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SUMMARY

Allosteric activation and silencing of leukocyte β2-integrins transpire through cation-dependent 

structural changes, which mediate integrin biosynthesis and recycling, and are essential to 

designing leukocyte-specific drugs. Stepwise addition of Mg2+ reveals two mutually coupled 

events for the αXβ2 ligand-binding domain—the αX I-domain—corresponding to allostery 

establishment and affinity maturation. Electrostatic alterations in the Mg2+-binding site establish 

long-range couplings, leading to both pH− and Mg2+-occupancy-dependent biphasic stability 

change in the αX I-domain fold. The ligand-binding sensorgrams show composite affinity events 

for the αX I-domain accounting for the multiplicity of the αX I-domain conformational states 

existing in the solution. On cell surfaces, increasing Mg2+ concentration enhanced adhesiveness 

of αXβ2. This work highlights how intrinsically flexible pH− and cation-sensitive architecture 

endows a unique dynamic continuum to the αI-domain structure on the intact integrin, thereby 

revealing the importance of allostery establishment and affinity maturation in both extracellular 

and intracellular integrin events.
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Graphical abstract

In brief

Manandhar et al. show that αXβ2 binds to dications, particularly Mg2+ and Ca2+, which modulate 

its affinity by altering the shape of the αXβ2 ligand-binding domain and the ionization of the 

acidic residues in the cation-binding site. These findings elaborate the roles of integrin-dication 

interactions in integrin biosynthesis and recycling.

INTRODUCTION

Integrins are a large family of α/β heterodimeric metalloreceptors that are unique to 

metazoans. Nine of 18 α subunits that bind to the external ligands through the β subunits are 

called αI-less integrins. The remaining 9 α subunits that have acquired an “Inserted” domain 

(αI-domain), accordingly called αI-integrins (Figures 1, S1A, and S1B), form specialized 

integrins unique to vertebrates, and thus, the αI-integrins are a recent divergence. Both 

αI and αI-less integrins relay bidirectional, divalent cation-dependent signals (outside-in 

and inside-out) through highly concerted inter- and intra-domain conformational changes 

(Figures 1A–1E). (Hynes, 2002; Springer and Dustin, 2012) Collectively, these structural 

changes equilibrate uniquely for each integrin in response to the tensile force created 

by the actin cytoskeleton and are the main regulatory drivers of integrin affinity to their 

extracellular and intracellular ligands (Nordenfelt et al., 2017).
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The αI-domain protrudes from the α subunits and allosterically regulates its affinity between 

the closed/low-affinity and the open/high-affinity states. The metal ion-dependent adhesion 

site (MIDAS) houses a Mg2+ ion, which coordinates acidic side chains from the “external 

ligand,” and is relatively buried and surrounded by invariant hydrophobic residues (Figures 

1A–1C and S1C–S1E) (Sen and Legge, 2007; Sen et al., 2013). All of the MIDAS residues 

and the surrounding hydrophobicity around them are highly conserved, and no co-variance is 

detected among them in evolutionary studies.

Structures of the αI-domain on the intact αXβ2 (complement receptor 4 [CR4]) and 

αLβ2 (leukocyte-associated antigen-1 [LFA-1]) receptors showed a highly flexible dynamic 

positioning spanning a range of distances and rotations and an unprecedented partial 

unwinding of its α7 helix (Sen and Springer, 2016; Sen et al., 2013). This unwinding is 

a “shape-shifting” event that potentially equilibrates the αI-domain conformations between 

the closed and open states and facilitates the bidirectional allostery relay and signaling 

between the α/β subunits (Shimaoka et al., 2003). This exclusive crosstalk between α/β 
subunits at a global level, even in the absence of the external ligand, would prime the 

ectodomain for rapid conformational changes (Figure 1) (Sen et al., 2013), and ultimately, in 

the presence of dications, structural rearrangements, leading to the “maturation” of integrin 

affinity and signaling.

Conformational dynamism is highly expeditious for β2-integrins (~1 s) (Shamri et al., 

2005), which likely confers an evolutionary advantage to leukocytes when mounting a 

rapid immune response. In structures of internal ligand-bound αXβ2, the αI α1 helix was 

captured in the “cocked” state, which shows the unique ability of the β2 I-domain to 

stabilize the αI-domain in the high-affinity state (Sen et al., 2013). Therein, the β2-I α1 

helix is positioned in a wider groove, which helps the βI-α1 helix easily slide more than 

any hitherto observed motions in the β1, β3, and β7 structures; thus, this widened groove 

poses a state(s) to accelerate “conformational cycling” between the thermodynamically 

possible bent states (Figures 1A and 1F–1H), while stabilizing a long-lived, high-affinity 

αI-domain in the compact/bent integrin. Multiple independent studies revealed that β1-, β2-, 

β3-, and β5-integrins were shown to bind ligands in the compact/bent state (Azcutia et al., 

2013; Bondu et al., 2017; Fan et al., 2016, 2019; Fiore et al., 2015, 2018; Saggu et al., 

2018), specifically in cis β2-integrin interactions with the FcγIIA receptor and intercellular 

adhesion molecule 1 (ICAM-1) in two independent studies arrested neutrophils and limited 

antibody-mediated neutrophil recruitment. (Fan et al., 2019; Saggu et al., 2018) In these in 

cis-binding events, some αI-domains paradoxically seem to be stabilized in intermediate or 

high-affinity states, revealing the possibility that integrin could be effectively arrested in the 

in cis configuration (Figure 1F). Hence, the newly emerging conundrum is how αI-integrins 

avoid falling into a potential in cis-binding trap and achieve rapid leukocyte activation.

The MIDAS-dication assembly plays a central role in the balancing act of maintaining 

the aforementioned bidirectional allosteric signaling, divergent substrate recognition 

capabilities, and affinity maturation in αI-integrins. Dication affinities to αI-domains are 

reportedly weak in the mid-micromolar range (Ajroud et al., 2004; Baldwin et al., 1998; 

Vorup-Jensen et al., 2007). Their physiological roles in integrin functions are highly 

divergent, with Mg2+ uniformly facilitating, Ca2+ generally inhibiting, and Mn2+ universally 
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enhancing interactions with their cognate ligands (Dransfield et al., 1992; Leitinger et 

al., 2000). Particularly, the ionized Mg2+—found in the range of 0.65–1.05 mM in vivo 
(Jahnen-Dechent and Ketteler, 2012)—alone mediates the transition from transient to firm 

adhesion and also maintains the next step, leukocyte accumulations, on the vascular surface 

during an inflammatory response (Sheikh and Nash, 1996). Mg2+-dependent functional 

regulation of β2-integrins is emerging as an essential component in shaping the immune 

response; Mg2+, by specifically modulating αLβ2 conformations and affinity, endows 

enhanced CD8+ cytotoxicity against tumors and invading pathogens (Lotscher et al., 2022). 

Moreover, the high concentration of Ca2+ in the endoplasmic reticulum (ER) and Golgi 

mediates the folding and activation state of integrins (Tiwari et al., 2011). Despite the well-

characterized impact of Mg2+, Ca2+, and Mn2+ ions on integrin functions, mechanistically 

how they achieve diverse and unique effects on integrin affinity regulation, allostery, and 

conformational changes remains to be elaborated at the molecular level.

αXβ2 and its ligand-binding domain, the αX I-domain, exhibit distinct affinity and 

structural changes in solution and cell surfaces, and thus, serve in our study as a receptor 

in characterizing the effects of dications in integrin affinity maturation and allostery 

establishment. αXβ2 is expressed on monocytes, tissue macrophages, natural killer (NK) 

cells, and most dendritic cells (DCs), and at the lower expression level on neutrophils (Hogg 

et al., 1986). αXβ2 modulates phagocytosis of the iC3b-opsonized particles and is known as 

CR4. αXβ2 has emerging unique roles, especially in regulating robust humoral responses, 

and its significance has been illustrated by αX-variants in autoimmune pathologies such as 

immunoglobulin A (IgA) nephropathy, systemic lupus erythematosus, pemphigus (blistering 

due to autoantibodies), and Behcet’s disease (Bumiller-Bini et al., 2018; Hom et al., 2008; 

Kiryluk et al., 2012; Park et al., 2014). Moreover, αXβ2, via its regulator role in T cell-

dependent cytotoxicity (TDCC), involves unfavorable cancer prognosis and decreased risk 

of death and relapse (Wang et al., 2015). Just recently, the activation of αXβ2 was shown to 

endow the ability of macrophages to extensively destroy malignant cells (Tang et al., 2021).

Here, we used Mg2+ as a fine-tuning rheostat to evolve the αX I-domain conformation 

in-solution between closed and open states, demonstrating the linkage between the structural 

dynamism and the affinity of the I-domain. This process occurred through two discerned 

steps with a single transition between them. In the first step, the molecular coupling is 

established between MIDAS and the allosteric sites—the N-terminal of the α1, α6, and α7 

helices—producing the basal integrin affinity; the second step progressively enhanced the 

αX I-domain affinity toward the high-affinity state, and the transition period between the 

two steps is in the range encompassing physiological Mg2+ concentrations. The assembly 

of MIDAS-Mg2+, in the first evolution phase, thrusts an unprecedented pKa alteration of 

the two critical MIDAS aspartates residing in a conserved hydrophobic sink and establishes 

long-range molecular links between MIDAS and the αl-allosteric modules. In the second 

conformational evolution phase, when MIDAS inundates with Mg2 ions, surface plasmon 

resonance (SPR) and cell-based binding studies both revealed that the high-affinity state is 

the dominant conformation.
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RESULTS

Thermodynamics of divalent cation affinity to the αX I-domain

When free of Mg2+, MIDAS is occupied by two water molecules and adopts a closed 

state geometry (Figure 2A). The D138 rotamer pivots upon Mg2+-binding, which links 

D138 to Mg2+ through invariant water coordination and stabilizes its carboxylate in the 

conserved “hydrophobic sink” (Figures 2B and S1C–S1E). Upon αX I-domain activation, 

MIDAS geometrically reconfigures itself by rearranging Mg2+ near T207 through a 2-Å 

lateral sliding of the β1α1 loop, ultimately resulting in a sandwiching of the invariant D138 

and D240 between I143 and F174 (Figures 2B and 2C). To assess whether cation affinity 

is affected during the MIDAS reconfiguration from the cation-free/closed to the cation-

bound/closed and open states, we determined the affinities and characterized the binding 

thermodynamics of the recombinantly expressed wild-type (WT) αX I-domain (Figure S2A, 

related to the STAR Methods section, expression and purification of the αX I-domain) and 

its high-affinity mutant to the three cations Mg2+, Ca2+, and Mn2+. The I314G construct is 

locked in the alternate open/high-affinity state by isoleucine-based allosteric mutation that 

decouples the allostery between the MIDAS and the α7 helix (Xiong et al., 2000).

