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Abstract

Elucidating Phosphate Cluster Formation Mechanisms through Nuclear Magnetic

Resonance

by

Mesopotamia S. Nowotarski

Phosphates play a ubiquitous role in biology, from structural components including

cell membranes and bone to energy storage via ATP, but the solution phase space lead-

ing to the formation of phosphate clustering is not entirely understood. My work will

help elucidate the role of phosphate clusters in biological solutions and the unresolved

formation pathway of bone. Furthermore, my research will shed additional insight onto

31P nuclei quantum mechanical properties, specifically those found in Posner Clusters of

molecular formula Ca9(PO4)6, which are implicated to function as a platform for quantum

computation in cognitive processes.

This dissertation will show with solution nuclear magnetic resonance (NMR) exper-

iments that simple phosphate species including orthophosphates, pyrophosphates, and

adenosine phosphates associate into dynamic assemblies in dilute aqueous solutions that

are spectroscopically ”dark”, highlighting a hitherto unreported property of phosphate’s

native state in biological solutions. This dissertation will also discuss solid state NMR

spin counting experiments of calcium phosphate species at varying time points in their

structural evolution that were vitrified at 100 K and show calcium phosphate prenucle-

ation clusters with a minimum of five dipolar coupled 31P atoms. These results provide

a novel basis for the characterization of nonclassical growth pathways and led to devel-

opments in freeze quench instrumentation, also showcased here.
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Chapter 1

Introduction

Brain activity is commonly monitored via electrophysiological activity generated by

electro-chemical transmitters exchanging information between anatomically localized neu-

rons, resulting in the formation of ionic currents [1]. While it is known that information

necessary for this activity is stored within neurons, the physical means of this storage

of information remains unidentified [2]. In addition to this enigmatic storage of mem-

ories, the exact chemical species composition that results in a unique ionic current is

unknown [3]. My PhD work revolves around a proposal for neuronal information storage

and indirectly, how neuro-electrical signals are influenced by a specific source of calcium.

Understanding how memories are stored will allow for simultaneous monitoring of both

the information and the resulting commands from the recruitment of this information.

It is known that the brain accesses memories via localized neurons in functionalized

anatomic regions of the brain and that this information is connected via the neuronal

network by transfers of electro-chemical signals [2]. This holds true except for the case

when a response requires instantaneous engagement of nonlocal neuronal clusters found in

multiple parts of the brain, which is not possible within the current working theory due to

signal transfer time limitations [2]. The ability to globally connect information and access
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Introduction Chapter 1

multiple parts of the brain at the same time presents an interesting biophysical dilemma.

A possible solution presents itself if one considers that quantum information processing

may play a role in memory storage. Quantum information processing would allow for

memories stored in a quantum state to non-locally communicate with quantum states in

other neurons while independently firing via a process called entanglement. Quantum

entanglement is an isolated, distance independent phenomenon utilized in quantum com-

puters that connects spatially separated quantum bits (qubits) of information (similar

to ones and zeros in a conventional computer but with greater computational power)

stored in the form of quantum degrees of freedom, such as nuclear spins [4]. If quantum

entanglement is allowing different regions of the brain to communicate through space,

then global storage of information is not mutually exclusive to storage in localized regions

of the brain. While evidence suggests that quantum mechanics is operational in certain

biological systems [5], the possibility of mammalian brain quantum computing has largely

been ignored due to the need to identify a stable biogenic species that can both store and

readout quantum information in the form of qubits for sufficiently long times as well as

connect spatially separate neurons via biologically isolated, entangled quantum states.

Demonstrating that quantum information processing plays a role in the human brain

is a daunting challenge that also requires a model for transport of quantum information

stored in the qubits throughout the brain and for a quantum-to-biochemical readout

that influences how neurons fire. While a theory of orchestrated objective reduction

was presented by Sir Roger Penrose and Stuart Hameroff in 1998 [6], where neuronal

microtubules were proposed to store and process information and memory in a quantum

state allowing for quantum entanglement timescales up to 500 ms, objective reduction

has yet to be proven. The key to solving this mystery of quantum information processing

occurred when Dr. Matthew Fisher, 2015 Oliver Buckley Prize in Condensed Matter

Physics awardee and my co-advisor, proposed that the nuclear spin states of biologically

2
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abundant phosphorus atoms in a compound of molecular formula Ca9(PO4)6, could serve

as rudimentary, biologically optimized quantum entangled bits of information in the

brain [7]. The isolated 31P nuclear spins in this molecule, named as a Posner cluster

(PC), provide the singular, biologically relevant, protected nuclear spin environment for

quantum computation with the necessary lifetimes of information storage [7]. These

molecules have been proposed to propagate through the brain via mitochondrial fission

and fusion, resulting in physical transport of information throughout the brain while

maintaining nonlocal quantum entanglement [8]. The memories stored in PCs integrate

into the current framework of brain electro-chemical signaling as the information stored

in PCs is transferred into a biochemical signal via pH modulated disassociation. This

dissociation results in the release of Ca+2, and subsequent calcium mediated release of

the neurotransmitter glutamate from presynaptic neurons [9]. This ionic calcium release

may moderate synaptic activity via established neurochemical Ca+2 signaling pathways

[7, 10].

