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A B S T R A C T   

The low sensitivity of nuclear magnetic resonance (NMR) is a major bottleneck for studying biomolecular 
structures of complex biomolecular assemblies. Cryogenically cooled probe technology overcomes the sensitivity 
limitations enabling NMR applications to challenging biomolecular systems. Here we describe solid-state NMR 
studies of the human blood protein vitronectin (Vn) bound to hydroxyapatite (HAP), the mineralized form of 
calcium phosphate, using a CryoProbe designed for magic angle spinning (MAS) experiments. Vn is a major blood 
protein that regulates many different physiological and pathological processes. The high sensitivity of the 
CryoProbe enabled us to acquire three-dimensional solid-state NMR spectra for sequential assignment and 
characterization of site-specific water-protein interactions that provide initial insights into the organization of 
the Vn-HAP complex. Vn associates with HAP in various pathological settings, including macular degeneration 
eyes and Alzheimer’s disease brains. The ability to probe these assemblies at atomic detail paves the way for 
understanding their formation.   

The ectopic deposition of lipids and proteins with mineralized 
calcium-phosphate is a hallmark of Age-related Macular Degeneration 
(AMD) and Alzheimer’s Disease (AD), disorders that are currently 
incurable and represent the leading cause of central vision loss (van 
Leeuwen et al., 2003; Friedman et al., 2004) and dementia (Anon., 2022; 
Hurd et al., 2013) among the aging population. Biophysical studies have 
provided fundamental insights about mineralized deposition in AMD 
(Bergen et al., 2019; Thompson et al., 2015; Tan et al., 2018), AD 
(Tsolaki et al., 2022), atherosclerosis (Bertazzo et al., 2013), breast 
cancer (Tsolaki et al., 2021), and other diseases, but the process of 
mineralized deposition is poorly understood and it remains unclear why 
some deposits progress to the disease state while others do not. 

Solid-state nuclear magnetic resonance (NMR) spectroscopy and 
cryogenic electron microscopy (cryo-EM) have played a central role in 
elucidating the molecular structures of amyloid fibrils observed in AD 
and related diseases (reviewed Tycko, 2016; Gallardo et al., 2020) but 
solid-state NMR is uniquely suited for structural studies of multicom
ponent assemblies like the mineralized deposits observed in aging pa
thologies. Since NMR signals are highly susceptible to the local 

environment of their corresponding atomic sites, they can report on 
even very weak intermolecular interactions and the recent de
velopments of in situ and in cell NMR offer new and exciting opportu
nities for probing biomolecular structures and interactions in native 
biological settings (Takahashi et al., 2013; Frederick et al., 2015; Kaplan 
et al., 2016; Kent et al., 2021; Luchinat et al., 2022; Theillet, 2022). 

These advantages however are countered by the inherently low in
tensity of NMR signals over noise, which in the case of solid-state NMR is 
exacerbated by experiments based on detection of low sensitivity nuclei, 
like 13C and 15N, compared to the high sensitivity 1H detection typical of 
solution NMR experiments. This fundamental sensitivity limitation often 
necessitates extensive signal averaging times, which can compromise 
sample stability and complicate signal detection from sites that undergo 
chemical or dynamic exchange on the millisecond time scale. 

Various aspects of NMR technology have been developed to over
come this fundamental signal intensity challenge, including high-field 
magnets (Callon et al., 2021; Gan et al., 2017), dynamic nuclear polar
ization (DNP) (Chow et al., 2022; Biedenbander et al., 2022; Jaudzems 
et al., 2019), fast magic angle spinning (MAS) probes that enable 1H 
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detection experiments (Penzel et al., 2019), efficient multi-dimensional 
pulse sequences (Andreas et al., 2016; Gopinath et al., 2020), and radio 
frequency (RF) coil designs that avoid heating caused by high power RF 
pulses during decoupling (Gor’kov et al., 2007; Grant et al., 2010). 

Recently, Bruker Biospin introduced a MAS solid-state NMR cryo
genic probe reporting a 3–4 fold enhancement in 13C and 15N signal 
intensity over the standard room-temperature design in studies of pro
teins in crystalline, fibrillar and condensed liquid states, as well as 
pharmaceutical drugs (Gibbs et al., 2020; Hassan et al., 2020; Holmes 

et al., 2022; Du et al., 2023). As in the previously developed solution 
NMR CryoProbe, thermal noise is reduced by cooling the RF components 
and preamplifiers to cryogenic temperatures, thereby enhancing signal 
intensity over noise, while the sample temperature is regulated inde
pendently, allowing biomolecules to be studied at physiological tem
peratures with high sensitivity. 

