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The human blood protein vitronectin (Vn) is a major component of
the abnormal deposits associated with age-related macular degen-
eration, Alzheimer’s disease, and many other age-related disor-
ders. Its accumulation with lipids and hydroxyapatite (HAP) has
been demonstrated, but the precise mechanism for deposit forma-
tion remains unknown. Using a combination of solution and solid-
state NMR experiments, cosedimentation assays, differential scan-
ning fluorimetry (DSF), and binding energy calculations, we dem-
onstrate that Vn is capable of binding both soluble ionic calcium
and crystalline HAP, with high affinity and chemical specificity.
Calcium ions bind preferentially at an external site, at the top of
the hemopexin-like (HX) domain, with a group of four Asp carbox-
ylate groups. The same external site is also implicated in HAP bind-
ing. Moreover, Vn acquires thermal stability upon association with
either calcium ions or crystalline HAP. The data point to a mecha-
nism whereby Vn plays an active role in orchestrating calcified
deposit formation. They provide a platform for understanding
the pathogenesis of macular degeneration and other related de-
generative disorders, and the normal functions of Vn, especially
those related to bone resorption.
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he extracellular deposits that accumulate under the retinal
pigment epithelium (RPE) of the aging eye are a hallmark of
age-related macular degeneration, Alzheimer’s disease, and
dense deposit disease (1, 2) and share similarities with the pla-
ques that form in atherosclerosis (3-10). These ectopic deposits
are rich in blood proteins, lipids, and hydroxyapatite (HAP), the
stable, mineralized form of hydroxylated calcium phosphate that
makes up the bulk of bone and teeth (1, 10). Calcified deposits
have been linked with progression of macular degeneration (11),
but the process of deposit formation is poorly understood. Re-
markably, subretinal deposits have been shown to consist of
micrometer-size spherules, each composed of a cholesterol-rich
lipid core, overlaid with a shell of HAP and a final top coat of
protein (10). The spherules have been proposed to form by first
mineralizing HAP shells around cholesterol-rich lipid droplets
that accumulate in the sub-RPE space with age, and then,
cloaking the shells with a protein layer that promotes spherule
aggregation (10). In this model, HAP is thought to provide a
generalized substrate for binding blood proteins, but protein
association with calcified deposits appears to be specific (8-10).
Notably, the protein Vn is unique in forming both an even coat
on the spherule surface and a diffuse halo surrounding fully
formed spherules (10). This is highly suggestive of a supersatu-
rated solution of the spherule components that is phase-
separated from the surrounding extracellular fluid and points
to a potential, active role of Vn in coordinating HAP minerali-
zation during retinal deposit formation.
Vn is a major blood protein that interacts with multiple ligands
to regulate hemostasis, cell adhesion and migration, innate im-
munity, tissue remodeling, and bone remodeling (12-15). It is a
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lipid binding protein and a principal component of high density
lipoprotein (16, 17), and pathogens bind Vn to acquire protec-
tion from complement-mediated lysis (18). Since Vn is also
found in many types of abnormal deposits associated with de-
generative disorders (6-10), understanding its role in deposit
formation is important for advancing diagnostic and therapeutic
approaches. Here, we show that Vn binds both soluble calcium
ions and solid HAP with chemical specificity, and we ascribe the
molecular basis for these interactions to its HX domain, whose
three-dimensional (3D) structure was determined recently (19).
The data, derived from solution NMR, solid-state NMR, sedi-
mentation assays, DSF, and binding energy calculations, provide
a view of this important macromolecular interaction. They in-
dicate that Vn may be more than a passive component of sub-
RPE deposits and suggest a model for its role in orchestrating
HAP mineralization, as well as offer insights to the normal
functions of Vn.

Results and Discussion

Vn Is a Selective Calcium-Binding Protein. In blood, Vn circulates as
an intact 75-kDa glycosylated molecule, or as two disulfide-linked
65-kDa and 10-kDa polypeptides (20, 21). The Vn sequence (SI
Appendix, Fig. S14) begins with a 44-residue somatomedin B
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(SMB) domain that is responsible for regulating plasminogen
activation (22, 23), followed by an ArgGlyAsp motif that mediates
binding to integrin receptors (24). These are linked to the HX
domain by a 90-residue segment with predicted conformational
disorder. The 325-residue HX domain comprises ~70% of the
sequence of mature Vn and contains binding sites for many
functionally important ligands.