Proposal of quantum cognition emerged from an interest in the efficacy of lithium

(natural isotopic abundance: 7.59 % 6Li and 92.41 % 7Li) for treatment of mood disorders

(including major depression and biopolar disorder) despite no concrete evidence on how

lithium mechanistically stabilizes mood [9]. Lithium was originally discovered as an

effective treatment for mania when John Cade injected guinea-pigs with lithium urate and

lithium carbonate, noting their lethargy, and then later human patients who responded

positively [11]. A thought-provoking study was completed where mothering rats were

given a diet including 7Li or 6Li and their behavior was completely opposite [12]. Mothers

fed 6Li exhibited overgrooming and overnursed, while those fed 7Li were apathetic and

nursed infrequently. A simple monovalent cation, this isotopic observed effect can not

be explained by any known models. Additional lithium studies have been completed

showing maternal exposure to higher levels of residential lithium in drinking water during

3
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pregnancy was associated with a moderate increase in autism spectrum disorder and

congenital malformations risk in offspring [13, 14, 15]. However, lower levels of lithium

in public water supplies have also been linked to higher suicide rates [16, 17, 18] and

increased rates of dementia [19, 20]. Additional complexity occurs when high levels of

lithium in the public water supply have been shown to stimulate multiple types of stem

cells, including ones found in the brain, blood, and bones [48, 50]. There are additional

studies on the effects of lithium supplementation [21] and therapies [22], including usage

of natural healing lithium mineral springs. The isotopic effect of lithium, coupled with

the clear impact on brain function, led Dr. Fisher to his theory on quantum cognition

and the potential existence of PCs in the brain, with which lithium may be interacting

[7, 23].

While relevance of PCs to quantum computers and quantum biology is riveting, their

more practical implication lies in their application to vertebrate bone. The structural

integrity of vertebrate bone is primarily due to calcium phosphate matrices formed from

amorphous calcium phosphate (ACP) and crystalline hydroxyapatite (HAp) [24]that min-

eralize on collagen fibrils. Bone material regeneration from HAp has been demonstrated,

but results in weak mechanical properties and inadequate bone resorption, thus limit-

ing bio-implantation [25]. This restricted solid-state morphological control is attributed

to the presently enigmatic mineralization pathway of bone [26]. To achieve robust bone

material of a specific calcium phosphate phase [27, 28, 29, ?]that is readily available, ster-

ilizable, and cost effective [25], it is crucial to identify a metastable solution intermediate

that can exchange between solution, glass, and crystalline bone phases. Foundational to

identifying this key transient species was the X-ray powder diffraction study of HAp’s

crystal unit cell which revealed spherical 1 nm diameter clusters of molecular formula

Ca9(PO4)6 [24]. These PCs have been postulated to serve as a prenucleation cluster

(PNC) mediating ACP’s formation and subsequent phase transformation into HA [24].
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Prior research has supported the existence of PCs [30, 24, 31, 32, 33]; however, the ar-

rangement of atoms in a PC remained inaccessible until ab initio calculations proposed

an energetically supported, S6 symmetric structure (Fig. 1.1 inset) [30]. Features of the

unrestricted PC resulting from this putative model, such as nuclear spin properties, size,

chemical reactivity, aggregation rate, phase transitions, and resulting concentration, are

critical to understanding the mechanistic role of PC in the bone mineralization pathway.

Consequentially, these same features contribute to the nontrivial spectroscopic character-

ization of a PC and have thus rendered it evasive to current experimental confirmation.

The objective of my PhD is to experimentally isolate a free-floating Posner cluster and

confirm its structure.

Figure 1.1: DLS of a pH 7.4 simple SBF composed of 250 mM KCl, 2 mM NaPO4,
and 5 mM CaCl2 [34]. The 1 nm peak is implicated to contain PCs with a structure
as illustrated [30]. Reproduced here with the permission of Joshua Straub.