Divalent cation binding affinities to the WT αX I-domain are highest for Mn2+ at 69.2 μM 

(14,445 ± 9 M−1) and Mg2+ at 231 μM (4,334 ± 3 M−1), and weakest for Ca2+ at 450.5 

μM (2,220 ± 8 M−1)(Figures 2D–2H and S2B–S2G). Mn2+-binding affinity for the I314G 

was higher at 37.3 μM (26,485 ± 13 M−1), whereas the Mg2+ affinity was slightly reduced 

to 275 μM (3,635 ± 9 M−1). Binding of both Mg2+ and Mn2+ to the WT αX I-domain, 

as well as Mn2+ to the I314G, were equally driven by entropy and enthalpy. However, 

Mg2+ binding to the I314G was predominated by entropy, and the Ca2+ measurements were 

not productive (Figure 2F; Table S1). Ca2+ binding to the WT αX I-domain was mainly 

driven by entropy, suggesting an increase in structural heterogeneity and mobility at the 

MIDAS. While Mg2+ and Mn2+ only adopt a monodentate geometry, Ca2+ has unique 

physiochemical characteristics that enable Ca2+ to form bidentate ligation with either a 

hexa- or hepta-coordination shell (Mahalingam et al., 2011). This characteristic could be 

a proxy for increased conformational entropy, thereby acting as the sole modulator of the 

Ca2+-MIDAS assembly, and a reason for its low-to-none affinity for the WT αX I-domain 

and I314G.

Influence of Mg2+ on αX I-domain stability—Mg2+ and Ca2+ are instrumental and 

required for αI-domain activity in extracellular space, intracellular trafficking, and secretory 

pathway. One proposed molecular and mechanistic interpretation of the major roles of Mg2+ 

in integrin biology is that the ion serves to establish long-range molecular interactions 

between MIDAS and the αI-domain scaffold. To test whether Mg2+ plays such a far-

reaching allosteric role (rather than merely existing as a cation binding to the MIDAS), 

we measured the change in thermal stability of the WT αX I-domain and I314G in varying 

Mg2+ concentrations using differential scanning calorimetry (DSC). The WT αX I-domain 

exhibited a single cooperative unfolding transition at the melting temperature (Tm) of 53°C 

(Figure 3A). Stepwise Mg2+ titration shifted the Tm of the WT αX I-domain by 10°C–63°C 

and progressively increased the amplitude and area of thermograms (Figure 3A). For the 
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I314G, biphasic denaturation in thermograms was evident at the lowest level of bound Mg2+ 

in the presence of a smaller endotherm with a Tm of 53°C, which is greater than the major 

endotherm Tm of 40°C (Figure 3B). The I314G transition at Tm of 40°C also showed Tm 

shifting during Mg2+ titration from 40°C to 49°C and increased the amplitude and area 

of the major endotherm (Figure 3B). The minor endotherm, however, at 53°C showed 

Mg2+-dependent Tm shifting to neither higher nor lower temperatures but gradually lost 

amplitude during Mg2+ titration (Figure 3B). The WT αX I-domain is thermodynamically 

more stable than the I314G, with a ΔΔHunfolding of 34 kcal/mol and a ΔTm of 13°C (Figures 

3A and 3B).

We further assessed the Mg2+-dependent stability event using an equivalent technique, 

differential scanning fluorimetry (DSF). Tm showed a slight or no reduction for the WT 

ΔX I-domain until MIDAS reached 50% Mg2+ occupancy (Figure 3C). However, Tm of the 

I314G had a well-discernible early negative slope for concentrations <82 μM Mg2+ (~50% 

MIDAS occupancy) (Figure 3D). As the MIDAS became gradually 50%–95% occupied by 

Mg2+, the Tms of both WT αX I-domain and the I314G increased steeply before eventually 

plateauing after >95% Mg2+ occupancy (Figures 3C and 3D).

To quantitatively analyze the bimodality of DSC and DSF thermograms, we examined 

the Van ’t Hoff linear dependence of Tm (1/Tm) to the ligand concentration (ln[Mg2+]). 

Bimodality is evident in the Van ‘t Hoff plots of both DSF and DSC for the WT αX 

I-domain and in DSF for the I314G with two distinct linear relationships: one at lower (0–

100 μM) and a second at higher (250 μM–250 mM) Mg2+ concentrations (Figures 3A, 3C, 

and 3D, insets). Moreover, we also modeled the Mg2+-binding mode using the Tm change, 

which is better represented via a biphasic binding transition model for both the WT αX 

I-domain and the I314G (Figures 3C and 3D).

Structural consequences of Mg2+-dependent ionization of two critical MIDAS 
aspartates—The difference in ΔTm of 10°C and ΔΔHunfolding of 22.9 kcal/mol between 

the Mg2+-bound and -free states reflects a more enhanced global stability of the αX 

I-domain, but not the energetic contribution from the little-to-no structural rearrangements 

or fast-local motions within MIDAS during Mg2+ binding. Therefore, we characterized 

the physical properties of the Mg2+-MIDAS assembly using cheminformatics and assessed 

the ionization states of the MIDAS-titratable residues using the hybrid nonequilibrium MD/

Monte Carlo (neMD/MC) approach. Typically, the hydrophobic environment perturbs the 

pKas of titratable acidic residues toward a neutral pH, establishing or breaking long-range 

global interactions as exemplified by staphylococcal nuclease and nitrophorin 4 protein. (Di 

Russo et al., 2012; Karp et al., 2007) Upon the addition of Mg2+ (+2 charge) in neMD/MC, 

two invariantly conserved MIDAS aspartates, D138 and D240, in the hydrophobic sink 

(Figures S1C–S1E) shifted their side-chain pKa values; the shift for D138 is from 3.8 to 

2.2 and the shift for D240 is from 5.9 to 3.9 (Figures 4A and 4B) at the imposed pH 7.2. 

Although no structural rearrangements in the MIDAS are observed during Mg2+ binding 

(Figures 2A and 2B), both carboxylates are most likely hydrated—one extra water molecule 

moves into MIDAS together with Mg2+ (Figures 1A–1C)—leading to a shift in the pKa 

values of both aspartates and favoring their deprotonated charged state. At pH 7.2, the 

Mg2+-bound closed state had steady interaction energies and stable MIDAS coordination 
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(Figures 2B and S3A, black trajectories; Video S1), but residues D240 and another MIDAS 

residue, S142, in the absence of Mg2+, frequently lost the MIDAS coordination and moved 

out of the standard MIDAS geometry (Figures 2A and S3A, red trajectories; Video S2). 

Similarly, at pH 5.2, the direct interaction of D240 with S142 was also broken and replaced 

with a stable water molecule (Figures 2B and S3B, black trajectories; Video S3).

During transition from the closed to the open state, S142-Mg2+ contact coordination, which 

is pivotal for establishing and maintaining allosteric coupling between MIDAS and the α7 

helix, stays consistently intact (Figures 2B and 2C). Moreover, during the αX I-domain 

opening, D240 transiently stays solvent exposed while synchronously moving with Mg2+ 

toward T207 and thus shifting its pKa from 3.9 to 2.6 (Figures 2B, 2C and S3D). The 

invariant I143 moves 1 Å closer to D138 in the open state and, together with conserved 

F174, further creates a hydrophobic wrap around D138 (Figures S1C–S1E). This effect on 

the buried D138 is drastically reflected by a shift in its pKa from 2.2 to 5.4 (Figures 2B, 2C 

and S3C).

Next, we tested, via proton (H+) titration, whether the local protonation state fluctuations 

observed during neMD/MC affect the αX I-domain fold stability parameters (Tm and ΔuG) 

at different pH values using stability measurements, a widely used method to probe whether 

ionization of critical residues regulates global protein stability (Di Russo et al., 2012; 

García-Moreno et al., 1997; Karp et al., 2007). In the pH range of 3–11, the unfolding 

Tms were Mg2+ insensitive and nearly identical (Figure 4C). Remarkably, the unfolding 

free energies of the αX I-domain in the pH range of 3–6 were higher by approximately 

5–6 kcal/mol (ΔΔGu) for the Mg2+-free state compared to the Mg2+-bound state (Figure 

4D, blue line). Above pH 6, similar unfolding free energies were followed for Mg2+-free 

and -bound states. This observation is the most intriguing because neutral states of the 

critical D138 and D240 are enforced in the same pH range of 3–6 in neMD/MC, where the 

Mg2+-free conformation showed reduced thermodynamic stability. The protonated D138 and 

D240 cannot bind Mg2+, and the Mg2+-less state, being ligand-binding incompetent, would 

substantially lose its ligand affinity. In fact, the previous crystallization efforts showed that 

the integrin αVβ3, in the pH range of 4.5–6.5, loses its dication upon crystallization (Dong 

et al., 2012; Xiong et al., 2009). In another study, αVβ3 affinity was reduced in response 

to systematic lowering of the pH (Dong et al., 2011). Since both aspartates are invariantly 

conserved in αI- and βI-domain MIDAS, this correlation between the ionization states of 

D138 and D240 and the structural stability of the αX I-domain as a function of pH appears 

to be inherently universal, with Mg2+ coupling the ionization states of both aspartates 

to the global stability of the αI-domain fold and subsequently establishing allostery and 

pH-dependent affinity.

