimentation equilibrium is a thermodynamic method

to determine the binding affinity at equilibrium concentration gradients at lower rotor fields.

The time-evolved sedimentation-diffusion process generates concentration profiles with sig-

moid shape that migrate with time towards the bottom of the sample cell (Figure C.1 B). The

signature of a protein’s sedimentation is the formation of a concentration boundary at specific

radial position of the cell, where the centrifugal, frictional and boyant forces are in equilibrium.

The position and profile of the sedimentation boundary is therefore size and shape depen-

dent. The sedimentation in a sector-shaped cell can be mathematically expressed by the

Lamm equation (Lamm, 1929), which defines the time-evolved radial concentration δc
δt
during

sedimentation as:

δc

δt
= D

[(

δ2c

δr2

)

+
1

r

(

δc

δr

)]

− sω2

[

r

(

δc

δr

)

+ 2c

]

(C.1)

where c is the solute concentration, t and r are the time and radius, and the parameters

D, s, and ω represent the solute diffusion constant, sedimentation coefficient and the rotor

angular velocity, respectively.

The relationship between solvent and physical properties of sedimenting particles is defined

by the Svedberg equation. The sedimentation coefficient s is mathematically expressed as the
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Figure C.1: AUC and the experimental set-up. Figure-Panel A reproduced from Ralston, 1993. Figure-

Panel B reused from “Sedimentation Velocity Analytical Ultracentrifugation ( SV-AUC ) for characterizing

protein aggregates and contaminants in therapeutic proteins The elaboration of mathematical relations

behind SV-AUC theory” 2014. (A) The schematic representation of an AUC instrument and the sedimen-

tation profile. The concentration profile of (B) sedimentation velocity and (C) sedimentation equilibrium

measurement.

quotient of solute velocity ν and the centrifugal acceleration, defined by ω2r and is related to

the particle and solution properties as the following:

s ≡
ν

ω2r
=
M(1− ν̄ρ)

NAf
(C.2)

with M the molecular mass, ν̄ the partial specific volume, NA the Avogadro constant, f the

friction factor and ρ the solvent density.

C.1.2 The Diffusion Corrected Sedimentation Coefficient Distribution Model

- The c(s)-Model

Since the Lamm equation cannot be analytically solved, computational approaches were de-

veloped to provide numerical solutions. One approach simulates solutions of the Lamm equa-

tion as diffusion-broadened hyperbolic functions that are superimposed and fitted to the exper-

imental sedimentation curves (Stafford III, 1992, Schuck, 1998, Claverie, Dreux, and Cohen,

1975). The measured spectral readout (absorbance or interference or both) of a protein or

protein mixture during sedimentation a(r,t) can be mathematically approximated to the super-

position of Lamm equation solutions over a range of sedimentation velocities (smin, ...smax)

expressed in units of Svedberg. The so-called Diffusion Corrected Sedimentation Coefficient

Distribution model (c(s)-model) (Schuck, 1998, Schuck, 2000b) is given by:
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Figure C.2: The continous diffusion corrected c(s) model. (A) The formation of the sedimentation

boundary: the size and shape of a particle determines the location of the sedimentation boundary, where

the centrifugal, frictional and boyant forces are equilibrium. (B) The counter-effect of sedimentation is

diffusion leading to the depletion of the particle concentration at the cell bottom and consequently to the

broadening of the sedimentation boundary over time. (C) Modelling of mathematical functions that fit the

sedimentation curves gives rise to the sedimentation coefficient of the species in the sample.

a(r , t) ≃

∫ smax

smin

c(s)χ (s,D(s), r , t)ds (C.3)

where c(s) corresponds to the sedimentation coefficient and χ(s, D(s), r, t) to the Lamm

Equation solution, which depends on the diffusion coefficient D(s), sector-radius r, and time

t. The c(s) analysis over a size range of proteins and a fitted frictional ratio provides the

sedimentation coefficient c(s) as a measure of the size and shape. The integration of the

spectral signal at the c(s) value expressed in Svedberg (1 S = 1 · 10−13 s) corresponds to the

concentration of the sedimented protein of interest. The shape factor is the ratio of the friction

by a molecule during sedimentation (f) against the friction constant of an ideal spherical particle

(f0). It is used to measure the deviation from a globular particle shape and can be modelled in

the same way as the c(s), a method that has been implemented in the c(s, ff0) method (Brown

and Schuck, 2006).