The structure of the HX domain (19), excluding two regions of
relatively low conservation and low conformational order, is a
four-bladed B-propeller, with each blade formed by one pppou HX
repeat and the termini connected by a disulfide bond (Fig. 1 and
SI Appendix, Fig. S1B). This fold is shared by all known HX
domains (25). The propeller top — defined as the start of each
p1 — forms a smooth surface, while longer flexible loops protrude
from the bottom. The four Bl strands meet at the propeller
center to form a channel that occludes a metal-chloride-metal
ion triplet. Inside the channel, chloride is bound by four p1
amide hydrogens, and each metal ion is coordinated by four p1
carbonyl oxygens plus an oxygen from water or sulfate (Fig. 14
and SI Appendix, Fig. S2). The metal ions were assigned to so-
dium, based on the temperature B factors and considerations of
the coordination sphere geometry (19, 26), but we note that
X-ray diffraction cannot readily distinguish between sodium
and calcium.

In proteins, calcium ligation is typically mediated by carbox-
ylate oxygens (27), and carboxylate-rich matrix proteins — such as
osteocalcin, osteopontin, and collagen — as well as the tri-
carboxylate molecule citrate, have all been shown to bind HAP
selectively and mediate HAP crystal growth in bone and tooth
enamel (28-31). In the Vn HX domain, four Asp sidechains
(D162, D207, D255, D347), each at the start of a p1_strand,
project from the top of the channel, forming a 7 X 7 A corral
around its opening (Fig. 1B). The carboxylate groups of these
“rim-Asp” are oriented with their planes perpendicular to each
other, in a chiral arrangement that appears to minimize repulsive
forces while focusing the negative charge at the channel opening
(SI Appendix, Fig. S1C). These structural features are highly
suggestive of a calcium binding site and led us to ask whether the
association of Vn with HAP is related to the interaction of cal-
cium with its HX domain. NMR is ideally suited for addressing
this question: Collectively, solution and solid-state NMR meth-
ods provide access to a wide range of molecular dynamics and
distance scales, enabling proteins to be studied in both their
freely soluble and sedimented states.

Fig. 1. Structure of the Vn-HX propeller. Shown for molecule A of the
asymmetric unit (Protein Data Bank ID code 605E). Backbone colors denote
the repeat units corresponding to each propeller blade: HX1 (blue), HX2
(green), HX3 (yellow), and HX4 (red). Broken lines denote gaps in the protein
chain due to missing electron density. The rim-Asp side chains (yellow/red)
project from the top. (A) Side view. Spheres represent Na* (m1 and m2; slate)
and CI~ (aqua) ions occluded in the channel and water oxygen atoms (O1
and 0O2; red). The N- and C-termini are connected by a disulfide bond
(dashed line). (B) Top view. The rim-Asp carboxylates form a ~7 A x 7 A corral
around the channel opening.
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The NMR spectra of *N/*C-labeled Vn-HX in calcium-free
aqueous solution (Fig. 2 A-C and SI Appendix, Fig. S3A) have
highly dispersed 'H, N, and "*C signals, as expected for a
conformationally ordered structure. Analysis of the chemical
shifts (SI Appendix, Fig. S3B), which we assigned by triple reso-
nance experiments, demonstrates that the protein in solution has
the same pppa-repeat structure and conformational order profile
as observed in the crystalline state. Notably, four Gly (G177,
G224, G276, G441) that form the (2-83 turns at the propeller
top, and stabilize the conformations of the rim-Asp carboxylates
via hydrogen bonds, have highly deshielded amide "Hy and "N
chemical shifts (Fig. 2C, blue). Moreover, four “rim-Ala” (A163,
A208, A256, A348), lining the channel one level below the rim-
Asp, have relatively shielded "Hy and "N chemical shifts, as well
as a striking pattern of ’N/"*CA cross peaks (Fig. 2 4 and B,
blue) that mirrors the positions of the corresponding backbone
atoms in the structure (Fig. 2D). These features reflect a strong
coupling of these atomic sites with the electric field generated by
the rim-Asp carboxylate groups.