Mg2+ links MIDAS to the αX I-domain fold—To identify the molecular coupling 

network of the Mg2+ ion to the αX I-domain fold, beyond D138 and D240, we performed 

a normal mode analysis (NMA), which maps residue-based atomic fluctuations and 

subsequently calculated the residue cross-correlations (RCCs) to reveal the correlated and 

anticorrelated regions in the αX I-domain fold (Grant et al., 2021). RCC peaks appeared 

between the β strands as expected since they are directly H-bonded to each other in 

the following order: β3–β2–β1–β4–β5–β6 (Figure 4E, green circles). Significant positive 
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correlations were also observed between MIDAS residue-containing β1α1-α3α4-α4β4 

loops (Figure 4E, red circles). A direct long-range coupling exists between the α7 and 

α1 helices, the latter of which is immediately preceded by MIDAS (Figure 4E, blue circle). 

In fact, a recent mutational study on the α1 helix confirmed the universal role of both 

helices regulating the MIDAS affinity (Wang et al., 2017). The second long-range route 

between MIDAS and the α7 helix propagates among the loops holding the cation in place 

(Figure 4E, red circles); the α7 helix and the β6α7 loop, both of which cooperatively 

regulate ligand affinity, are directly coupled to the β5α6 loop. The β5α6 loop is linked 

to both the α3α4 loop containing T207 and the β1α1 loop containing the key MIDAS 

DXSXS motif (Figure 4E, black/green dashed lines). The α3α4 loop also shows a second 

strong correlation with the β4α5 loop that bears the key residue D240. Through a subglobal 

structural rearrangement in MIDAS—the lateral motion of Mg2+ and the β1α1 loop by 2 

Å and D138 rotamer flip—D240 loses its direct Mg2+ coordination to T207 during αX 

I-domain opening (Figure 2C).

We further assessed the local molecular breathing in the Mg2+-free and -bound states using 

the dynamic RCC (dRCC) matrices extracted from neMD/MC simulations. Trajectories 

in pH evolution during our neMD/MC simulations account for the ionization states 

of residues, and dynamic cross-correlation (DCCM) of these trajectories best represent 

harmonic vibrations that reveal a major aspect of the “breathing” motions within the αX 

I-domain fold. The principle of minimal frustration (Bryngelson and Wolynes, 1987), a 

term defined as a general feature of a model Hamiltonian to describe protein foldedness, 

infers the reduction of strong energetic conflicts in a protein fold, or more precisely, the 

bringing together of residues in space with thermodynamic stabilization of the protein 

fold. Thermodynamic stabilization comes with minimal frustration, and in comparison to 

the unfolded state, reduces excessive breathing motions and random residue correlation 

toward a unique structural ensemble(s), creating a tunable conformational landscape, 

and eliciting allosteric modulation. In the Mg2+-free state, we observed a scattered, non-

specifically intense, and extensive dRCC matrix, suggesting high energy and maximum 

frustration (Figure S3F, related to Figure 4E). Mg2+ binding dampened excessive residue 

cross-correlation contacts, minimizing frustration with precise interactions unique to the 

αX I-domain scaffold similar to the static RCC (Figure S3E, related to Figure 4E). This 

difference is evident and presented in the difference DCCM map (Figure S3G, related to 

Figure 4E). In short, reduced breathing motion or minimal interaction frustration conferred 

by Mg2+ binding is accompanied by an increase in the structural stability of the αX 

I-domain scaffold, suggesting that the Mg2+-MIDAS assembly is thermodynamically more 

stable, and thus, has established an allostery among structural elements of the αX I-domain.

Mg2+ induces bimodal shape-shifting on the αX I-domain—Mg2+ binding in-

solution also alters the secondary structure content of the αX I-domain as probed by 

circular dichroism (CD) (Figures S4A–S4C, related to Figure 5D). To directly visualize 

the ensemble-averaged conformational changes, we simultaneously collected small and 

wide-angle X-ray scattering (SWAXS) intensities for the αX I-domain in varying Mg2+ 

concentrations. The positive slope seen in intensity profiles of the αX I-domain scattering 

with increasing levels of free Mg2+ from 0 to 100 mM is indicative of the αX I-
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domain becoming enlarged (Figure 5A). Indirect Fourier transformation of intensities of 

each SWAXS dataset, q ranges between 0.015 and 1 Å−1 (Table S2), in varying Mg2+ 

concentrations were used to estimate the pairwise distance distribution curves (P(r)) of the 

scattering vectors. The three-dimensional (3D) plot of P(r) versus particle radius r(Å) in 

varying Mg2+ concentrations (Figure 5B) revealed a stepwise evolution of effective radius 

(Dmax) and radius of gyration (Rg) of the αX I-domain, extending its Dmax from 50 to 78 

Å and Rg from 18.2 Å to 29.5 Å (Table S2). The 3D plot also displayed two distinct Dmax 

evolution times that are inosculated with a transition plateau phase between them. The first 

evolution time exists in partially occupied MIDAS, corresponding to <0.5 mM Mg2+, and 

exhibits a more compact shape. Next, a plateau region appears in which Dmax and Rg stay 

unchanged in the range of 0.5–5 mM Mg2+ while Mg2+ concentrations above 5 mM initiated 

the second Dmax evolution time in solution (Figure 5B). The comparable I0/c values, the 

linear Guinier regions, and dimensionless Kratky plots of X-ray scattering showed that 

changes in the αX I-domain shape are a direct consequence of alterations in macromolecular 

dimensions and not intermolecular aggregation (Figures S4E and S4F, related to Figures 5A 

and 5B).

The concentration range where Dmax plateaued appears to be a conformational transition 

zone and interestingly corresponds to the physiological Mg2+ concentration. That is, this 

mid-zone is potentially populated by diverse conformational states in solution. If so, we 

predict that the mid-plateau Mg2+ concentration of 1 mM could serve as the slow exchange 

regime in the NMR time-scale (conformational equilibrium << \Δνthe chemical shift difference|) 

and allow us to define residues that could adopt one (stable) or multiple (dynamic) 

conformations. The 3D-HNCACB/HN(CO)CACB NMR datasets were collected using a 
2D/15N/13C isotopically labeled αX I-domain in 1 mM Mg2+. During the backbone 

chemical shifts assignment, a set of resonances (peak splitting) for both Cα (red peaks) 

and Cβ (green peaks) were detected showing configurational interconversion during the 

frequency detection period (Figures 5C and S5). That is, at least two structural states 

clearly existed in mid-plateau Mg2+ concentration. Residues that showed peak splitting were 

mapped onto the superimposed closed and open αX I-domain structures. For simplicity in 

Figure 5D, the superimposed closed and open structures are colored by root-mean-square 

deviation (RMSD), and the Cα atoms of residues that undergo peak splitting are shown as 

spheres. Residues adopting at least two configurational states were remarkably localized to 

the allosteric regions—the N-terminal half of the α1 and α6 helices, the entire α7 helix, 

MIDAS, and loops in the close vicinity of MIDAS—that undergo structural alteration during 

the αX I-domain opening. Cα-RMSDs of residues between the closed and open states, 

which either exhibit peak splitting or show single resonance, are 9 and 0.8 Å, respectively 

(Figures 5D and S4H). Furthermore, the residue-based in-solution dynamism probed by 

NMR is also noted in Figure 4E (yellow-shaded strips) showing similar RCCs for the 

residues with peak splitting. Briefly, these dynamic residues probed by NMR and RCC are 

highly comparable and potentially play a major role in establishing the molecular coupling 

of MIDAS to the αI-domain scaffold upon Mg2+ binding.

Effects of increasing Mg2+ concentration on the MIDAS-dependent αX I-
domain affinity—Do Mg2+-induced structural changes observed in solution enforce any 
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functional regulation onto the integrin external ligand affinity? To examine αX I-domain 

adhesiveness in varying Mg2+ concentrations to its physiological ligand, fibrinogen, we 

characterize their affinity evolution using SPR. We analyzed our SPR binding traces 

using maximum entropy or Tikhonov regularization, which accounts for heterogeneous 

interactions (e.g., structural interconversion and surface heterogeneity) and returns 3D-

dimensional coordinates, with a range of the Kd (in micromoles) and koff (in 1/s) on the 

x-y axis and the abundance or multiplicity of the probed interaction(s) in the z coordinates, 

as a contour map (Gorshkova et al., 2008). Interactions of the WT αX I-domain and the 

I314G with fibrinogen-coated surfaces produced robust SPR signals in the presence of 0.1, 

0.5, 5, 10, and 50 mM Mg2+ with 2D-grid points set to the range of Kd and koff from 10−9 to 

10−2 μM and 10−9 to 1 s−1, respectively.