C.1.3 The c(s) and multi-signal ck(s)-model for protein-protein interac-

tion analysis

Centrifugation can be utilized to study interacting species during sedimentation (Balbo and

Schuck, 2005). However, reactions undergoing multiple kinetic steps are generally not resolv-

able in the centrifugal time-scale. Fortunately, many protein-protein interactions (PPI) occur

within the kinetics of sedimentation that falls into the range of 10−3−10−5 s−1. The classifica-

tion of PPI in that range is convenient to assess fast or slow interactions in the sedimentation

time-scale. Slow reacting proteins with low dissociation rates (koff = 10−3 – 10−5 s−1) show

distinct c(s)-peaks that directly reflect the sedimentation of each species. The number and

value of the sedimentation coefficients correspond to the number and size of the components

and formed complexes. In contrast, proteins undergoing association reactions with high disso-

ciation rates (koff = 10−1 – 10−2 s−1) do not form stable complexes throughout sedimentation.
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Figure C.3: Homo- and hetero-assoications of proteins studied by sedimentation velocity. Figure

reused in accordance with the terms of Common Creative license from source Balbo and Schuck, 2005.

Represented are c(s) distributions of proteins undergoing slow and fast homo - and hetero-association

reactions in the sedimentation time scale. (A) Slow self-association gives rise to two distinct peaks

corresponding to the monomeric and dimeric species of the protein. The dimeric species increases with

increasing concentration of monomeric species. (B) Fast homo-associations result in unresolved c(s)

peaks that moderately resolve with higher amounts monomeric species. Analogue to homo-associations

reactions c(s) distributions of (D) slow and (E) fast hetero-association reactions.

As a result, the sedimentation boundary of the component with the closest molecular weight

of the complex co-sediments into a single reaction boundary of the complex (Figure C.3).

In this case, the c(s) value is unreliable to determine the size and stoichiometry of the protein

complex. To overcome this problem, multi-signal SV (MS-SV) analysis (Brautigam, Padrick,

and Schuck, 2013) has been developed to enable the spectral discrimination of the individual

components to determine the concentration ratio in the reaction boundary as complex stoi-

chiometry. This approximation is valid, if the larger protein is completed saturated in complex

at a large excess of the smaller binding partner. The mathematical expression is a general-

ized form of the c(s) model, annotated here as the ck(s) model. The proportion of the single

proteins in complex is calculated by the absorbance at wavelength λ (aλ(r, t)) that is modelled

as:

a(r , t) ≃
K
∑

k=1

ǫkl
λ

∫ smax

smin

ck (s)χ (s,D(s), r , t)ds (C.4)

where k represents the individual components of a mixture, l is the path length and ck(s) is
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a continuous distribution for component k. The familiar equation is a generalized form of the

c(s) model. Step functions are simulated to fit the experimental sedimentation boundaries of

components and complex. Similar to the c(s) model, a distribution plot of spectral signal of

each component against the corresponding c(s) is obtained. The integration of both distribu-

tions give the concentration of each individual component and the component at the c(s) of the

complex.

MS-SV deconvolution is possible when the complex components have sufficiently different

spectral properties that is calculated as:

Dnorm =
‖detǫλk ‖
∏

k‖ ~ǫk‖
(C.5)

where det stands for the determinant of the matrix, ǫλk is the extinction coefficient of com-

ponent k at a given wavelength.

Using either the extinction coefficient of absorbance at 280 nm with interference parameters or

absorbance extinction coefficients at minimum (at 250 nm) and maximum (at 280 nm) wave-

length.

MS-SV is also suitable for studying slow-reacting protein in complex in the time scale of sed-

imentation. The discrepancy between fast and slow interacting proteins allows for functional

categorization as well. For instance, rapid associations are essential for signal transduction,

cell regulation and the immune responses, while slower kinetics implies additional processes

such as conformational rearrangements (Schreiber, 2002). The rate of association of most

protein complexes is restricted by diffusion and geometric constraints of the binding sites (dif-

fusion control). Sedimentation velocity experiments are therefore optimal tools to investigate

biological relevant kinetics of PPIs.
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Appendix D

Appendix - Theoretical Background: SAXS

SAXS measures scattered X-ray intensities of a sample as a function of the scattering angle.