Here we report MAS CryoProbe solid-state NMR studies of the human 
blood protein vitronectin (Vn) associated with hydroxyapatite (HAP), 
the major form of mineralized calcium-phosphate associated with AMD. 

Fig. 1. Solid-state NMR spectra of HAP-bound 13C/15N-Vn-HX. Spectra were acquired using the CryoProbe (at 14.1 T, 12 kHz MAS) unless noted, or a MAS E-free 
room temperature probe (at 16.4 T, 12 kHz MAS). Each sample contained 3 mg of 15N/13C labeled protein and was packed in a 3.2 mm rotor. (A, B) MD simulation 
snapshot (taken at 301 ns) of Ca2+-bound Vn-HX (PDB: 7txr, 7rj9). Colors denote structural repeats HX1 (blue), HX2 (green), HX3 (yellow), and HX4 (red). Spheres 
denote the four rim-Ala N atoms, and bound ions Ca2+ (pink), Na+ (indigo), and Cl- (cyan). Sticks denote the four rim-Asp at the top of propeller shaft and the N-and 
C-terminal Cys (C156 and C472) that circularize the propeller. (C) 1D 1H–13C CP spectra. (D, E) 2D 13C/13C DARR and 15N/13C NCA spectra obtained with the 
CryoProbe at 4 ◦C (black) or 25 ◦C (red). Yellow crosses mark assigned solution NMR peaks for Ca2+-bound Vn-HX (BMRB 50241). Yellow ovals mark solution NMR 
signals that are highly shifted or missing in the solid-state NMR data. Zoom inset boxes mark examples of broad signals. Dashed boxes mark Lys sidechain signals. The 
NCA spectra at 4 ◦C and 25 ◦C were respectively acquired with RF spectral widths of 3,000 Hz and 2,400 Hz in the t1 dimension, thus the 15N signals from Arg and Lys 
sidechains appear in different 15N spectral regions. 
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Vn and HAP are two major components of the ectopic deposits that 
accumulate under the retinal pigment epithelial cell layer in AMD eyes 
and other degenerative disease settings (Bergen et al., 2019; Ekmekci 
et al., 2002; Zhang et al., 2004; Shin et al., 2008; Luibl et al., 2006; 
Mullins et al., 2000). The deposition of Vn with lipids and HAP is a 
hallmark of AMD, AD and other diseases of aging, but the mechanism for 
deposit formation and accumulation remains unknown. Atomic- 
resolution structural data is essential for gaining mechanistic insights 
into the disease process, and solid-state NMR is ideally suited for the 
task, but its inherently low sensitivity poses a challenge. We show that 
the enhanced sensitivity afforded by the CryoProbe enabled two and 
three-dimensional experiments to be acquired for resonance assign
ments and gaining structural and dynamics insights about the Vn-HAP 
assembly. 

1. Results and discussion 

1.1. The MAS CryoProbe yields high sensitivity data 

Recently (Shin et al., 2019, 2020; Tian et al., 2022), we determined 
the three-dimensional structure of the hemopexin-like (HX) domain of 
Vn and used NMR to describe its interactions with ionic calcium (Ca2+) 
and mineralized HAP (Ca10(PO4)6(OH)2). Vn-HX (Fig. S1) forms a four- 
bladed β/α propeller where each HX repeat (HX1-HX4) corresponds to 
one propeller blade (β1-β2-β3-α) and the propeller is circularized by a 
disulfide bond between the terminal C156 and C472 (Fig. 1A, B). The 
propeller top, defined as the N-terminal end of the β1 strands, forms a 
smooth surface, while more dynamic loops of variable lengths extend 
from the bottom, including two flexible regions spanning residues 
283–324 and 354–435, which were deleted to facilitate refolding and 
crystallization. The propeller shaft occludes a NaCl molecule, coordi
nated by the backbone carbonyl oxygens (Na+) and amide hydrogens 
(Cl–) of residues in the shaft-lining β1 strands (F164, A209, A257, A349), 
and four Asp residues at the start of β1 (D162, D207, D255, D347) crown 
the rim of the propeller shaft. The sidechain carboxylate and backbone 
carbonyl oxygens of these rim-Asp form a Ca2+ binding site with suffi
cient affinity to suggest that circulating Vn is Ca2+-bound (Shin et al., 
2020; Tian et al., 2022). 