The binding to fibrinogen in 0.1 mM and 0.5 mM Mg2+ showed an affinity centered around 

a Kd of 80 × 10−5 M and another minor affinity population around Kd = 1 × 10−5 M. This 

small population of the high-affinity αX I domain at physiological relevant concentrations 

of Mg2+ provides in-solution evidence indicating that a mixed ensemble of αX I-domain 

conformations exists (Figures 6A and 6B). Here, the affinity of the minor population is 

similar to the affinity of the I314G. Increasing Mg2+ concentration progressively shifted 

the center of the Kd peak toward a high-affinity state (Figures 6A–6E; Table S3) while 

reducing the heterogeneity of the major conformational ensemble on the Kd/Koff matrix as 

shown by reduced dispersity of the 2D-binding sensorgram (Figures 6A–6E and S6A). At 

10 mM and 50 mM Mg2+, the affinity was fully matured to the high-affinity of Kd of 2 × 

10−5 M (Figures 6D and 6E, Table S3) and structural heterogeneity reduced to a minimum 

(Figures 6E and S6A). Nevertheless, the stepwise increase in Mg2+ concentration neither 

induced a similar stepwise affinity maturation of the I314G nor shrunk the 2D space of the 

Kd/Koff binding matrix, confirming that the I314G is locked in the alternate high-affinity 

state (Figures 6F–6J and S6A). The observed affinity of the I314G to fibrinogen is ~100 

μM for each of the five Mg2+ concentrations, which is equivalent to the Kd of the fully 

affinity-matured WT αX I-domain (Figures 6E versus 6F–6J).

Mg2+-induced affinity maturation of intact αXβ2 integrin on cell surfaces—
Next, we tested the functional relevance of the Mg2+-dependent affinity increase in the αX 

I-domain on cell surfaces. αXβ2 is known as CR4 and is one of the essential components 

of innate immunity that phagocytizes complement-opsonized particles or complexes. iC3b 

rosetting that mimics the first step of this phagocytosis is widely used, physiologically 

relevant in immunological assays in which αXβ2-expressing target cells form aggregates 

with ligand-coated (iC3b-sensitized) erythrocytes (Figure S7A, related to the STAR Methods 

section “E-IgM-iC3b rosetting assay”). However, assessing the cation-dependent αX I-

domain affinity on cell surfaces (as in the intact αXβ2 receptor) is challenging due to 

the bilateral regulatory roles of cations in modulating the affinities of both the αX and β2 

I-domains. In detail, the cation-modulated affinity events that simultaneously occur and are 

collectively reflected in the αX I-domain affinity could be split into two major interactions: 

(1) the binding interaction of the external ligand to the αX I-domain that we want to 

quantify in response to increasing Mg2+ and (2) the internal ligand binding (interactions 

of the αX/β2 I-domains) that indirectly tunes the external ligand binding (Figure 1E, red 
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arrow). To exclude the second effect in our binding assay, we locked the β2 I-domain into 

the internal ligand binding-incompetent state using either inhibitory monoclonal antibody 

(mAb), TS1/18, or small-molecule inhibitor XVA143. The allosteric inhibitor, XVA143, 

patented by Roche (Yang et al., 2006), directly competes with the αI-α7 helix binding at 

the β2 I-MIDAS efficiently with an half-maximal inhibitory concentration (IC50) of 60 ± 

1 nM. TS1/18 binds to an epitope on the β2 I-domain (R133 and Q332) and locks the 

β2 I-domain MIDAS into the closed state (Lu et al., 2001). Both XVA143 and TS1/18 

inhibits the allosteric crosstalk between the β2 and αX subunits. Also, their epitopes are 

not in close vicinity to the αX I-domain—81 and 63 Å away from its MIDAS, respectively. 

Thus, they would not directly affect the αX I-domain conformation and affinity state. In 

our assay, Mn2+ acts as the universal integrin activator that replaces ADMIDAS Ca2+ and 

was previously shown to allosterically increase αI-domain affinity (Dransfield et al., 1992). 

Since both allosteric inhibitors TS1/18 and XVA148 could block the Mn2+-dependent β2 

I-domain activation, the Mn2+-effect on the αX I-domain could be uniquely probed in our 

binding assay.

In 1 mM Mn2+/Ca2+, αXβ2 showed high affinity because Mn2+ stabilizes the open/active 

βI-domain and induces internal ligand binding, hence transducing allostery relay and 

substantially increasing the αI-domain affinity (Figure 6L, yellow area). This Mn2+-induced 

iC3b rosetting is well inhibited upon the addition of TS1/18 (in a dose-dependent manner) 

(IC50 = 6.8 μg/mL)(Figure 6K) or XVA143 (Figure 6L, yellow-shaded area), demonstrating 

that both inhibitors disengage the βI-domain from the α/β crosstalk and provide strategies 

to assess the direct role of Mg2+ on the αX I-domain affinity on cell surfaces. Both 1 μM 

XVA143 and 10 μg/mL TS1/18 are sufficient to inhibit the αXβ2 affinity level similar to 

that of the un-opsonized erythrocytes.

Next, we examined how Mg2+ ion concentration directly influences αX I-domain 

adhesiveness on the intact integrin. Overall, a stepwise increase in Mg2+ concentration 

to 100 mM in 1 mM Ca2+ greatly enhanced iC3b rosetting of αXβ2 (Figures 6L, blue 

line, and S7B). Since both βI- and αI-domains have MIDAS, the increased iC3b rosetting 

observed could be induced by Mg2+ binding to either domain. Next, we used TS1/18 and 

XVA143 to block β2-ί MIDAS activation; any affinity change then becomes independent of 

the β2 I-domain and only stays dependent on the αX I-domain affinity maturation. In higher 

concentrations of Mg2+, incubation of αXβ2-expressing cells in the presence of TS1/18 

and XVA143 still exhibited enhanced binding (Figure 6L, red/green dashed lines), directly 

showing that the increased affinity only corresponds to the Mg2+-induced αX I-domain 

opening. In short, both of our in vitro SPR and cell-based affinity measurements showed 

that the αX I-domain, in the absence of help from the β2 I-domain, could mature its affinity 

in ranges of Mg2+-ion concentration above 5 mM, which corresponds to the Mg2+ effect 

observed as the second conformational evolution step in our small-angle X-ray scattering 

(SAXS) data.

DISCUSSION

Cation-αX I-domain affinities (Ka) probed in our study are weak in a measurable range and 

on the order of Mn2+ > Mg2+ > Ca2+. These measurements agree well with the absolute 
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binding free-energy calculations determined for the αL and αX I-domains (data not shown) 

and the experimental measurements for αL and αM I-domains (Baldwin et al., 1998; San 

Sebastian et al., 2006; Vorup-Jensen et al., 2007). We also extracted the thermodynamic 

parameters of cation-binding events. Although not drastic, systemic alteration of divalent 

cation affinity was observed and TΔS (entropy) was more pronounced for the I314G in 

binding of Mg2+ and Mn2+ (Table S1). This observation is supported by the structural 

rationale for the engineered activation mechanism of I314G, which (1) loosens the α7 helix 

interaction with the rest of the αX I-domain fold and (2) reduces its helical propensity 

(helical propensity scale of Ile and Gly are 0.41 and 1, respectively, with 0 being the most, 

and 1 the least, favored), which, in turn, triggers a concurrent unwinding of the α7 helix. 

These subglobal structural changes in the I314G, together with the swap of the charged 

to non-aqueous M(g/n)2+ coordination in the primary coordination sphere (D240 to T207, 

Figures 1B and 1C), potentially make the MIDAS-M(g/n)2+ complex and αX I-domain 

structure more labile, accounting for the enhanced conformational entropy observed during 

the binding of Mg2+ and Mn2+ ions.

The observed thermodynamics differences in our isothermal titration calorimetry (ITC) 

analysis between Ca2+, Mg2+, and Mn2+ also would result from differences in their 

physicochemical properties. In general, the binding enthalpy describes the favorability 

of the molecular interactions via hydrophilic, H-bonding, electrostatic interactions, and 

conformational changes of interacting molecules while the binding entropy arises from 

restructuring water and ions and hydrophobic effects (Dutta et al., 2015). Interestingly, the 

detected binding enthalpy of the Ca2+ to MIDAS in our titrations and previous studies 

(Ajroud et al., 2004; Vorup-Jensen et al., 2007) is marginal, and Ca2+ affinity is almost 

completely driven by temperature-dependent entropy rather than enthalpy (Table S1). Given 

that Ca2+ has a low electronegativity (Pauling unit of 1) and could interconvert between 

monodentate and bidentate geometries, its ionic tethering and assembly to MIDAS by the 

electrostatic Ca2+ steering or molecular diffusion is potentially less effective in comparison 

to ionic tethering of Mg2+ and Mn2+ (Pauling units of 1.31 and 1.55, respectively). 

Consequently, the Ca2+-MIDAS assembly is loosely established and, hence, explains the 

almost negligible Ca2+-binding enthalpy. In our QM calculations, the absolute binding 

energy of Ca2+ relative to that of Mg2+ and Mn2+ in both a vacuum and in water is lower 

(data not shown). In fact, the observed Ca2+-MIDAS assemblies in integrins display loose 

tethering, which is highlighted by heterogenic or polygonal (hexa- or hepta-) coordination 

in the complex formation of the αI-domain with a ligand mimetic antibody (mAb107) and 

also in other proteins (Mahalingam et al., 2011; Nayal and Di Cera, 1994; Schymkowitz 

et al., 2005). Aside from electronegativity, the ionic radii of Ca2+, Mg2+, and Mn2+ are 

also different: 1.14, 0.86, and 0.81 Å, respectively. Ca2+ has the largest ionic radius and 

thus larger van der Waals (Shannon, 1976). The effect of varying size would also partially 

contribute to the difference in cation affinities and binding thermodynamics due to the 

formation of different electrostatic networks and water solvation around MIDAS.

Roles of cations in integrin biosynthesis are essential; Ca2+ concentration in the ER and 

Golgi apparatus ranges at ~3 mM in the steady state and helps the folding of the integrin 

receptors (Montero et al., 1995). The dampening of integrin promiscuity by the Ca2+ 

effect would keep the integrin in the bent and binding-incompetent state in the intracellular 
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space (Tiwari et al., 2011), concomitantly blocking any potential in cis interactions during 

integrin biosynthesis and folding in ER and Golgi. This could be highly critical during the 

biosynthesis of αXβ2 and its sister homologs αMα2 and αDα2 since they are famous 

for being extensively promiscuous, recognizing structurally dissimilar biomolecules ranging 

from proteins to nucleic acids (Vorup-Jensen and Jensen, 2018).