The technique is performed at the small scattering angles, typically ranging from 0.1 degrees

to 5 degrees, to encapsulate nanometre dimensions of proteins, nucleic acids and complexes.

D.0.1 Instrument and Principle

In a SAXS experiment, a collimated, monochromatic X-ray beam is directed on the sample

and scattered and recorded at low angles by a detector. The SAXS instrument consists of an

X-ray source, collimators directing the X-ray beam, a sample probe and a detector. In a syn-

chrotron facility the set-up is more complex and includes additional equipment to enhance the

X-ray intensity and reduce the beam divergence through an undulator, collimator and focusing

mirrors, and contains a monochromator to filter a single wavelength, followed by the mirrors

and a shutter before entering the sample. The detector is equipped with a beam stop.

The SAXS profile is a plot of the scattered X-ray intensity against the scattering angle of a

macromolecule that provides the hydrodynamic properties of the macromolecule after sub-

tracting undesired scattering from small molecules in the buffer and the surrounding probe

materials. The samples need to be monodispersed and pure to neglect the scattering contri-

butions from aggregates and intermolecular correlations in SAXS analysis.

The basis for SAXS is elastic scattering of X-rays on electrons that create waves with con-

structive and destructive interference depending on the phase superposition. The addition of

waves that are in-phase results in waves with higher amplitude, while the summation of out-of-

phase waves leads to waves with smaller amplitudes (Figure D.1 B). The scattering amplitude

A(q) depends on the scattering or momentum transfer vector q in the reciprocal space. The

momentum transfer q denotes the change in momentum between the incoming and scattered

X-ray that is defined by the difference between the incoming and scattered wave vectors ki and

ks:

q = ks − ki (D.1)

The physical meaning of the q is that it describes the interaction between the radiation and

the sample through photon transfer. The quantity of q is defined as:
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Figure D.1: The experimental set-up of SAXS. Figure reused with permission from Springer (license

no. 5742641268761) from Jeffries et al., 2021. (A) Transmission geometry set-up for small angel X-ray

(SAXS) or small angle neutron scattering (SANS): A collimated beam is directed to the sample. As it

travels through a sample, a small proportion, that interacts with the sample is scattered. The intensity of

the scattered radiation is collected by a detector. The typica SAXS curve is a 1D plot of the scattered

intensity I(q) against the angular dependence of scattering, expressed as momentum transfer vector, q.

(B) Scheme of X-ray interference on sample.

|q| = q =
4π sin θ

λ
(D.2)

where λ is the wavelength of the X-rays and θ the scattering angle.

The form factor F(q) of a molecule represents the particle shape is directly related to the

size of the particle (Pérez and Nishino, 2012). It is derived from the equation of the scattering

of N electrons (equation D.3), averaged over all orientations (equation D.4). The scattering

intensity is determined by the Debye formula (equation D.6, Debye, 1915).

F (q) =

N
∑

i=1

fi (q) exp(iq · ri ) (D.3)
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Figure D.2: The experimental set-up of SAXS in synchroton beamlines. Figure resued with permis-

sion from Spinger (license no. 5742641268761) from Jeffries et al., 2021. Synchrotron X-ray sources

consist of accelerated electrons (or positrons) emitting multiple-wavelength X-rays. The undulator gap

controls the energy spectrum released into the front end of the instrument. X-rays are directed towards

a monochromator, that selects a specific X-ray wavelength. The monochromatic X-ray beam is then

shaped by vertical and horizontal focusing mirrors in combination with slits. Additional components in-

clude attenuators and shutters that control the X-ray flux and exposure.

〈F (q)〉 =
N
∑

i=1

fi (q)
sin(qri )

qri
(D.4)

I(q) = |F (q)|2 =
N
∑

i=1

N
∑

j=1

fi (q)fj (q) exp(iq · (ri − rj )) (D.5)

I(q) = |F (q)|2 =

N
∑

i=1

N
∑

j=1

fi (q)fj (q)
sin(qrij )

qrij
(D.6)

where the value of fi(q) is the atomic form factor of atom i with its radius i, q is the scattering

vector and rij is the distance between atoms i and j, and N is the number of atoms in the

molecule.