Addition of CaCl, induces the growth of a second set of NMR
signals that gain intensity with increasing CaCl, concentration
and dominate the spectra at 8§ mM CaCl,, but does not alter the
overall protein structure (SI Appendix, Figs. S3C and S4). The
data reflect slow exchange between calcium-bound and calcium-
free protein, relative to the chemical shift time scale. We derived
binding curves from the change in signal height with calcium
addition for each of six well-resolved peaks (SI Appendix, Fig.
S4). The curves yield an average apparent equilibrium dissociation
constant (Ky) of 27+1.5 pM (assuming 1:1 binding), suggesting
that a subtle conformational rearrangement may contribute to the
observation of slow exchange. Importantly, the apparent K, which
is ~10 times higher than the 2.5-5 pM concentration of Vn in
blood (12-14) and ~30 times lower than the 1.3-1.5 mM con-
centration of ionic calcium in blood (27), indicates that all Vn is
calcium-bound in vivo.

Size exclusion chromatography demonstrates that Vn-HX re-
mains monomeric in the presence of calcium, excluding the
possibility that the NMR perturbations reflect protein oligo-
merization (SI Appendix, Fig. S3D). However, calcium binding
appears to be associated with increased conformational order, as
it enables the detection of additional NMR peaks. In line with
this observation, DSF analysis shows that calcium increases the
protein melting temperature by ~6 °C (Fig. 2G). A similar
calcium-related thermal stabilization has been reported for the
HX domain of matrix metalloprotease-19, whose structure re-
mains undetermined (32). For Vn-HX, the effect is specific to
calcium since other metal ions (Zn**, Mg?*, Ni**, and K*) —
among which Zn* is also enriched in sub-RPE deposits (33) —
produce no such change.

Calcium-induced perturbations of 'Hy, PN, BCA, BCO, and
'3CB chemical shifts track the repeating elements of the Vn-HX
propeller structure (Fig. 2H) and map primarily to the top of the
channel (Fig. 2 D and E). A dramatic effect is seen for the amide
nitrogen atoms of the rim-Ala: The entire group of four >N
signals shifts 5 ppm downfield while preserving its striking
structure-mirroring '"N/*CA peak pattern (Fig. 2 4 and B,
pink). The carbonyl carbons of both rim-Ala and rim-Asp are
also highly affected, as are the amide hydrogens and nitrogens
of four residues that line the channel one level below them
(F164, A209, A257, and A349), and of the four p2-p3 Gly that
stabilize the rim-Asp (Fig. 2C, pink). The effects of calcium
extend to atomic sites connected to the channel via the exten-
sive hydrogen bond network of the propeller structure (S/
Appendix, Fig. S5). Overall, the data indicate that ionic calcium
binds at the top of the channel opening, where the rim-Asp
carboxylates generate a focused electric field (Fig. 2F), rather
than inside the channel.
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Fig. 2. Effects of ionic calcium on Vn-HX. (A-C) Selected regions of 2D planes taken from 3D HNCA NMR spectra (A and B) and 2D HSQC NMR spectra (C) of

3¢/">N-labeled Vn-HX in 300 mM NaCl, without (blue) or with (pink) 2 mM CaCl,. (D and E) Cartoon representations of the structure of Vn-HX. The color scale
reflects the magnitude of calcium-induced >N chemical shift perturbation from 0 ppm (gray) to 5 ppm (pink). Highly perturbed amide N atoms of four rim-Ala
near the top of the channel are shown as spheres. Broken lines denote gaps in the protein chain due to missing electron density in the structure. HX1-HX4
denote the HX repeats. (F) Surface representation showing the four rim-Asp carboxylates the top of the channel. Colors denote surface electrostatic potential
from -5 kT/e (red) to +5 kT/e (blue). (G) DSF traces of Vn-HX in 300 mM Nacl, without added CaCl; (blue), with 2 mM CaCl, (pink), or with 2 mM of the metal
salts (black): KCl (—), ZnCl, (+ - - ), NiCl, (-* =), or MgCl, (- -). Values of the melting temperature represent the mean and standard deviation of triplicate
independent experiments. (H) Residue-specific perturbations (A) induced by 2 mM CaCl, for "HN, "N, '3CA, '*CO, and '*CB chemical shifts (A < 0 reflects
deshielding). The amino acid sequence is colored by HX repeat unit: HX1 (blue), HX2 (green), HX3 (yellow), and HX4 (red). The protein secondary structure is

outlined at the top.