The hydrophobic residues in the immediate 5-Å vicinity of D138 and D240 envelop 

aspartates better in the closed MIDAS configuration and favors the neutral and Mg2+-free 

state of both D138 and D240 by increasing their pKas by forming an enlarged hydrophobic 

sink around them by 270 Å2 (Figures S1D–S1C). This prominent hydrophobicity would 

create an inhibitory effect on the Mg2+-dependent ligand binding as demonstrated by 

mutational studies in literature. Reducing the local hydrophobicity via αL-F292A or αL-

F292G mutations (F300 is the corresponding residue in the αX I-domain) increased the 

affinity by 75- and 12,000-fold (Jin et al., 2006). However, the energetic penalty for 

swapping Ala to Gly (methyl to proton mutation) in the position of the conserved αL-

F292 would theoretically lead to an affinity increase by only 3-fold. It is, thus, tempting 

to speculate that the 160-fold (12,000/75)—not the 3-fold—affinity increase observed 

between Ala and Gly mutants stems from the difference in the considerable side-chain 

hydrophobicity index (ΔtR) of 41 between Ala and Gly, creating this large affinity gap 

(Monera et al., 1995).

The ionization states of two MIDAS aspartates, D138 and D240, in the absence of Mg2+ 

in our neMD/MC (Figures 4A and 4B), showed markedly elevated pKas identified relative 

to the average intrinsic pKa for Asp residues in proteins (Grimsley et al., 2009). The 

local dielectric constants for both aspartates, relative to the reference ionization state, 

were calculated using the Born equation as described in the Method details section. In 

the absence of divalent cations, D138 and D240 (εD138 = 24.7 and εD240 = 20.9, εH2O = 

78.3) experience a less polarizable environment. In general, this low dielectric effect, while 

sequestering apolar residues as clusters, promotes neutral states of polar residues and tethers 

them in a semi-rigid or high configuration entropy (García-Moreno et al., 1997). Hence, the 

differential permittivity shift around both aspartates help accommodate the counter negative 

charge for Mg2+ when the ion is present or adopt a neutral/protonated configuration in the 

absence of Mg2+. What is unique about this permittivity shift at the immediate vicinity of 

both aspartates is that, with the αX I-domain, we have detected here that the changes in 

conformational reorganization/equilibria (SAXS), long-range residue coupling, and stability 

of the αI-domain (DSC/DSF) are concomitant with the ionization states of both aspartates. 

This observation most likely deciphers the importance of pKa changes of the invariant 

aspartates in regulating the integrin affinity during endosomal transport.

Our binding studies both in vitro and on cell surfaces showed that αXβ2 adhesiveness 

could be fine-tuned in response to shifting Mg2+-ion concentration, and the resultant 

affinity maturation shaped more homogeneous interactions between the αX I-domain and 

its ligands. During affinity maturation, the koff rate was not altered, but the ligand affinity 

(Kd) and kon rates were enhanced in response to the increasing Mg2+ concentration. Two 

potential mechanisms could implicitly define the Mg2+-mediated kon increase—the enriched 

molecular steering of ligands or/and the induction of a vast αX I-domain conformational 
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landscape. Since all integrin ligands bind through either an Asp or Glu to the αI-domains, 

the first mechanism is plausible in that Mg2+-ion residency in MIDAS favorably develops 

ligand steering and has a direct role in kon. In the second mechanism, the assembly of 

the Mg2+-MIDAS complex is mainly controlled by binding entropy for the I314G, but 

equally controlled by both binding entropy and enthalpy for the WT αX I-domain. These 

observations also suggest that greater conformational space between the ligand-free and 

ligand-binding competent conformations is explored in the open state and that the second 

structural evolution induced by Mg2+ concertation above 5 mM would probably create a 

more labile MIDAS, contributing partly to the increase in kon. In other words, since the 

binding-competent geometry or geometries between the ligand and the αX I-domain are 

enriched toward a unique interface, the equilibration time needed for disassociation of the 

very same interface (koff) would not be dependent on the free Mg2+ concentration, and this 

is why koff most likely remained unaltered in our SPR-Mg2+ titrations.

What is the basis of the molecular mechanism that facilitates ligand binding in the 

extracellular space and separates the integrin-ligand complex during the endocytic stage 

after receptor internalization? pH at the extracellular space, ~7.4, supports the external 

ligand binding. However, the integrin-ligand complexes, after receptor internalization, face 

progressive acidification in their journey from the early to late endosome from pH of 6.5 

to 5 (Caswell et al., 2009; Kharitidi et al., 2015; Piper et al., 2014; Rabb et al., 1993). 

Potential protonation of MIDAS aspartates in the endocytic compartments would disfavor 

Mg2+ accommodation in MIDAS and subsequently dissociate the integrin-ligand complex. 

This scenario is supported by a sharp decline in the external ligand affinity in vitro affinity 

assays and the lack of a MIDAS cation in crystal lattices in the reduced pH of 5 (Dong et 

al., 2012, 2014). Perhaps most remarkably, this pH dependence of the MIDAS-ionization 

state would favorably regulate dissociation of the integrin-ligand complex during endosomal 

transport and aid the integrin-recycling mechanism.

The Mg2+-ion concentration that supports integrin binding to physiological ligands in blood 

is in the range of 0.65–1.05 mM (Jahnen-Dechent and Ketteler, 2012). We artificially used 

a range of Mg2+-ion concentrations outside of this physiological range (>5 mM), which led 

to the enlargement of its effective radius. Non-physiological, high Mg2+ concentrations in 

our assays could be considered as a proxy for the force-mediated αX I-domain activation. 

Interestingly, the force-induced enlargement of the αI-domain and an immediate increase in 

its ligand binding were previously observed (Fu et al., 2015). Hence, a range of Mg2+-ion 

concentrations outside of the physiological range served to progressively bring forth the 

spectrum of structural states that rarely exist under basal conditions on cell surfaces but 

are frequently visited under force. The Mg2+-induced conformational dynamics observed 

herein provide a structural pathway that demonstrates the skewed affinity of Mg2+ for 

the open compared to the closed MIDAS configuration. In the presence of overexpressed 

ligands (e.g., ICAM-1, VCAM-1 [vascular cell adhesion protein 1] on the inflamed tissue 

or atherosclerotic plaque), the biased conformational equilibrium toward the high-affinity 

state would thermodynamically drive the assembly of both in cis and trans integrin-ligand 

complexes (transition from Figures 1G–1E or 1H), even when MIDAS is not fully saturated 

on cell surfaces.
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Another striking observation in our cell-affinity assays is that Mn2+ increases αI-integrin’s 

affinity by promoting internal ligand, not external ligand, binding and directly transitioning 

the β2 I-domain to the active state. TS1/18 or XVA148 dampened the Mn2+-dependent 

β2 I-domain activation, thus allosterically inhibiting the external ligand binding. Indeed, 

supporting evidence was previously observed: Mn2+ did not increase the binding affinity 

of the α2 and αX I-domains to collagen and plasminogen in the equimolar concentrations 

of Mg2+ (Calderwood et al., 1997; Gang et al., 2007), suggesting that universal Mn2+-

dependent integrin activation must originate from the activating Mn2+ effect on the β2 

I-domain, potentially replacing the ADMIDAS Ca2+ with Mn2+.

Mg2+-dependent progressive enlargement in the molecular shape of the αX I-domain, and 

its initial (Mg2+ free) and final (100 mM Mg2+) envelope radii are consistent with the 

effective radius change observed in the X-ray structures (Sen and Springer, 2016; Sen 

et al., 2013). Although it is impossible to assign which particular secondary structure(s) 

drives the Mg2+-dependent radius evolution of the αX I-domain based on the shape of 

scattering, extension (at the scale of 28 Å) in a globular Rossman fold is theoretically 

plausible if and only if either the N or C terminus outspreads. Structural consequences 

of the in-solution enlargement, including differential ionization of aspartates, allostery 

establishment, and positional changes in the α1, α6, and α7 helices, bring about a high 

degree of conformational freedom of the αX I-domain fold, relative to the remainder of the 

αXα2 protein, and obviate the geometric constraint of the αX I-domain/ligand assembly. In 

previous crystallization trials, the αX I-domain was detected in two different orientations on 

three αXα2 ectodomain structures and were missing in two other αXα2 crystals (Sen and 

Springer, 2016; Xie et al., 2010). Lack of the αX I-domain in the latter structures potentially 

resulted from the averaging out of the αX I-domain electron density in the data noise due 

to its high positional flexibility in these lattices. Moreover, sister αI domains were shown 

to rotate and tilt above the platform formed by the β propeller and βI domains; the αL, 

αM, and αX I-domain orientations on ectodomains and headpieces differ by 150° (Jensen et 

al., 2021; Sen and Springer, 2016; Sen et al., 2013; Sen et al., 2018). The global flexibility 

of the αI-domain fold, relative to the remainder of the integrin, appears to be a natural 

consequence of the intrinsic dynamics within the αI-domain scaffold probed here.

Our findings here provide an important mechanistic insight into the regulation of leukocyte 

function via the Mg2+ ion in both adaptive and innate responses. It was recently shown that 

Mg2+ concentration dictates CD8+ T cell cytotoxicity in the cancer microenvironment by 

tuning the αLβ2 conformational equilibrium and affinity, and the activation of αXβ2 has 

been directly linked to the unprecedented ability of monocyte-derived inflammatory cells to 

phagocytose malignant cells (Lotscher et al., 2022; Tang et al., 2021). Hypomagnesemia has 

been, however, linked to impaired immune response against influenza virus, osteoporosis, 

stroke, cardiovascular and diabetic pathologies, worse outcomes in cancer immunotherapy, 

and infection (Adebamowo et al., 2015; Castiglioni et al., 2013; Kanellopoulou et al., 2019; 

Saris et al., 2000; Zhao et al., 2019, 2020). Moreover, the physiological Mg2+ concentration 

must be maintained to transition neutrophils from the integrin-dependent rolling to the 

firm adhesion state (Sheikh and Nash, 1996), a critical step in leukocyte trafficking. It 

is most interesting that physiological Mg2+ concentration is the “splitting point” of the 

integrin-dependent affinity maturation observed here, which critically transforms leukocyte 
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behavior in the aforementioned literature. Simply put, the immediacy of Mg2+-dependent 

regulation on leukocyte function reveals the metal-ion sensitivity of the β2-integrins as a 

potential modulator in autoimmune pathologies and cancer and has translation potential. 