The scattered intensity from the isolated molecule I(q) is obtained from the squared F(q) in the

reciprocal (Fourier) space, where the information about the phase of the scattered X-ray wave

is lost. The phase problem is present in all X-ray crystallography methods determining the

structure from intensities in the reciprocal space. The exception is Cryo-electron microscopy

(EM) that provides real-space images containing both amplitude and phase information. Struc-

ture determination by SAXS is performed by fitting the computed theoretical profile I(q) to the

experimental profile Iexp(q). The Debye formula (Debye, 1915) is used for the computation of

SAXS profiles. The accuracy is obtained by minimizing the square root of the χ2 term χ over

the total number of data points or particles M.

χ =

√

Iexp(q)− Icomp(q)

σ(q)
(D.7)
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where c is a scaling factor and σ(q) is the experimental error. Different methods of calcu-

lating the theoretical intensity distribution will result in different statistical fits.

D.0.2 SAXS Parameters

Molecular parameters, which include the molecular mass (MM), radius of gyration (Rg), the

hydrated particle volume (Vp) and the maximum particle diameter (Dmax), can be obtained

from the SAXS scattering curve. The SAXS profile contains three distinct regions, known as

Guinier, Fourier, and Porod (Figure D.3 A-C), from which this information can be extracted.

The radius of gyration (Rg) is defined as the average of the squared center-of-mass distances

in a particle weighted by the electron density. The Rg value can be extracted from the Guinier

plot. At the smallest angles, the Guinier equation (Guinier and Fournet, 1955) holds for the

scattered intensity I(q):

I(q) = I(0) exp

(

−
1

3
R2
gq2

)

(D.8)

where I(0) is the intensity of the incoming X-ray and q the scattering vector.

The values of I(0) and Rg can be extracted from the y-axis intercept and the slope of the

linear region of a Guinier plot (ln[I(s)] versus q2), respectively (Figure D.3 A). The Rg value

is determined from the fitting range. This range is limited the experimental set-up including

the beam size and the beamstop and is only valid approximation for up to q < 1.3/Rg. Of

note, the Rg value is greatly affected by aggregation of particles, polydispersity, and improper

subtraction of the background or buffer.

The particle size is defined by the Dmax value, the range of observed electron density

distribution within distance r, described by the pair distance distribution function P(r) in the

Fourier region. The P(r) function is expressed as:

P(r ) =
r2

2π2

∫ inf

0

q2I(q)
sin(qr )

qr
dq (D.9)

It represents the probability of finding pair of scattering elements within the particle at a dis-

tance r, described by the autocorrelation function. The P(r) function provides the information

regarding the particle shape (Figure D.3), as it is related to the experimental form factor F(q)

through indirect Fourier transformation. For particles with a similar shape, the P(r) curves are

used to determine the general particle shape.

Other useful information about the volume and molecular weight for compact particles provides

the Porod graph plotted as q4 I(q) vs q. The Porod’s law describes the asymptotic behaviour

intensity decay proportional to q−4 at higher angles or large scattering wave vectors q (Porod,

1951).

The Kratky plot of q2 I(q) versus q is another useful tool to assess the flexibility and/or the

degree of unfolding in samples (Roessle, 2009). Unfolded (highly flexible) proteins display a

plateau in the Kratky plot at high q values, while compact, globular proteins have a bell-shaped
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Figure D.3: Structural parameters derived from SAXS profile regions. Figure reused in according to

Creative Common license terms from Boldon, Laliberte, and Liu, 2015. The Guinier region determines

the size regime of a biomolecule. The maximal particle dimension can be obtained from the pair distance

distribution function in the Fourier region and the molar mass and molecular weight of compact molecules

can be derived from the Porod region.

(Gaussian) peak. The combination of both indicate partially unfolded proteins or proteins

containing IDRs. Dimensionless Kratky plots are normalized by mass and concentration and

presented as (qRg)
2/I(0) versus qRg (Figure D.4). Dimensionless Kratky plots are useful to

compare the content of flexible regions of proteins across different systems.