Solid-state NMR is the method of choice for examining the interac
tion of Vn with crystalline HAP. Previously, we used solid-state NMR to 
show that Vn-HX uses its Ca2+ binding site to associate with HAP (Shin 
et al., 2020). The spectra, acquired with an E-free room temperature 
MAS probe, yielded useful initial data but were insufficiently sensitive to 
allow multidimensional data acquisition for resonance assignments and 
detailed structural studies. To examine the potential of the MAS Cryo
Probe to overcome this sensitivity challenge, we prepared two separate 
samples, each containing 3 mg of 13C/15N-labeled Vn-HX associated 
with HAP nanospheres (50 nm diameter) and packed into a 3.2 mm MAS 
rotor, and acquired one-dimensional CP 13C spectra using either the 
MAS CryoProbe at 14.1 T (600 MHz 1H frequency) or an E-free room 
temperature MAS probe at 16.4 T (700 MHz 1H frequency). The 
resulting spectra (Fig. 1C) demonstrate that, notwithstanding the lower 
magnetic field strength, the CryoProbe yields a significant signal 
enhancement factor of ~3.2 for 1H–13C cross polarization (CP). 

SDS-PAGE analysis of the supernatant obtained after incubating the 
protein with HAP nanospheres and benchtop centrifugation (5 min; 
17,000g) confirms that the NMR signal results from HAP-associated Vn- 
HX (Shin et al., 2020). Incubation with HAP effectively depletes Vn-HX 
from solution, while the protein remains in solution after the same 
centrifugation protocol in the absence of HAP. Moreover, HAP associa
tion is completely blocked by the known HAP ligand citrate (Hu et al., 
2010), while supplementation with soluble CaCl2 enhances Vn-HAP 
association as previously reported for osteocalcin (Hoang et al., 2003; 
Scudeller et al., 2017). Notably, the 13C spectra obtained by through- 
space 1H–13C dipolar CP confirm that association with HAP immobi
lizes the protein on the microsecond time scale. We conclude therefore 

that the NMR signal arises from HAP-associated Vn-HX. 
The resulting signal enhancement made it possible to further acquire 

two-dimensional 13C/13C DARR (dipolar assisted rotational resonance) 
and 15N/13C NCA spectra (Fig. 1D, E) that reveal resolved signals from 
Ala, Gly, Ile, Ser, Thr and Val spin systems, including low intensity 
peaks. High quality spectra could be obtained at 4 ◦C with total acqui
sition times of 4  h for DARR and 6  h for NCA, or at 25 ◦C with a total 
acquisition time of 28  h for NCA. Comparison with the assigned solution 
NMR spectra of Ca2+-bound Vn-HX (BMRB code 50241; acquired at 
30 ◦C) shows that several signals are shifted or missing in the solid-state 
NMR spectra, including those from Gly, Thr, Val and Tyr residues (G191, 
G267, G328, T325, T329, V188, Y468) in surface-exposed, dynamic 
regions of the protein. In other cases, signals are broadened or appear as 
multiple peaks reflecting slow exchange dynamics among multiple 
conformations. These include signals from I465 at the start of the HX4 
α-helix, and T451 in the HX4 β3-β4 loop (Fig. 1E). The data reflect the 
range of conformational dynamics observed for HAP-associated Vn. 
Overall, the spectral linewidths are broader at 4 ◦C than 25 ◦C, consis
tent with freezing out of dynamic exchange among multiple 
conformations. 