Further studies in vivo are needed to define the functional coupling between the Mg2+ ion 

and the α2-integrin receptors.

The dynamic continuum that was prominently observed as two evolution periods in 

our study using differential Mg2+ concentration yielded unexpected discoveries. First, 

differential ionizations of MIDAS aspartate residues that are instigated upon dication 

binding enable the integration of long-range coupling between allosteric components of the 

αX I-domain. Second, saturation of MIDAS with Mg2+ ion helps increase the αX I-domain 

affinity by exploring a more extended, hitherto unexplored heterogeneous, conformational 

space, which could be specialized not only to mediate ligand recognition but also to 

simulate intermediate/transitionary states between closed and open αX I-domain states. 

This rapid equilibration between the binding-competent and -incompetent states could have 

two different functional outcomes: (1) it helps the integrin readily engage to the ligand 

either upon inside-out signaling or when the ligand is overpresented or (2) it thwarts the 

leukocyte integrin from being arrested into an inexorably locked in cis bound configuration 

via conformational cycling (Figure 1). Thus, both scenarios would enable a rapid dynamic 

continuum between the bent and extended states on cell surfaces.

Limitations of the study

We show here that Mg2+ potentially primes αX I-domain conformational changes. 

Conversely, the Ca2+ effect and the interplay between these two physiologically abundant 

cations would not apply. This limitation, therefore, points toward future work on the 

mechanistic connection between cation-dependent events that would extend the current 

understanding of the physical foundation of integrin-cation biology.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests should be directed to and will be fulfilled 

by the lead contact, Mehmet Sen (msen2@cougarnet.uh.edu).

Materials availability—This study did not generate any new, unique reagents.

Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request. This paper does not report original code. Any additional information 

required to reanalyze the data reported in this paper is available from the lead contact upon 

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study has used the following cell lines: HEK293T cells (ATCC; Cat# CRL-3216) and 

E. coli Rosetta BL21 (DE3) cells (EMD Millipore; Cat# 70954-3). All HEK293T cells 

were grown following the standard protocols. Briefly, they were grown in DMEM (Gibco 
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Cat#10313), Pen Strep (Gibco Cat# 15140-122), and 10% FBS at 37°C with 5% CO2 in 

T-Flasks or plates. For culturing E. coli, general LB media, carbenicillin, chloramphenicol, 

and IPTG (Goldbio; Cat# C-103-5, C-105-5, and I248100) were used at 37°C at 225 rpm in 

a shaker incubator.

METHOD DETAILS

Expression and purification of the αX I-domain—The human αX I-domain (residues 

Q129 to G319) and the I314G construct were cloned into pgEX-6P and expressed in 

E. coli Rosetta BL21 (DE3) cells. Cells inoculated from the overnight starting culture 

were grown in Luria-Bertani (LB) media containing 100 μg/mL carbenicillin and 100 

μg/mL chloramphenicol at 37°C at 225 rpm until an OD600nm of 0.5–0.7 was reached. 

The culture was cooled to ambient temperature, induced with 1 mM isopropyl-1-thio-B-D-

galactopyranoside (IPTG), and then incubated overnight (14–16 hours) at 22°C at 225 rpm. 

Cell pellets were re-suspended in lysis buffer (20 mM Tris-HCl, 200 mM NaCl, 10% 

glycerol, pH 8.0) and thoroughly lysed by passing the cell suspension through an Avestin 

EmulsiFlex C3 homogenizer at 10,000 psi five times. The cell lysate was incubated with 

1X phenylmethanesulfonylfluoride (PMSF) and 1 mM DNase by gently rocking at 4°C 

for 30 minutes followed by centrifugation at 20,000 X g in polycarbonate centrifuge tubes 

for 30 minutes at 4°C. The filtered supernatant was loaded onto a Glutathione Sepharose 

(GST) column. The recombinant protein was eluted in elution buffer (20 mM Tris-HCl, 

200 mM NaCl, 10 mM reduced glutathione, 10% glycerol, pH 8) and digested with human 

rhinovirus 3C Protease at a ratio of 1:20 protease:protein for 16 hours at 4°C for complete 

digestion. The digestion mixture was spun down to remove possible precipitation and the 

resulting supernatant was passed through a Ni-Sepharose HisTrap HP column to remove the 

his-tagged 3C protease. The collected flow-through was further passed onto the equilibrated 

GST column to remove the cleaved GST protein. The resulting flow-through was the 22 kDa 

αX I-domain. Finally, the concentrated sample was further purified on a 16/60 Superdex 75 

size-exclusion chromatography column in polyvalent cation-free buffer containing 20 mM 

HEPES, 150 mM NaCl, pH 7.5. The purification procedures eventually yielded 5–7 mg 

of the monomeric αX I-domain with approximately 95% purity from 1 L of bacterial cell 

culture (Figure S2A). The protein concentration was measured by its absorbance at 280 nm 

using the native extinction coefficient of 11470 M−1·cm−1. The native extinction coefficient 

of the αX I-domain was calculated by BCA assay.

Isothermal titration calorimetry (ITC)—100 μM WT αX I-domain or 50 μM I314G 

construct were loaded into MicroCalorimeter PEAQ-ITC with a cell volume of 200 μL in 

buffer containing 20 mM Tris, 150 mM NaCl, pH 7.5. For the WT αX I-domain titrations, 

7.5 mM Mg2+, 4 mM Mn2+, and 20 mM Ca2+ in identical buffer were injected for 38 cycles 

in volume of 0.5 μL and 1 μL in the rest of the titration with continuous stirring at 25°C. For 

the I314G construct, 3.7 mM Mg2+ and 2 mM Mn2+ were titrated with the same injection 

protocol used for the WT αX I-domain. Binding enthalpy (ΔH0)(kcal/mol) versus the molar 

ratio of cation to the αX I-domain was generated from each injection, and then the resulting 

isotherm was deconvoluted to calculate cation affinities and energetics. Calorimetry titration 

curves were fitted using Bayesian Markov Chain Monte Carlo (MCMC) methods (Duvvuri 
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et al., 2018), yielding the 2D-correlation map of the binding constant (Ka) and enthalpy 

(ΔH0
binding)(Figures 2D–2H and S2B–S2G).

Differential scanning calorimetry (DSC)—Immediately before the experiment, Mg2+ 

at different concentrations was mixed with 45.5 μM of the WT αX I-domain and I314G 

construct and placed on auto sampler 96 well plate in MicroCal PEAQ-DSC at 4°C. The 

experiment was performed at a temperature range spanning from 15°C to 70°C and at the 

scan rate of 60°C per hour in the passive feedback mode. A 10-minute pre-scan thermostat 

mode was considered for the baseline equilibration. Data were analyzed using PEAQ-DSC 

software which included buffer subtraction from protein sample scan, baseline subtraction 

of heat capacity difference between baselines of pre-transition and post-transition, and 

concentration normalization.

Differential scanning fluorimetry (DSF)—A thermal shift assay via differential 

scanning fluorimetry (DSF) was used to characterize the stability of the αX I-domain in 

varying Mg2+-concentrations and pH range of 3–11. Prior to setting up the reaction in the 

96-well plate, a master reaction mix including the 5 μg αX I-domain, 10X Sypro Orange 

dye, and the buffer (20 mM HEPES, 150 mM NaCl, pH 7.5 in metal-free water), was 

prepared. Different stock concentrations of the Mg2+ were prepared and subsequently added 

to each well. Each Mg2+concentration was prepared in at least triplicates, noted as black 

dots with standard deviation shown as bars (Figures 3C and 3D). The total reaction volume 

per well in the PCR plate was 20 μL. The reaction mixture with the αX I-domain, Sypro 

Orange, and buffer in the absence of cations was the positive control, and the negative 

control included a mixture with the αX I-domain and buffer without the Sypro Orange. The 

fluorescence was measured at regular intervals with the temperature gradient of 0.1°C per 

15 seconds over a temperature range spanning from 15°C to 95°C in the CFX96 real-time 

PCR instrument (Bio-Rad). We tested by DSF titration curves whether are mono-phasic 

or biphasic (Figures 3C and 3D). Differential change in the melting profiles of the WT 

αX I-domain and I314G construct showed bi-phasic Mg2+-binding characteristics in Mg2+ 

concentrations ranging from 1 μM to 100 mM. For statistical rigor, we compared the bi-

phasic (red-line) and mono-phasic fit (blue-line) binding profiles for both the WT and I314G 

construct using F-tests (Figures 3C and 3D). p-values of 0.0068 and <0.0001, respectively, 

strongly confirm bi-phasic transition. For experimental rigor, we checked whether the 

observed melting temperature (Tm) changes resulted from the Hofmeister or lyotropic effect 

or the gradual increase of the ionic strength but found that such an increase did not alter Tm 

of the αX-I domain (Figure S2H, related to the STAR methods section, differential scanning 

calorimetry).