The metal ions occluded in the channels of other HX domains
have been variably assigned to sodium or calcium, in different and
sometimes conflicting arrangements (reviewed in ref. 34). To as-
sess the potential of calcium occlusion inside the Vn channel, we
compared the free energies associated with transferring sodium or
calcium from bulk aqueous solution to the internal metal binding
sites, m1 and m2 (Fig. 1 and SI Appendix, Fig. S2). The energies,
calculated with an approach (35) based on molecular mechanics
and Poisson-Boltzmann continuum electrostatics (36, 37), reveal a
distinct selectivity for sodium (Table 1). Sodium selectivity is
maintained whether the channel-capping oxygen in the coordi-
nation sphere of m2 comes from water or sulfate, although these
cases have some energetic differences, and the m2 site becomes

18506 | www.pnas.org/cgi/doi/10.1073/pnas.2007699117

more permissive for calcium with sulfate oxygen coordination. In
the case of water coordination, the energetic penalty for replacing
sodium with calcium is 34 kcal/mol for site m1, 30 kcal/mol for
site m2, and 78 kcal/mol for both sites combined, while these
values are 29 kcal/mol, 8 kcal/mol, and 53 kcal/mol in the case
of sulfate coordination at m2. Unlike ion-conducting channels,
the Vn channel is constrained by the propeller structure, which
is extensively hydrogen-bonded and held together by favorable
ring stacking and hydrophobic interactions, and the occluded
metal ions appear to be structural. Based on the NMR and
computational data, we propose that the principal binding site
for aqueous calcium is not occluded and involves the rim-Asp
carboxylate groups at the top of the propeller.

Shin et al.
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Table 1. Interaction energy of Na* and Ca* ions with the Vn-HX channel interior

O1-m1-Cl"-m2-02 AEypw AEg e AEtor
Molecule A water — Na* - CI~ - Na* — water 29.42 —-248.50 -219.08
water - Na* - CI~ - Ca®* — water 33.78 -223.29 —189.51
water — Ca?* - CI~ - Na* - water 34.46 -220.02 —185.56
water — Ca®* - CI~ - Ca®* - water 38.81 -179.90 -141.09
Molecule B water — Na* - CI” = Na* - SO,%~ 29.86 —274.86 —245.00
water — Na* — CI~ — Ca®* - SO,*~ 33.74 -271.17 -237.43
water — Ca?* — CI” - Na* - 504>~ 35.26 -251.56 -216.30
water — Ca%* — CI™ - Ca®* - S0,>~ 39.15 -231.11 -191.96

Values of AEypw, AEgec, and their sum Eqor (kcal/mol) reflect the van der Waals and electrostatic energy
differences associated with transferring each metal ion from bulk aqueous solution to the occluded m1 and m2
channel sites. Energies were calculated for molecules A and B of the crystal structure (Protein Data Bank ID

code 605E).

Vn Is a Selective HAP Binding Protein. The protein binding capacity
of HAP is well known (38), and its interaction with blood pro-
teins has been explored in the context of macular degeneration
(39). Our investigation of Vn was motivated by its unique pattern
of association with retinal HAP spherules — Vn forms both an
even coat on the spherule surface and a diffuse phase enveloping
fully formed spherules (10) — but Vn is also critical for osteoclast
bone resorption (15) where affinity for HAP is also important.
To test whether the HX domain contributes to the association
of Vn with HAP, we incubated the protein with HAP micro-
spheres (2.5 pm diameter) and performed polyacrylamide gel
electrophoresis in sodium dodecyl sulfate (SDS-PAGE) on the
supernatant obtained after centrifugation (Fig. 34). The results
show that HAP avidly pulls Vn from solution. Notably, cosedi-
mentation is completely blocked by citrate, a known chelate and
HAP binder (29). However, inclusion of CaCl, in the protein

solution does not inhibit, but rather enhances, Vn sedimentation
with HAP, an effect also reported for osteocalcin (30, 31).

DSF experiments performed by adding soluble Vn to HAP
microspheres show that HAP binding increases the melting
temperature by ~6 °C (Fig. 3B) and, thus, provides the same
degree of stabilization as ionized calcium. Since Vn was named
after its ability to bind glass (40), we asked whether the thermal
stability might reflect nonspecific surface adsorption, or even
precipitation, rather than a specific chemical effect. As expected,
incubation of Vn with silica gel (60-nm diameter) results in
complete protein sedimentation from solution (Fig. 34). In
contrast to HAP, however, silica-adsorbed Vn has essentially the
same melting transition temperature as in calcium-free solution
(Fig. 3B). The combined data, therefore, reflect a specific,
calcium-mediated interaction of Vn with HAP.