The enhanced sensitivity of the CryoProbe also allowed us to acquire 
three-dimensional NCACX and NCOCX solid-state NMR spectra (Fig. S2) 
in a practical timeframe of approximately 10 days, compared to esti
mated 100 days that would have been needed to acquire the same data 
set with a room temperature probe. The resulting data set was used to 
assign 106 out of 204 expected sets of N, CA, CO, and CB chemical shifts 
(Table S1). Comparison with the previously assigned solution NMR 
chemical shifts for Ca2+-bound Vn-HX (BMRB: 50241) reveals striking 
similarity (Fig. S3A), even though the data sets were acquired at 
different temperatures of 4 ◦C for solid-state NMR and 30 ◦C for solution 
NMR. The chemical shift differences are in the range of 2 ppm, further 
indicating that the overall structure of Vn-HX is maintained in both the 
immobilized HAP-bound state and soluble Ca2+-bound state. Further 
comparison of the assigned chemical shifts with their random coil values 
provides an index of protein secondary structure (Wishart and Sykes, 
1994). In both Ca2+-bound and HAP-bound Vn-HX, the analysis is 
consistent with the known three-dimensional structure of the protein, 
with 13CA and 13CO signals shifted downfield and 15N signals shifted 
upfield for β-strands and the converse for α-helices (Fig. S3B). The data, 
therefore, indicate that the fundamental four-bladed propeller structure 
remains unchanged in the solid-state regime upon co-sedimentation 
with HAP. 

Notably, four rim-Ala (A163, A208, A256, A348), that line the pro
peller shaft one level below the Ca2+-binding rim-Asp, have very similar 
15N chemical shifts in the spectra of the HAP-bound and Ca2+-bound 
protein. Previously, we showed that these signals are highly sensitive to 
metal ion coordination and undergo a downfield shift of approximately 
5 ppm from the Na+-bound to the Ca2+-bound protein (Shin et al., 
2020). The data therefore demonstrate that Vn utilizes the same coor
dination site to associate with both freely soluble Ca2+ and HAP. Marked 
similarities notwithstanding, notable differences between the two data 
sets are observed for several signals, particularly from sites at the top of 
the propeller channel in the periphery of the four rim-Asp (Fig. S3A). 
These differences may reflect variable susceptibility of surface-exposed 
protein sites to temperature, and to the mineral HAP versus soluble 
Ca2+ environments, but it is also possible that they reflect new in
teractions with water and HAP phosphate and hydroxide groups, which 
are predicted to play a role in mediating protein-HAP association and 
protein-mediated HAP mineralization. Resonance assignments enabled 
by the MAS CryoProbe provide an avenue for addressing these important 
mechanistic questions. 

1.2. Protein dynamics 

The three-dimensional NCACX and NCOCX data from the CryoProbe 
show that the side chain carboxylate groups of the four rim-Asp residues 
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yield high-intensity, inter-residue COi–CGi+1 signals (Fig. 2A), consis
tent with their high conformational order at the propeller surface. This 
order appears to extend to the neighboring β2-β3 turns (Fig. 2B), in line 
with the crystal structures and predictions from molecular dynamics 
(MD) simulations (Tian et al., 2022) that the amide N atoms of the Gly 
residues at the apex of the four β2-β3 turns (G177, G224, G276, G441) 
form polar contacts with the rim-Asp sidechain carboxylates (Fig. 2C). 
By contrast, the NCA and NCB planes from the three-dimensional data 
set show that residues D166, A174 and I243 each yield two sets of sig
nals, consistent with the presence of two conformational states (Fig. S4). 

Overall, the solid-state NMR data reflect a wide range of dynamics for 
different regions of the protein. 

We performed additional experiments to further probe protein dy
namics. Protein sites with dynamics faster than the nanosecond time 
scale cannot be detected by dipolar-based CP experiments because the 
fast molecular motions average out anisotropic spin interactions. Fast 
dynamics, however, also increase T2 relaxation times, enabling through- 
bond INEPT experiments based on through-bond, J-coupling transfer to 
be used. The high sensitivity of the MAS CryoProbe allowed us to acquire 
one and two-dimensional INEPT-HETCOR spectra at 25 ◦C that reveal 