The Van ’t Hoff linear dependence of Tm (1/Tm) to the ligand concentration (ln[Mg2+]) was 

calculated for our DSC and DSF data with the following equation; (Shrake and Ross, 1988),

ΔHV an′tHoff = nRT ln ln Mg2 +
0 + c # (Equation 1)

where ΔHVan’tHoff is the temperature-independent enthalpy of the αX I-domain unfolding, R 
is the gas constant, T is the temperature (Kelvin), n is the number of binding sites (n = 1 for 

Mg2+), and c is constant.
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Nonequilibrium MD/Monte Carlo (neMD/MC)—The hybrid nonequilibrium MD/

Monte Carlo (neMD/MC) approach, a type of constant-pH MD simulation, was used to 

predict the pKa of Asp 138 and 240 (Chen and Roux, 2015). A total of three systems were 

set up for the constant-pH MD simulation including the αX I-domain from 4NEH (open 

Mg2+-bound), 5ES4 (closed Mg2+-bound), and 1N3Y (closed Mg2+-free). The systems were 

prepared with CHARMM-GUI’s Glycan Reader and Modeller tool with all crystal waters 

surrounding the αX I-domain included for system preparation using the CHARMM36m 

(charmm36-mar2019.ff) forcefield (Jo et al., 2008; Park et al., 2019). The protonation states 

specified for acidic and basic residues were confirmed using PROPKA3.1 with calculated 

values at pH 7.0 (Olsson et al., 2011). The protonation states of all HIS residues were 

confirmed by visually analyzing their local environments. A rectangular box with an edge 

length of 16 Å was used to solvate the αX I-domain using the TIP3P water model with 

a 0.15 mM NaCl ion concentration. The overall charge of the protein was neutralized by 

providing a slight excess of Na+ or Cl− ions, which enables the use of Particle-Mesh Ewald 

(PME) electrostatics. Configuration, parameter, and topology files specific to NAMD were 

prepared using CHARMM-GUI and subsequently used by NAMD (version 2.14) (Phillips 

et al., 2020) to perform conjugate gradient minimization for 10,000 steps (minLineGoal = 

1.0e−4 kcal/mol). Backbone and sidechain carbon atom-constrained Langevin dynamics was 

utilized for equilibration as well as constant-pH MD production runs with the temperature 

set at 310 K and Langevin dampening coefficient set to 1.0 ps−1. All three systems were 

simulated at 14 different pH values ranging from 0.4 to 8.4 with a separation of 0.4 

units. The termini of the αX I-domain were fixed in their zwitterionic states with periodic 

boundary conditions (PBC) enabled, using particle mesh Ewald (PME) electrostatics with 

grid spacing set to 1.0 Å in all simulations. The multiple time stepping (MTS) integrator 

Verlet-I/r-RESPA was used with a time step of 2 fs, with length of bonds to hydrogen atoms 

constrained to their equilibrium length using the ShakeH algorithm and a cut-off distance 

of 12.0 Å with the force-switch (both switching and vdwForceSwitching enabled) distance 

set as 10.0 Å to smoothly transition Van der Waals (VdW) potential to 0. All systems at the 

different pH values were simulated for a total of 31 ns in the isothermal-isochoric (NVT) 

ensemble with the 1 ns discarded as equilibration. The protonation attempts were made 

every 10 ps over 30 ns with switch times specified as 20 ps (i.e., 3000 neMD/MC cycles). 

PROPKA-calculated pKa values were assigned as the inherent pKa values and remained 

constant for the duration of the entire simulation. The cphanalyze Tcl script of the pynamd 

package, available through NAMD, was used to analyze the cphlog files generated by the 

software for neMD/MC simulations. pKa values correspond to the 50% protonation fraction 

calculated. The titration curves were plotted in GraphPad Prism version 9.

Born equation used to calculate local dielectric constants is

1.359ΔpKii = 322
2 ⋅ rcavity

⋅ 1
εff

− 1
εH2O ⋅ eK ⋅ rcavity

where κ is the Debye–Hückel parameter, rcavity is the cavity radius of the charged atom, 

εH2O = 78.3, and ΔpKii is the difference in the pKa values.
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Circular dichroism (CD)—Perturbation observed in our RCC network analysis (Figure 

4E) encompasses residues that are exclusively located in helices and loops and undergo 

local folding/unfolding transitions in X-ray structures. Thus, we tested whether Mg2+-

binding in-solution alters the secondary structure content of the αX I-domain using 

circular dichroism (CD). Briefly, the ensemble-averaged secondary structure changes of 

αX I-domains showed a Mg2+-induced loss of overall helicity (Figures S4A–S4C). Given 

that the CD contribution and significant geometric variability of secondary structures from 

non-peptidic chromophores were absent in the acquired data (Figure S4D, related to Figure 

5D), the observed reduction in helical content is clearly driven by Mg2+-binding.

Olis DSM 1000 CD was calibrated with 2.4 mM ammonium (+)-10-ncamphorsulfonate. CD 

experiments were conducted at 10 μM concentration of the αX I-domain in a 1 mm cuvette 

using 2400 lines/mm grating and slit of 1.24 mm width, followed by normalization against 

the buffer spectra. Each spectrum was an average of at least three scans. The mean residue 

molar ellipticity was calculated from the observed ellipticities according to the following 

equation:

θ = θ0wres
10/c # (Equation 2)

where θ is the mean residue molar ellipticity in deg·cm2·dmol−1, θ0 is the observed 

ellipticity in millidegrees, wres is the mean residue weight (MRW) of the αX I-domains 

(molecular mass/[Number of amino acids − 1]), I is the path length in centimeters, and c is 

the αX I-domain concentration in g/L. The secondary structure content was calculated using 

the CD Pro suite with the reference set of SP37A. Three different algorithms (SELCON, 

CONTIN-LL, and CDSSTR) were implemented for the analysis (Sreerama and Woody, 

2000, 2004).

Small Angle X-ray scattering—A large stock volume (~5 L) of the buffer (20 mM 

HEPES, 150 mM NaCl, pH 7.5) in metal-free water was prepared, and the αX I-domain 

was purified with identical buffer in the last step of size exclusion chromatography (SEC) 

purification. The SEC eluted fractions of the αX I-domain were concentrated and spun 

down to remove precipitations such that a final αX I-domain stock concentration of 2.5 

mg/mL. 500 μL protein was then dialyzed against one of 11 buffers in 250 mL containing 

0 μM, 20 μM, 100 μM, 250 μM, 500 μM, 3 mM, 10 mM, 20 mM, 60 mM, 100 mM, and 

250 mM Mg2+ in a dialysis bag of 10 kDa molecular mass cut-off (MilliporeSigma). The 

dialysis was carried out overnight with gentle stirring at 4°C. The resulting αX I-domain 

sample was spun to remove any precipitation, aliquoted at 70 μL each for three replicates, 

vitrified in liquid nitrogen, and shipped on dry-ice to NSLS-II. In control experiments, 

freeze-thawed and unfrozen αX I-domain samples at each MgCl2 concentration displayed 

identical elution profiles, showing that no precipitation or aggregation occurred during the 

freeze-thaw process. For the SEC-SAXS experiment, 100 μL of 10 mg/mL αX I-domain 

was injected into the Superdex S200 column for each experimental run using a Shimadzu 

HPLC system at a flow rate of 0.5mL/min. A total of 360 frames were collected with 

an exposure of 2seconds. The running buffer was the SEC buffer (20 mM HEPES, 150 

mM NaCl, pH 7.5) containing 20 μM, 100 μM, 250 μM, 500 μM, and 3 mM MgCl2 
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concentrations. Similarly, aside from Rg and Dmax enlargement in dynamic SEC-SAXS 

measurements, the hydrodynamic radius simultaneously showed a biphasic transition, as 

reflected by bimodal change in the retention times of different Mg2+-concentrations (Figure 

S4G, related to the STAR methods section, Small Angle X-ray Scattering). The SAXS 

experiments were collected using National Synchrotron Light Source-II (NSLS-II) Beamline 

16-ID (LiX) at Brookhaven National Laboratory108. Guinier plots and P(r) function was 

calculated using GNOM from ATSAS and determination of the regularization parameter in 

indirect-transform methods using perceptual criteria (Franke et al., 2017). Each Mg2+/αX 

I-domain dataset displayed characteristics of a compact globular scattering biomolecule in 

solution.

Nuclear magnetic resonance—15N-13C or 15N-13C-2D labelled αX I-domains were 

expressed as described previously (Sen and Legge, 2007). After Ni-NTA and size exclusion 

chromatography, the αX I-domain was concentrated to 10 mg/mL and buffer exchanged to 

20 mM MES pH 7.0, 10% D2O with or without Mg2+. NMR spectra of an isotopically 

labelled αX I-domain were acquired on an 800 MHz Bruker (operating at a 1H frequency 

of 800.013 MHz equipped with a TCI cryoprobe) and a 600 MHz Bruker Spectrometers 

(operating at a 1H frequency of 599.878 Mhz) equipped with a three-channel inverse 

TXI probe. Triple-resonance experiments, HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, 

HNCO, and HN(CA)CO experiments were used to obtain the chemical shift assignments 

of the αX I-domain residues. All spectra were processed using NMRPipe (Delaglio et al., 

1995) and subsequently analysed with Sparky.

Surface plasmon resonance (SPR)—All SPR data collection was performed on a 

Biacore X100 instrument (GE Healthcare) at 25°C using running buffer containing 20 

mM HEPES, 150 mM NaCl, pH 7.5. To ensure that the running buffer is metal-free, 

MilliQ-water was treated with Chelex-100, chelating resin binding polyvalent metal ions. 50 

μg/mL fibrinogen in 10 mM sodium acetate pH 4.5 were immobilized via amine coupling 

onto CM1 chip with 5491.2 RU at a flow rate of 5 μL/min. As reference, an activated flow 

cell was blocked with ethylenediamine. Interaction of the 10 μM αX I-domains with the 

ligand-coated- or control surface was tested at different Mg2+ concentrations in running 

buffer containing 20 mM HEPES, 150 mM NaCl, pH 7.5 prepared in cation-free water. 