Lastly, we examined the conformation of HAP-bound Vn.
While the Vn-HAP complex is prohibitive for solution NMR
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(A) Cosedimentation of Vn-HX with HAP microspheres. Supernatant (s) and

sedimented (p) fractions were obtained after incubation of Vn-HX with either HAP or SiO,, followed by centrifugation, and analyzed by Coomassie-stained
SDS/PAGE. (B) DSF traces of Vn-HX in 300 mM NaCl, without added CaCl, (blue), with 2 mM CaCl; (pink), with HAP (black), or with SiO, (gray). Values of the
melting temperature represent the mean and standard deviation of triplicate independent experiments. (C) Solid-state NMR 2D NCA spectra obtained for Vn-
HX bound to HAP nanoparticles (black) or bound to liposomes reconstituted with the Vn-binding outer membrane protein Ail (green). The solution NMR
HNCA spectra of soluble Vn-HX, without (blue) or with (pink) 2 mM CaCl,, are overlaid. The dashed-line box highlights the calcium-sensitive signals of the four

rim-Ala.
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studies, solid-state NMR has no physical size limitation and can
be used to examine large molecular assemblies that are immo-
bilized on the NMR time scale (41, 42). We prepared the NMR
sample by incubating *C/**N-labeled, calcium-free Vn-HX with
HAP nanoparticles (50 nm diameter) and then transferred the
bound complex into the magic angle spinning (MAS) rotor by
centrifugation. This preparation gave excellent one-dimensional
(1D) >N and "*C MAS NMR spectra by through-space dipolar
cross-polarization (CP) from 'H, but essentially no signal in the
spectra obtained by through-bond polarization transfer, con-
firming that association with HAP effectively immobilizes Vn on
the microsecond time scale (SI Appendix, Fig. S6).

The two-dimensional (2D), CP-based ""N/"*CA and 'H/"°N
heteronuclear correlation spectra, obtained for HAP-bound Vn
at 500 MHz, have very good signal-to-noise ratio and resolution
(Fig. 3C and SI Appendix, Fig. S6). Both display resonance pat-
terns similar to their counterparts in solution (the solution NMR
'H/™N/"CA spectrum has more signals because it correlates HN
of residue i to CA of both residue i and i-1), notwithstanding the
different temperatures utilized for solution (30 °C) and solid-
state (5 °C) NMR experiments, and the widely different physi-
cal states of the samples. The similarities are especially evident
among the Gly and Ala signals, which are relatively well resolved
in the solid state. The combined data show that the HX domain
retains its f-propeller fold upon binding crystalline HAP.

Comparison with the solution NMR spectra reveals a striking
feature in the 'N/"CA spectrum of HAP-bound Vn: The rim-
Ala signal quartet coincides with its calcium-bound position in
solution (Fig. 3C, black/pink, dashed box). Although the overall
broader lines of the solid-state NMR spectrum do not provide
resolution among the four peaks, the ~5 ppm "N shift downfield
is so large that it can be readily detected. To examine the source
of this effect in the solid state, we acquired "N/"*CA spectra of
the protein sedimented with the outer membrane protein Ail in
calcium-free liposomes (Fig. 3C and SI Appendix, Fig. S6, green).
Ail binds serum Vn as part of its function to promote resistance
to host immune defenses in the pathogenic bacterium Yersinia
pestis (43), and we have shown that the HX domain is central for
this interaction (19). The >N/"*CA spectrum for this complex is
similar to that of HAP-bound Vn with the notable exception of
the four rim-Ala signals, which now coincide with the signal of
calcium-free Vn in the solution NMR spectrum (Fig. 3C, blue).
The combined solution and solid-state NMR data, therefore,
demonstrate that calcium association is responsible for the
downfield "N shift in both the solution and solid-state NMR
spectra. This implies that the same calcium-binding site is

implicated in the association of Vn with either soluble ionic
calcium or HAP.