Fig. 2. Solid-state NMR NCOCX and NCACX spectra acquired with the MAS CryoProbe. (A) 2D plane extracted from 3D NCOCX spectrum showing intra
molecular CO-CG, COCA and CO-CB correlations from rim-Asp residues. (B) 2D strips extracted from 3D NCACX spectrum showing intra-residue N-CA, N-CB, and N- 
CO correlations from the β2- β3 turns for the four HX repeats lining the channel. Red crosses mark assigned peaks. The strips were plotted at a contour level set to 7.0 
times the estimated noise level. (C) MD simulation snapshot (taken at 301 ns) of Ca2+-bound Vn-HX showing polar contacts (dashed lines) between Gly amide N 
atoms (sphere) and the rim-Asp carboxylates (stick). 
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the presence of fast dynamics sites (Fig. 3A, B), with several HA-CA and 
HB-CB correlation peaks mapping to solution NMR signals predicted by 
MD to undergo rapid nanosecond fluctuations (Fig. 3C), as in the β3–α 
regions of the HX1 and HX3 repeats (A187, V188, G191, Q285, A327, 
T329) (Tian et al., 2022). The CryoProbe clearly provides sufficient 
signal enhancement to enable these types of experiments for complex 
multi-component samples, and the resulting data provide a starting 
point for the assignment of solid-state NMR INEPT spectra using NOESY 
and TOBSY sequences. 

1.3. Detection of protein-water interactions 

Water-edited solid-state NMR experiments can provide valuable in
sights into protein-water interactions for a range of complex samples 
(Williams and Hong, 2014). In these experiments, polarization is driven 
from water molecules to protein sites via mechanisms that include 
chemical exchange, NOE, and spin diffusion. Using the room tempera
ture E-free MAS probe at 16.4 T, we acquired one-dimensional water- 
edited 15N CP spectra of HAP-bound Vn-HX (Fig. S5A). As expected, 
longer mixing times increase signal intensity due to 1H spin diffusion but 
this mechanism of polarization transfer is non-specific. Residue-specific 
water-protein interactions may be detected with shorter mixing times 
but the signals are less intense and hence more challenging to detect. 
The 2D water-edited 1H/15N CP spectrum acquired with a 2 ms T2 filter 
and 10 ms of 1H–1H mixing demonstrates water accessibility to specific 
15N sites in the protein backbone and Arg and Lys side chains (Fig. S5B). 

Using the MAS CryoProbe we then acquired a two-dimensional 
water-edited NCA spectrum with 10 ms 1H–1H mixing at 25 ◦C 

(Fig. 4A). Water-polarization gives rise to many NCA signals, including 
those from sites involved in (A208, A256, A348) or peripheral to (G177, 
G224, G276, and G441) the Ca2+ binding site. As expected, the bulk of 
water-edited signal intensity maps to the surface of the three- 
dimensional protein structure, while signals from sites in the protein 
core are either missing or very weak (Fig. 4B). The data are in line with 
predictions from MD simulations (Fig. 4C). There are, however, notable 
exceptions of low intensity signals arising from surface-exposed resi
dues, including T165, D166, A174, I243, L235, and V234. Interestingly, 
MD simulations of Ca2+bound Vn-HX predict low water-accessibility for 
these sites, and in the case of T165 and D166, this effect was attributed 
to occlusion of the bottom of the propeller channel upon Ca2+ coordi
nation at the top, with the net effect of reducing water accessibility into 
the cavity. Previously, we proposed that such subtle conformational 
changes and resulting alteration of the water accessibility profile are 
responsible for the capacity of Vn to adapt to its environment and sustain 
excursions in shear stress and temperature encountered in the circula
tion. The water-edited data provide the first experimental confirmation 
of this effect. 

2. Conclusions 

Sensitivity is a major bottleneck of biomolecular NMR and poses a 
particular challenge for solid-state NMR studies of complex biological 
systems. Here we have shown that the new MAS CryoProbe provides 
highly enhanced signal over noise, enabling multi-dimensional solid- 
state NMR experiments to be successfully performed for resonance 
assignment, dynamics analysis, and water accessibility studies of the 

Fig. 3. Solid-state NMR INEPT spectra acquired with the MAS CryoProbe. (A) 1D 13C and 15N refocused INEPT spectra acquired with 2,000 (13C) and 5,000 (15N) 
scans, at 25 ◦C. (B) 2D 1H–13C INEPT-HETCOR spectrum acquired in 6 h, at 25 ◦C. Yellow crosses represent solution NMR assignments of selected signals that match 
with the solid-state NMR data and correspond to dynamic sites of Vn. (C) Time-averaged root mean square fluctuations (RMSF) of Vn-HX. The trace is the average, 
calculated for heavy atoms, over the last 500 ns of five independent 1 μs MD simulations performed at 30 ◦C for Ca2+-bound Vn-HX. Structural elements of the HX1- 
HX4 propeller blades are depicted above the data. Vertical lines mark protein sites identified to undergo nanosecond dynamics in the INPET NMR spectra. 
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blood protein Vn associated with HAP. The data reveal structural and 
dynamic features of the protein-HAP complex that could not have been 
discerned with a room temperature probe operating at ambient tem
perature. The ability to correlate MD-based predictions with experi
mental data is particularly exciting, as the water-edited data provide 
new experimental insights into the role of water in modulating the 
environmental adaptation of Vn. The MAS CryoProbe dramatically 
broadens the range of biomolecular systems that can be examined with 
solid-state NMR to include complex multi-component assemblies. 