Prior empirical evidence supports PC formation, revealing insights into their aggre-

gate seeding, kinetics, phase transitions, and phosphate bridging modes determined by

cryo-TEM, phase shift interferometry, calcium K-Edge XANES spectroscopy, and dy-

namic light scattering (DLS) [30, 31, 32, 33]. Still, in-depth structural characterization

of the PC has not been accomplished due to inadequate experimental designs. Recent

development of cross-correlating detectors (CCDs) for DLS allows for access to short time

5
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delays, corresponding to small, rapidly diffusing particles that could not previously be

accurately sized. Our team improved the DLS experiment performed on simulated body

fluids (SBFs) by using a CCD DLS setup [26] and characterizing the phase diagram of

calcium phosphate at 298 K [34] to ensure optimal PC conditions. To improve resolution

of the PC signal, we also removed the TRIS buffer which dominates the scattering signal

due to high concentration and similar size to a PC. Our reproducible working manuscript

results [34] (Fig. 1.1) demonstrate a dissociated ionic species signal at 0.35 nm diam-

eter and the formation of an approximate 1 nm diameter aggregate. The 1 nm signal

persists only when both calcium and phosphate ions are present, indicating this signal

is composed of a calcium phosphate cluster. In agreement with electronic structure cal-

culations [30], this 1 nm diameter species has been assigned as the first clearly observed

free-floating PC. Alternate calcium phosphate prenucleation cluster candidates include

tricalcium phosphate (TCP) [Ca3(PO4)2], and brushite monomers [CaHPO4], of which

the latter is proposed to be similar in size to a PC. There is evidence that both PCs

and TCPs independently persist depending on pH regimes; the PNC is identified by the

protonation state of phosphate after addition of calcium (inferred via pH monitoring),

where PCs are likely to form at pH 7 and above while TCP forms at pH 6 and below [34].

While these results are promising, a more concrete way to ascertain the exact composi-

tion of a PNC under varying conditions is necessary, which can be accomplished through

solid state NMR structural analysis.

To overcome PC isolation and characterization challenges, I utilized the 100 % abun-

dant 31P nuclear spins in a PC as probes to study its structure and dynamics with solution

and solid-state NMR spectroscopic techniques. I investigated the 31P atomic arrange-

ment in the elusive PC with a two-pronged approach: determination of a PC’s

unique (1) dynamic behavior and (2) 31P spin population. Aim (1) is focused

on phosphate cluster formation and optimization under varying solution conditions, with

6
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Aim (2) focused on utilization of the aforementioned optimal conditions to identify the

structure and dynamical properties of PCs.

Aim (1) Determination of Dynamic Behavior: The focus of my research be-

gan with elucidating the phase diagram and formation mechanisms of phosphate clusters

through performing NMR lineshape and relaxation experiments as a function of pH and

salt concentrations. While phosphates and polyphosphates play ubiquitous roles in bi-

ology as integral structural components of cell membranes and bone, or as vehicles of

energy storage via adenosine triphosphate and phosphocreatine, the solution phase space

of phosphate species appears more complex than previously known. We completed rou-

tine 31P solution NMR lineshape relaxation measurements on dissolved monophosphate

samples as a control for calcium phosphate mechanistic studies, which resulted in dis-

covery of an interesting phenomenon. In Chapter 2, NMR and cryogenic transmission

electron microscopy (cryo-TEM) experiments that suggest phosphate species including

orthophosphates, pyrophosphates and adenosine phosphates associate into dynamic as-

semblies in dilute solutions that are spectroscopically ’dark’ will be presented. Cryo-TEM

provides visual evidence of formation of spherical assemblies tens of nanometers in size,

while NMR indicates that a majority population of phosphates remain as unassociated

ions in exchange with spectroscopically invisible assemblies via chemical exchange satu-

ration transfer (CEST) (See Fig. 1.2). The formation of these assemblies is reversibly

and entropically driven by the partial dehydration of phosphate groups, as verified by 31P

Diffusion Ordered Spectroscopy (DOSY), indicating a thermodynamic state of assembly

held together by multivalent interactions between the phosphates. Molecular dynamics

simulations further corroborate that orthophosphates readily cluster in aqueous solution.

This surprising discovery that phosphate-containing molecules, ubiquitously present in

the biological milieu, can readily form dynamic assemblies under a wide range of com-

monly used solution conditions, highlights a hitherto unreported property of phosphate’s

7
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native state in biological solutions.

Figure 1.2: CEST Experiment Illustration. When irradiating radiofrequency signal
(yellow arrows) adjacent to the visible 1D NMR signature (purple), if there is a hidden
state (green) in exchange with the 1D signal (purple), one can detect the change in
1D signature (yellow peak) as a CEST signal (blue).