Possible Roles of Vn in Calcified Deposit Formation. In summary, we
have demonstrated that the HX domain of Vn is capable of
binding both soluble ionic calcium and crystalline HAP with high
affinity and chemical specificity. NMR estimates of the calcium-
binding affinity indicate that circulating Vn is calcium-bound
in vivo. The calcium binding site maps to the top of the Vn-
HX propeller, where four Asp generate a highly focused elec-
tronegative potential above the channel opening. Calcium is
unlikely to be occluded inside the channel, in line with compu-
tational energy estimates of the channel’s preferred selectivity
for sodium, although the precise molecular basis of calcium
binding will have to be verified. Importantly, the same site is
involved in binding both ionic calcium and HAP, and ionic cal-
cium cooperatively enhances the affinity of Vn for HAP.

The ability to bind calcium is a newly recognized property of
Vn, which has important consequences for its roles in abnormal
deposit formation as well as its multiple normal functions in
blood, most notably, as a regulator of osteoclast bone resorption
(15). These and other functions of Vn have been incompletely
understood, owing to the lack of structural information. The
structure of the HX domain provides a useful molecular plat-
form for rectifying this knowledge gap, and the present results
offer insights about the potential roles of Vn in the formation of
calcified protein-lipid deposits (Fig. 4).

How might ionic calcium mediate the interaction of Vn with
HAP? The properties of HAP are relevant to this question. At
neutral pH, HAP is the most thermodynamically stable form of
calcium phosphate, but in vivo, the HAP surface is highly dynamic
and its composition and structure are constantly fluctuating in
response to physicochemical conditions (44-47). Similarly,
in vitro, the surface of nanocrystalline HAP undergoes continuous
exchange of calcium and phosphate with its environment and is
substantially less ordered than the crystalline lattice found in the
core (48). Moreover, recent studies highlight the role of protein-
based macromolecular crowding in the nucleation of phase-
separated calcium-phosphate ion clusters at a templating surface
(44-47). The diffuse immunofluorescence observed for Vn and
calcium-phosphate around retinal spherules (10) is visually sug-
gestive of such an amorphous prenucleation phase.

The carboxylate groups of the rim-Asp, which drive the asso-
ciation of ionic calcium with Vn, may also provide a template for
ion cluster nucleation and HAP mineralization (Fig. 4 4 and B).
Their positions on the Vn propeller surface, as well as those of
four additional Asp and Glu (E154, E203, D252, D442) that
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Fig. 4. Models for the roles of Vn in calcified deposit formation. Vn (cartoon representation) is colored by repeat units: HX1 (blue), HX2 (green), HX3
(yellow), and HX4 (red). Rim-Asp, peripheral acidic residues and lipid acyl tails are shown as sticks (yellow). Calcium (green), chloride (aqua), sodium (slate),
oxygen (red), and phosphorus (orange) are shown as spheres. (A) Alignment of the propeller top surface with the calcium ions in the HAP (001) lattice (dashed
lines). Red circles mark HAP calcium ion positions that coincide with the rim-Asp and other peripheral acidic residues. (B) Circulating Vn may catalyze nu-
cleation of calcium-phosphate ion clusters. (C and D) Exchange of ionic calcium between Vn and the phospholipid headgroups of a lipid droplet (yellow) or

the surface of HAP (pink).
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surround them, match the interatomic spacing of calcium ions in
the HAP 001 lattice (Fig. 44), suggesting that they may play both
templating and surface-anchoring roles that protect mineralized
HAP from dissolution. In the presence of lipid droplets, the
calcium-mediated interaction of Vn with lipid phosphate groups
is likely to be important (Fig. 4C). The affinity of phospholipids
for calcium is well known (49), and phospholipids have been
shown to nucleate calcium-phosphate clusters on membrane
surfaces (50). Lipid phosphate groups may thus be expected to
provide a template for Vn-mediated epitaxial mineralization of
HAP on the surface of lipid droplets. Finally, we note that our
estimate for the calcium binding affinity of Vn is sufficiently high
to maintain circulating Vn in a calcium-bound state, yet suffi-
ciently low for exchange of Vn-bound calcium with the surface of
HAP or lipid droplets (Fig. 4D). Such calcium exchange inter-
actions could promote the accumulation of a Vn surface layer
that regulates HAP crystal growth and stabilizes it against dis-
solution. This also provides an explanation for the enhanced
affinity of Vn for HAP observed in the presence of ionic calcium
(Fig. 34) and may be related to the normal function of Vn in
bone remodeling.