3. Materials and methods 

3.1. Sample preparation 

Vn-HX was prepared from E. coli as described (Shin et al., 2019). 
Briefly, uniformly 15N/13C labeled protein was prepared by growing 
bacteria on minimal M9 medium containing (15NH4)2SO4 and 13C- 
glucose (Cambridge Isotopes). HAP-associated Vn-HX was prepared by 
gently mixing 28 mg of protein in 1.2 mL buffer (20 mM MES, pH 6.5, 
300 mM NaCl) with 200 mg of HAP nano-powder (50 nm diameter; 
Sigma-Aldrich cat. 900194). After removing the supernatant by bench
top centrifugation (5 min; 17,000 x g) and washing the Vn-loaded HAP 
with buffer (20 mM MES pH 6.5), the sample was transferred into the 
MAS rotor for NMR. Two identical samples were prepared and loaded 
into separate 3.2 mm rotors for NMR studies with either the CryoProbe 
or the room temperature probe. 

3.2. Solid state NMR experiments 

Solid-state NMR experiments were performed on a 14.1 T Bruker 
spectrometer, equipped with a NEO console and a 3.2 mm 1H/13C/15N 
MAS CryoProbe, or on a 16.4 T Bruker spectrometer, equipped with a 
NEO console and a 3.2 mm 1H/13C/15N E-free MAS probe with the RF 
components operating at room temperature. Experiments were acquired 
at sample temperatures of 4 ◦C or 25 ◦C, with a spinning frequency of 12 
kHz and 20 or 30 ms of acquisition time. Recycle delays were 2 sec for 
one and two-dimensional experiments, and 1.2 sec for three- 
dimensional experiments. All CP-based experiments were acquired 
with 83 kHz SPINAL-64 1H decoupling (Fung et al., 2000), whereas 
5–10 kHz swTPPM 1H decoupling (Vinod Chandran et al., 2008) was 
used for the INEPT experiments. 

The π/2 pulse lengths were 2.5 µs for 1H, 6 µs for 13C and 15N. 
Conditions for HC and HN CP were optimized using a 1H tangential ramp 
with contact time set to 1 ms (Hartmann and Hahn, 1962), while NCA 
and NCO SPECIFIC-CP transfer was optimized with a13C tangential ramp 
and 4 ms contact time (Baldus et al., 1998). For the NCA and NCO 
transfers, 100 kHz of 1H continuous wave decoupling was applied, and 
13C and 15N RF amplitudes were respectively set to 53.0 kHz and 46.2 
kHz for NCA, and 42.7 kHz and 16.0 kHz for NCO. 

The two-dimensional CXCX spectrum was acquired with 16 tran
sients, 20 ms 13C–13C DARR mixing, 28 μs t1 dwell time, and 178 t1 
increments, for a total experimental time of approximately 4 h (Take
goshi, 2001). The 2D NCA spectra were respectively acquired at 4 ◦C, 

Fig. 4. Water-edited solid-state NMR spectra acquired with the MAS CryoProbe. (A) 2D NCA (red) and water-edited NCA (blue) acquired with 10 ms 1H–1H 
mixing time. Red labels mark peaks with no or little signal from water polarization. (B) MD simulation snapshot (taken at 301 ns) of Ca2+-bound Vn-HX. Color 
reflects the number of water molecules within 5 Å of a protein site, from white (0 water) to blue (4 waters), determined from MD simulations as in (C). Spheres 
represent Ca2+ (pink), Cl– (cyan) and Na+ (indigo). Small white-blue spheres represent CA atoms of sites with no or little signal from water polarization in the water- 
edited NCA spectrum. (C) MD time-averaged number of water molecules within 5 Å of each residue of Vn-HX. Each bar represents the average, calculated for heavy 
atoms, over the last 500 ns of five independent 1 μs MD simulations performed at 30 ◦C for Ca2+-bound Vn-HX. Structural elements of the HX1-HX4 propeller blades 
are depicted above the data. Vertical lines and red labels mark sites with no or little signal from water polarization in panel (A). 
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with a t1 dwell time of 333 µs, 40 t1 increments, and 128 transients (~6 
h), or 25 ◦C with a t1 dwell time of 417 µs, 32 t1 increments, and 768 
transients(~28 h). 