With the main goal being to stabilize and characterize calcium phosphate prenucle-

ation clusters (purportedly a PC), we advanced to optimizing calcium phosphate solution

conditions, including temperature (must be below 313 K), pH, and salt concentrations

under which water soluble, nm-sized, calcium phosphate clusters are most stable and pop-

ulated [34, 35]. These studies resulted in two different solution compositions, a simplified

and a modified simulated body fluid which will be discussed in the next chapter.

Aim (2) Determination of textsuperscript31P Spin Population: To firmly

identify structure and determine 31P spin population incorporation in a PC, I analyzed

the quantitative clustering of 31P nuclei in monophosphate, molecular ATP, ACP, HAp

(as controls), and a vitrified SBF and mSBF using solid-state NMR methods, as discussed

in Chapter 3. In nonclassical nucleation theory, PNCs form, aggregate, and crystallize to

8
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produce higher order assemblies (Fig. 1.3). Microscopy and X-Ray techniques have lim-

ited utility for PNC analysis due to small size (0.5 - 3 nm) and time stability constraints.

We present a new approach for analyzing PNC formation based on 31P NMR spin count-

ing of vitrified molecular assemblies. The use of glassing agents ensures that vitrification

generates amorphous aqueous samples and offers conditions to perform dynamic nuclear

polarization (DNP) amplified NMR spectroscopy. We demonstrate that molecular adeno-

sine triphosphate (ATP), along with crystalline (HAp), amorphous (ACP), and clustered

calcium phosphate (mSBF) materials formed via a non-classical growth pathway can be

differentiated from one another by the number of dipolar coupled 31P clustered spins

(Fig. 1.3).

Figure 1.3: Calcium Phosphate Nucleation Pathway and Spin Counting Basics. Nu-
cleation of calcium phosphate is seen on the top portion, with the amorphous and
crystalline phases varying depending on conditions. The chemical composition of
ACP has been argued as a glass phase consisting of PCs and water [36]. Spin count-
ing of systems with varying degrees of spin organization and the resulting expected
number of extracted spins (multiple quantum coherence order - MQCO p) is seen on
the bottom portion. HAp structure reproduced from Zilm, et al [37]. [37].

The counting of nuclear spins is achieved through Multiple Quantum NMR experi-

ments, as visualized in Fig. 1.4. The results presented in Chapter 3 [35] are the first

9
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report of Multi-Quantum spin counting of assemblies formed in solution as captured un-

der vitrified DNP conditions, which can be useful for future analysis of PNCs and other

aqueous molecular clusters. This spin counting data through multiple quantum 31P NMR

experiments allows us to distinguish a PC from any other calcium phosphate complex

through assignment of the PCs six distance dependent dipolar coupled 31P nuclei based

off the PCs putative structure [30]. A potential future direction would be to run atomic

distance solid state NMR measurements, such as Centerband-only detection of exchange

(CODEX), REDOR, or spc5 which can quantify the number of exchanging nuclei as well

as the average 31P-31P atom bond distances through dipolar interactions, and compare

with the appropriate predicted interatomic distances of a PC [30]. In addition, enriched

43Ca-31P distance measurements, 31P lifetime measurements [38], and mitochondrial DNP

are of future experimental interest.

Stabilization of a PC and subsequent capture in a vitrified state presents multiple

experimental obstacles. Vitrification requires glassing agents for conventional DNP, which

can, and we show, change the phase boundary of dissolved species of experimental interest

depending on conditions. In Chapter 3, we additionally investigate molecular crowding

pressure and solubility via glassing agent choice and alternate vitrification technique

options, including the development of a rapid freeze quench apparatus. In addition, the S6

symmetry and mobility of the six 31P nuclear spins in a rapidly tumbling PC are theorized

to result in a long NMR T1 relaxation time/entanglement time extending 21 days [30],

thus leading to prohibitively long (up to thousands of days) required experimental time.

In addition, the conversion of PCs into ACP and HAp in solution leads to a maximum

calculated PC concentration of a simple SBF from DLS of approximately 10 µM 31P.

To combat these sensitivity issues, signal amplification via dynamic nuclear polarization

enhanced NMR and addition of paramagnetic polarizing agent AMUPol to decrease T1

time will lead to increased analyte concentration.