In the context of calcified deposit formation, we propose
that Vn may act as a buffer for ionic calcium in blood, a co-
ordinator of calcium-phosphate deposition and mineralization
on the surface of lipid droplets, and a regulator of HAP crystal
growth. The present data provide a platform for addressing
the role of Vn in the formation of ectopic deposits that are
associated with age-related macular degeneration and other
degenerative pathologies, as well as understanding the con-
sequences of calcium binding for the normal functions of Vn
in blood.

Materials and Methods

Protein Preparation. \Vn-HX was prepared from Escherichia coli as described
(19). All buffer solutions were prepared with Milli-Q deionized water. For
calcium-free preparations, the protein was folded by dropwise dilution from
buffer T1 (20 mM Tris-HCl pH 8, 6 M guanidine, 10 mM dithiothreitol) into
buffer T2 (20 mM Tris-HCl pH 8, 500 mM ArgCl, 300 mM Nacl, 5 mM
B-mercaptoethanol, 1 mM hydroxyethyldisulfide), followed by dialysis into
buffer M1 (20 mM MES, pH 6.5, 300 mM NaCl) and size exclusion chroma-
tography (Superdex 200 10/300 GL, GE Healthcare). Calcium-containing
samples were prepared by supplementing buffer M1 with CaCl,.

Uniformly '>N/'3C-labeled protein for NMR studies was prepared by
growing bacteria on minimal M9 medium containing (""NH,),50, and
3C-glucose (Cambridge Isotopes). The samples for solution NMR contained
64-90 pM Vn-HX in buffer M1, with 5% D,O, in a volume of 160 pL. The
samples were supplemented with 3-4.5 mM 1,2-diheptanoyl-sn-glycero-3-
phosphocholine (1:50 protein-to-lipid ratio).

HAP-associated Vn for solid-state NMR was prepared by gently mixing
850 pL of 192 uM Vn-HX in buffer M1 with 200 mg of HAP nano-powder
(50 nm diameter, 80 m%g surface area; Sigma-Aldrich catalog no. 900194),
removing the supernatant by centrifugation, washing the sediment with
20 mM MES pH 6.5, and loading the sediment into the 36 pL of volume of a
4-mm MAS rotor.

Liposomes reconstituted with the outer membrane protein Ail were pre-
pared with a 7.5/2.5 molar ratio of the lipids dimyristoyl-phosphatidyl-choline
and dimyristoyl-phosphatidyl-glycerol (Avanti), as described (51). Liposome-
associated Vn for solid-state NMR studies was prepared by mixing 2.5 mL of
179 pM Vn-HX with 2 mL of 143 uM Ail liposomes in buffer P1 (20 mM
NaH,PO,4, pH 6.5, 300 mM Nacl). The mixture was dialyzed overnight at 4 °C
against buffer P2 (10 mM NaH,PO4, pH 6.5) supplemented with 150 mM Nadl,
followed by stepwise dialysis into buffer P2 with 100, 50, and 0 mM NaCl. The
resulting liposomes were sedimented by centrifugation (326,000 x g, 16 h,
4 °C) and transferred to the MAS rotor.

DSF Experiments. Protein melting experiments were performed in a 96-well
plate format, using a LightCycler 480 instrument (Roche), with a linear
temperature gradient of 0.03 °C/sec from 20 °C to 95 °C. Fluorescence in-
tensity was measured at 0.3 °C intervals, with excitation and emis-
sion wavelengths of 465 nm and 580 nm. Melting curves were analyzed
using Roche Protein Melt software. Samples for analysis contained 1.2 pM
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protein mixed with a 500-fold dilution of the dye SYPRO Orange (5000x in
DMSO; Invitrogen). Additives were mixed in to maintain constant composi-
tion and volume (15 pL) of buffer M1. Experiments with solid HAP and SiO,
were performed by adding 840 pg of either solid directly into the plate wells.