The 2D water-edited NCA experiments (Ader et al., 2009) were ac
quired at 25 ◦C, with a t1 dwell time of 417 μs, 32 increments, 2048 
transients, a 2 ms T2-filter, and 10 ms of 1H–1H mixing (~73 h). 

For 13C INEPT experiments, two polarization transfer delays were set 
to 1/(4*J) and 1/(6*J), respectively corresponding to 1.66 ms and 1.11 
ms, optimized for 150 Hz HC J-coupling (Andronesi et al., 2005). For 
15N INEPT experiment, two polarization transfer delays were set to 2.72 
ms and 1.81 ms, optimized for 92 Hz HN J-coupling. 2D 1H/13C INEPT- 
HETCOR was acquired with a t1 dwell time of 83 μs, 40 increments, and 
128 transients (~6 h). 

Each of the three-dimensional NCACX and NCOCX data sets was 
acquired with 50 ms of CORD mixing time, 96 transients, 19 t1 (15N) and 
48 t2 (CA or CO) points with respective dwell times of 333 µs and 166 µs 
(~4.8 days) (Hou et al., 2013; Castellani et al., 2002). The room tem
perature MAS probe was used to acquire water-edited 1D and 2D 
1H/15N-CP spectra with 1H t1 dwell time and increments set to 240 μs 
and 32 real t1 increments. A total of 2048 and 384 transients were ac
quired for the 1D and 2D spectra, respectively, with 2 ms T2-filter. In the 
2D experiment, the 1H dimension was t1 evolved after the T2 filter, 
followed by 10 ms of 1H–1H mixing, 1H-15N CP, and 15N detection 
(Williams and Hong, 2014). All multi-dimensional experiments were 
acquired using States-TPPI acquisition mode. 

Spectra were processed with NMRpipe and analyzed using Poky 
(Sparky) software (Delaglio et al., 1995; Lee et al., 2021). The three- 
dimensional data were processed using SMILE linear prediction to 
twice the number of real data points in both the t1 and t2 dimensions 
(Ying et al., 2017). 2D DARR, NCA, and CP spectra were processed with 
Lorentz-to-Gauss (GM) window functions with (g1, g2) values set to (30, 
60) in the t2 dimension. The t1 dimensions were processed with a 60◦

sine-squared bell window function. 2D 1H/13C INEPT-HETCOR spectra 
were processed with a cosine-squared bell window function in both di
mensions. 3D spectra were processed with Lorentz-to-Gauss (GM) win
dow functions,with (g1, g2) values of (15, 45), (25, 75), and (30, 55) for 
t1, t2, and t3 dimensions respectively. The 3D strip plots were plotted 
using Python modules nmrglue, numpy and matplotlib (Helmus and 
Jaroniec, 2013), whereas all the other 1D and 2D spectra were plotted 
using NMRpipe and Sparky. For 2D and 3D figures, the lowest contour 
threshold was set to at least 4.5 times the estimated noise, the number of 
contours levels and scale factors were in the range of 30–40 and 1.1–1.4 
respectively. 

3.3. MD simulations 

All-atom MD simulations were described previously (Tian et al., 
2022). Five independent 1 µs MD simulations were performed using the 
CHARMM36m force fields (Brooks et al., 2009) with the TIP3P water 
model (Jorgensen et al., 1983), the temperature set to 303.15 K for 
simulations at 30 ◦C, and the pressure maintained at 1 bar. The five 
independent systems for MD were identical to the experimental protein 
sequence. MD production simulations were conducted with OpenMM 
(Eastman et al., 2013) for 1 µs, and the last 500 ns of trajectories were 
used for analysis. For each simulation, trajectories were generated every 
1 ns, and trajectories from all simulations were combined for analysis in 
each system. Statistical analyses were performed with in-house Python 
scripts using MDAnalysis and JupyterNotebook. 
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