Figure D.4: Dimensionless Kratky plots of globular, partially unfolded and entirely disordered

proteins. Figure reused according to the terms of Creative Commons Attribution (CC BY 4.0) license

from Burger, Arenas, and Stultz, 2016. (A) Disordered spectrum: C-terminal region of the Bromodomain

adjacent to zinc finger protein domain (pdb: 2B62); Partially folded spectrum: Splicing factor U2 Aux-

iliary Factor 65 KD (U2AF65), residues 148–47552; Folded spectrum: Chymotrypsinogen A63. (B–E)

Dimensionless Kratky plots of 226 proteins from the BIOISIS33 and SASBDB34 databases organized

into quartiles based on their entropy values.
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D.0.3 Ab initio structure determination

SAXS can be used to obtain low resolution structures of biomolecules. For this purpose, good

models are required to compute accurate SAXS curves that best fit the experimental data.

There are different approaches on modelling for the structure determination. The most pop-

ular approach of ab initio methods are bead modelling methods, where dummy-residues rep-

resent scattering centres to construct the shape of a particle that fits the experimental SAXS

curve. The scattering intensities of the beads are computed using spherical harmonics, which

are mathematical functions used to describe the shape and surface of objects. The densely

packed beads inside a volume are typically restrained by the Dmax. The ab initio methods

involves iterative runs with different random seeds yielding a variety of models. The analysis

of these models allows one to detect the most reliable features (Volkov and Svergun, 2003).

These approaches have also been integrated with NMR chemical shift data to determine par-

ticle shape and rationalise the potential binding interface regions of complexes (Tidow et al.,

2007).

D.0.4 Ensemble Optimization Method (EOM)

The Ensemble Optimization Method (EOM) has been developed to obtain structural properties

of disordered and highly flexible proteins from SAXS data. The scattering curve of proteins

with IDRs or IDPs is a result of the scattering from a large number of their conformers rather

than the from a single structure. The strategy of EOM consists of three main steps: First, the

generation of a large pool of possible conformations that covers the conformational space of

the protein; second the computation of the scattering profile for each conformation and third

the selection of a subset of conformations that best fit the experimental SAXS curve. The re-

sults are distributions of the low-resolution structural parameters Rg and Dmax indicative for the

particle dimension. Comparing the Rg and Dmax distributions of the sub-ensemble that best

fit the data with the those derived from the initial pool, representing the unresticted conforma-

tional space of the protein, delivers a measure of compactness and flexibility (Bernadó et al.,

2007). To quantify the degree of flexibility, the size of the EOM distribution that determines the

conformational space is calculated by using entropy as a measure from the Shannon Theory

(Shannon and Weaver, 1949). The flexibility parameter Rflex:

Rflex = −S (D.10)

with the Shannon entropy S:

S = −
n
∑

i=1

p(xi ) logb (p(xi )) (D.11)

where denotes the sum over the possible events, p is the probability of a specific event xi.

The logarithm depends on the basis (b).
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Under the assumption that disordered regions move randomly in solution, a broad Gaussian-

like distribution reflects higher entropy (S tends to -1) with greater uncertainty. Consequently,

the distribution size of the ensemble reflects the experimental SAXS data S is expected to

be close to the entropy calculated for the randomized pool. Conversely, a narrow distribution

represents limited flexibility providing low uncertainty, with S tending to 0. Here, the random-

ized pool and the experimental representative ensemble population differ. In cases of maximal

flexibility or complete rigidity, S is either equal to -1 or 0, respectively. While the Rflex metric

quantifies the difference between flexible and rigid systems, the additional metric Rσ indicates

the variance of the ensemble distribution with respect to the original pool, providing values

close to 1.0 when the ensemble distribution describes a fully flexible system and largely repro-

duces the conformational space of the pool. Rσ is calculated as:

Rσ =
σs
σp

(D.12)

where where σs and σp are the standard deviations for the distributions of the selected

ensemble and of the pool, respectively.

In addition to Rflex and Rσ, distributions are also compared using a set of standard descriptors:

standard deviation, average absolute deviation, kurtosis, skewness and geometric average

(Tria et al., 2015). Figure D.5 illustrates EOM ensemble distributions with different flexibility

metrics.

107



Figure D.5: EOM distributions of molecules displaying maximal flexibility (100%) to rigidity (35%).

Figure reused according to the Common Creative license terms from Tria et al., 2015.
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