Cosedimentation Assays. HAP (2.5 um diameter, 100 m2/g surface area;
Sigma-Aldrich catalog no. 900195) and SiO, gel (60 nm diameter; Sigma-
Aldrich catalog no. 288594) were washed three times by suspension in
buffer M1 and centrifugation (5,000 x g, 5 min, 4 °C). Sedimentation of Vn-
HX was tested by gently mixing 200 pL of 10 pM Vn-HX in buffer M1 with
10 mg of HAP or SiO,, then separating the solid from the supernatant by
centrifugation (5,000 x g, 5 min, 4 °C), washing the solid with 200 pL of fresh
buffer, and collecting it by centrifugation. Protein in the centrifuge fractions
was analyzed by Coomassie-stained SDS/PAGE. Buffer M1 was supplemented
with CaCl;, or sodium citrate to examine the effects of these compounds on
Vn-HX sedimentation.

NMR Spectroscopy. Solution NMR experiments were performed at 30 °C, on a
Bruker Avance 600 MHz spectrometer, equipped with a "H/'3*C/"*N triple-
resonance cryoprobe. The NMR data were processed using TopSpin
(Bruker) and analyzed using CCPN 2.4.2 (52). The "Hy, "N, '3CO, "*CA and
13CB chemical shifts were assigned using 2D 'H/'°N heteronuclear single
quantum coherence (HSQC) experiments, and 3D "H/'>N/'*C HNCA, HNCO,
CBCACONH experiments (53). The assigned chemical shifts have been de-
posited in the BMRB database (ID codes 50241 and 50261).

Solid-state NMR studies were performed at 5 °C, on a Bruker Avance
500 MHz spectrometer equipped with a Bruker 'H/">N/'3C, 4 mm, Efree MAS
probe, operating at a spinning rate of 10 kHz + 5 Hz. Typical /2 pulse
lengths for 'H, '*C, and "*N were 2.5 ps, 2.5 ps, and 5 ps. SPINAL64 (54),
implemented with a 90-kHz RF field strength, was used for 'H decoupling
during data acquisition. The 1D "*C and '°N spectra were acquired using
either dipolar-based CP (55) or J-coupling-based polarization transfer with
the INEPT sequence (56). The respective delays in the INEPT and refocused
INEPT blocks were set to 1/4 x J (1.7 ms) and 1/6 x J (1.1 ms), to obtain
positive phase carbon signals. The 2D heteronuclear *C/'>N correlation
spectra were acquired using SPECIFIC-CP (57) for band selective polarization
transfer, during which continuous wave H decoupling (100 kHz RF field
strength) was applied, and a tangent ramp was applied on the >N channel
with contact times of 5 ms for N-CA transfer.

Binding Energy Calculations. Molecules A and B, in the asymmetric unit of the
crystal structure of Vn-HX (Protein Data Bank ID code 605E) were each
prepared using PBD Reader in CHARMM-GUI (58), with bound water at
the O1 site above the channel, and bound water (molecule A) or bound
sulfate (molecule B) at the bottom, O2 site (Fig. 2). While one can, in
principle, use the molecular dynamics free energy perturbation approach
(35) to calculate the binding energy differences of metal ions in the two
sites, m1 and m2 (Fig. 2), such calculations would inevitably have large
errors associated with the large solvation energy difference between Na*
(~98 kcal/mol) and Ca®* (~380 kcal/mol). To avoid this problem, we used
the molecular mechanics and Poisson-Boltzmann continuum electrostatics
approach to calculate the binding energies of Na* and Ca?* in m1 and m2.
For each protein molecule, A and B, and each of four combinations of Na*
and Ca* in the m1 and m2 sites, we calculated the electrostatic solvation
energies of Vn-HX with m1 and m2 occupied [Eg ec(VN,m1m2)], with m1
and m2 unoccupied [Eg ec(Vn)]l, with m1 only occupied [Egec(Vn,m1)],
and with m2 only occupied [Eg gc(VNn,m2)], using the PDBEQ module (36)
in CHARMM (59) and the PDBEQ Solver function (60) in CHARMM-GUI.
The protein, and water dielectric constants were set to 1 and 80, respec-
tively, and a grid spacing of 0.25 A was used for finite-difference
Poisson-Boltzmann calculations. The electrostatic contribution to the
binding energy was calculated as: AEg gc = Egec(VN,m1m2) — Egiec(Vn) —
Egrec(VNn,m1) — Egec(VN,m2). The van der Waals energy contribution was
similarly calculated.

Data and Materials Availability. All data needed to evaluate the conclusions
are present in the paper and/or S/ Appendix. NMR chemical shifts have been
deposited in Biological Magnetic Resonance Data Bank, http://www.bmrb.
wisc.edu (ID codes 50241 and 50261).
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