Affinity measurements were performed in the running buffer containing respective Mg2+ 

concentrations; The αX I-domain was diluted in HBS buffer containing 100 μM, 500 μM, 

5 mM, 10 mM, and 50 mM Mg2+ and injected in a random series of 11 concentrations (39 

nM-40 μM) at a flow rate of 10 μL/min. The elapsed time for binding was 450 seconds, 

400 seconds for dissociation, and 230 seconds for regeneration. Regeneration was achieved 

in buffer containing 100 mM HEPES, 0.5 M NaCl, and 150 mM EDTA pH 7.0. In data 

analysis, first, the sensorgrams were preprocessed for baseline adjustment, and reference 

cell signal subtraction using Bia-evaluation followed by correction of the injection time 

using the software Scrubber. Here, it is important to note that previously, typical SPR 

data for the αM I-domain–the sister-homolog of the αX I-domain–displayed nonconformity 

with simple binding models (Bajic et al., 2013). Therefore, binding-traces were loaded into 

the EVILFIT (Gorshkova et al., 2008) and were globally fit for all concentrations using 
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Tikhonov regularization. The boundaries for the distributions were uniformly set to Kd 

values in the interval from 10−9 to 100 s−1 and Kd values in the interval from 10−9 to 100 M.

E-IgM-iC3b rosetting assay—Sheep erythrocytes (Colorado Serum Co. 31112) were 

sensitized with IgM(E-IgM) and with C5-deficient human complement (E-IgM-iC3b) as 

previously established (Bilsland et al., 1994). Briefly, sheep erythrocytes were washed once 

with PBS (pH7.4), then incubated with anti-Forssman IgM monoclonal antibody (M1/87) 

(RRID: AB_2109207) for one hour at room temperature. Then, the E-IgM complex was 

incubated with C5- deficient human serum at 37°C for 1 hr. E-IgM-iC3b and E-IgM, being 

utilized as controls, were assessed for binding to αXβ2 HEK293T transfectants. After 48 

hours of transfection, cells in a 24 well plate were washed once with Hepes-Buffered Saline 

(HBS) and incubated with 1mM Mn2+/0.2mM Ca2+ and varying Mg2+/1mM Ca2+ for 30 

mins at room temperature. To eliminate the effect of the β2 I-domain on the αXβ2-affinity, 

we used either inhibitory monoclonal mAb, 10 μg/ml TS1/18 (RRID: AB_628939), or 1 μM 

small-molecule inhibitor XVA143. E-IgM-iC3b (250uL) was then added and the plate was 

incubated for 1.5 hrs at 37°C. Unbound erythrocytes were removed by gentle washing (3x) 

with HBS supplemented with either (1mM Mn2+/0.2mM Ca2+) or (1mM Mg2+/1mM Ca2+). 

Rosettes (>10 erythrocytes/HEK293T cell) were scored by microscopy.

QUANTIFICATION AND STATISTICAL ANALYSIS

All binding data are presented as mean ± standard error of the mean. Statistical analyses 

were performed using t-test for the comparison of two groups. Data analyses were 

performed using GraphPad Prism 7 (GraphPad Software). p < 0.05 was considered 

significant. p values were presented as p > 0.05 (ns, not significant).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Divalent cation concentration is sensed by the αX I-domain-αXβ2 ligand-

binding domain

• Ranges of Mg2+concentrations alter the αX I shape and help establish 

allostery

• Elevated Mg2+concentration above its physiological level increases αXβ2 

affinity

• Fine-tuning of the αXβ2-Mg2+ interaction likely has translational roles
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Figure 1. Schematic of the αI integrin activation mechanisms via 2 possible unique routes
Activation begins from (A) the bent/closed state and ends in (E) the extended open state. 

These conformational states have been observed in crystal structures, SAXS, electron 

microscopy, cell-based studies, or are otherwise noted as hypothetical. Route I: The bent/

closed state (A) could have leg separated via the cytoplasmic adaptor binding (B) or 

ectodomain extension (C). The “bent and legs apart” state (B) is unlikely to exist or must 

be a very short-lived state. Headpiece opening and leg separation (D) would prepare the 

in trans external-ligand binding (E). Route II: In the second activation mechanism, the 

conformational cycling occurs starting in the (A) bent closed state and then progressing to 

the (F) cocked (Sen et al., 2013), (G) cocked-in cis bound (Saggu et al., 2018), and (H) the 

bent/closed-Mg2+-free states sequentially. Locations of XVA143 and TS1/18 mAb bindings 

are labeled, and external ligands, in trans or ICAM-1 and Fcγ-IIa in cis interactions, are 

noted. The Mg2+-free or Mg2+-bound MIDAS in the closed and open αI domain, when 
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needed, were noted as white, blue, or red spheres, respectively. The β2-tail of the states 

that are available to intracellular interactions (B, D, and E) are shown to couple cytoplasmic 

adaptors.
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Figure 2. Dication interactions of the αX I-domain
The MIDAS assembly in the (A) Mg2+-free closed (PDB: 1N3Y), (B) Mg2+-bound closed 

(PDB: 5ES4), and (C) Mg2+-bound open (PDB: 4NEH) states. Mg2+, water, and CI− are 

shown as silver, red, and green spheres, respectively. The dashed line shows the lateral 

movements of Mg2+ and I143. Interactions of (D and G) Mg2+, (E and H) Mn2+, and (F) 

Ca2+ with the WT αX I-domain and the I314G were probed using corner plots, showing 

correlations between the posterior distribution for 2 energetic parameters of the binding 

constant(Ka) and enthalpy (ΔH0
binding).
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Figure 3. Effect of Mg2+ on the thermal stability of the αX I-domain
(A and B) DSC thermograms for the (A) WT αX I-domain and (B) I314G in increasing 

concentration of Mg2+.

(C and D) Tm change in response to Mg2+concentration from DSF denaturation for the (C) 

WT αX I-domain and (D) I314G were plotted and fitted to monophasic (blue) or biphasic 

transition (red). Plots of Van ’t Hoff linear dependence between 1/Tm and In[Mg2+] are 

shown as the inset for the WT αX I-domain DSC and DSF dataset and the I314G construct 

DSF dataset.
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Figure 4. Probing the ionization states of the conserved MIDAS Asps and correlated motions of 
the αX I-domain fold
(A and B) Shifts in pKa of (A) D138 and (B) D240 were calculated using nonequilibrium 

molecular dynamics and Monte Carlo simulations for the WT αX I-domain.

(C and D) Linkage analysis of pH dependence in the range of 3–11, probed by (C) the 

Tm change and (D) the thermodynamic stability (ΔGunfolding) of the WT αX I-domain in 

Mg2+-free and 1 mM Mg2+. Unfolding free energy differences shown (ΔΔGunfolding, blue 

line) is significant at the pH range of 3–6, and plateaus to zero at the pH values higher than 

6.
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(E) Residue cross-correlations (RCC) calculated from the full set of normal modes of the 

Mg2+-bound αX I-domain Mg2+. Map is color-coded, ranging from dark blue for high 

anticorrelations to dark red for high correlations. Routes that provide the 2 long-range 

coupling from MIDAS to the β6-α7 loop are drawn as black and green dashed lines, and 

residues that show NMR splitting are highlighted as the vertical yellow-shaded areas.
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Figure 5. Effect of Mg2+ on the αX I-domain structure
(A and B) (A) SWAXS intensity I(q) data and (B) the interpolated 3D pairwise distribution 

curves (P(r)) derived from the SWAXS intensity in increasing concentration of Mg2+.

(C) Representative strip plots from the 3D-HNCACB and HN(CO)CACB spectra, 

illustrating the split peaks and connectivities of 13Cα/13Cβ chemical shifts. The pair of 

HNCACB and HN(CO)CACB NMR strips for 3 exemplary residues, A302, L303, and 

K304, are separated by a gray line, and each residue pair is separated by a black line. The 
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brown lines that cross one pair to the next NMR strip indicate and validate chemical shift 

assignment for the Cα (red) and Cβ (green) resonances.

(D) All of the residues having split peaks are mapped to 2 closed and open states, and the 

Cα atoms of those residues are shown as spheres.
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Figure 6. Effect of Mg2+ on αXβ2 affinity
(A–J) Distribution of the binding kinetics of fibrinogen with (A–E) the WT αX I-domain 

and (F–J) I314G construct in varying Mg2+ concentrations shown as a 2D grid (Kd and 

Koff). The black and red lines represent and are centered on the low- and high-affinity Kd 

values on the 2D grid.

(K and L) Inhibitory effect of TS1/18 mAb concentration on the iC3b rosetting experiment 

(K). Effect of the increasing concentration of Mg2+ ion on the cell surface expressed (L) 

human αXβ2 rosetting with the opsonized sheep erythrocytes. The yellow-shaded area 

shows the Mn2+-induced αXβ2 affinity increase.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli Rosetta BL21 EMDmillipore Cat# 70954-3

Biological samples

SHEEP Red Blood Cells IN ALSEVERS 60ML FISHER SCIENTIFIC Cat# NC9782304

Chemicals, peptides, and recombinant proteins

SYPRO Orange Protein Gel Stain Sigma Aldrich SKU# S5692

(1R)-(−)-10-Camphorsulfonic acid ammonium salt Sigma Aldrich Cat# 188360

Critical commercial assays

BCA Protein Assay Kit Thermofisher Scientific Cat# 23225

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216

Software and algorithms

GraphPad Prism version 7 GraphPad Software https://www.graphpad.com/

ATSAS 2.8 SAXS software https://www.embl-hamburg.de/biosaxs/download.html

NMRPipe NMR data processing https://www.ibbr.umd.edu/nmrpipe/

Sparky NMR data analysis https://www.cgl.ucsf.edu/home/sparky/

ImageJ National Institute of Health https://imagej.nih.gov/ij/

Other

Hard-Shell 96-Well PCR Plates Bio-Rad Cat# HSP9601
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