10
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Figure 1.4: Multiple Quantum (MQ) Nuclear Magnetic Resonance Basics. Spins
can be induced experimentally through selective radiofrequency irradiation to flip to-
gether at the same time and phase, which is defined as a coherence and can encoded
in a density matrix shown. Zero Quantum (p = 0), Single Quantum (p = 1), and
Double Quantum (p = 2) spin transitions are shown. MQ-NMR experimental pulse
sequence setup requires an excitation, evolution, and reconversion blocks for creation,
interaction, and selection of coherences, however there is no evolution period for SC
experiments. The equation shown relates the incremented phase phi between succes-
sive points in the indirect NMR experimental dimension with the signal, s, which has
passed through coherence order p [39].

In summary, my work is focused on elucidating the underlying mechanisms lead-

ing to the formation of various phosphate clusters. I am specifically searching for a

metastable prenucleation cluster which can be structurally, magnetically, and dynami-

cally assigned to a Posner cluster (PC) of molecular formula Ca9(PO4)6 and size 1 nm

[24, 30]. Phosphates play a ubiquitous role in biology, from structural components includ-

ing cell membranes and bone to energy storage via ATP, but the solution phase space

leading to the formation of phosphate clustering is not entirely understood. My work will

lend insights into the role of phosphate clusters in bone’s unresolved formative pathway,

of which PCs have been postulated to serve as a metastable solution intermediate [24], al-

lowing for further medical developments of bioprosthetics, synthetic scaffolding, targeted

11
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inhibition of damaging mineralization, and selective growth promotion therapies [25, 40].

Development of improved synthetic bone could replace casts and amputation in favor of

a resilient, responsive, and cheap bioceramics and/or injectable cements with improved

compressive strength and solution interaction, both which can be distributed worldwide

[25]. Furthermore, my research will shed additional insight onto 31P nuclei quantum me-

chanical properties, specifically those found in PCs which are implicated to function as

a platform for quantum computation in cognitive processes [7], which may lead to med-

ical advancements in neurodegenerative diseases and brain computer interface training,

design, and implementation. In addition, the magnetic structure-function relationship

of PCs that I am investigating and the resulting 31P nuclei long relaxation times are of

fundamental interest to the chemistry and physics communities for development of MRI

contrast agents and liquid state NMR molecular quantum computing [30].

12



Chapter 2

Phosphate Solution Conditions and

Hidden States

2.1 Permissions and Attributions

1. The content of chapter 2 and appendix A has been published in PNAS [41] and

submitted to NMR in Biomedicine (Lu, J., et al.). It is reproduced here with the

permission of the National Academy of Sciences: http://https://www.pnas.org/

doi/10.1073/pnas.2206765120 and main author Jiaqi Lu.

2.2 Introduction

Phosphate containing species are in constant flux throughout the phosphorus cycle

and accumulate within the cells of all living organisms. Cellular energy is primarily

harvested through the dynamical formation and breakage of phosphoanhydride chemical

bonds of adenosine phosphates [42, 43]. Free phosphates and their subsequent assembly

are also involved in bone formation and growth [44, 45, 46], however the underlying

13
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assembly mechanisms of phosphate species and other ions that lead to bone formation

processes are not well understood. An understanding of the equilibrium between free

phosphates and higher-order phosphate assemblies in the form of polyphosphates and

phosphate clusters would provide further insight into the mechanisms involving biological

energy storage and/or the engineering of biological structures.

31P nuclear magnetic resonance (NMR) offers useful information about the compo-

sition, dynamics, and structural properties of lipid membrane interfaces [47, 48, 49],

phosphorylated biomolecules [50, 51, 52], polyphosphates [53, 54] and precursors of bone

formation [55]. We performed 31P NMR to investigate the native state of phosphate

species as a function of temperature with the initial intent to subsequently study the for-

mation processes of calcium phosphate clusters. In this process, we encountered peculiar

31P NMR line broadening with increasing temperature of aqueous solution of pure phos-

phates. Such characteristics cannot be explained by the usual temperature dependent

T2 relaxation due to increasing molecular tumbling of small molecules with increasing

temperature. 31P NMR line broadening as a function of pH, phosphate concentration,

and counter cation species has been described in the literature [56, 57, 58], however line

broadening with increasing temperature has not been reported before.

Underscoring these unexpected observations, we present experimental results show-

ing that phosphate containing species, including orthophosphate, pyrophosphate, and

adenosine diphosphate assemble into hitherto unreported spectroscopically ’dark’ species,

whose fractional population increases with increasing temperature. This observation is

shown to be consistent with the dehydration entropy-driven formation of dynamic phos-

phate assemblies. 31P NMR Chemical Exchange Saturation Transfer (CEST) reveals

that phosphates assemble into species with broad spectroscopic signatures, whose popu-

lation is in exchange with NMR-detectable phosphate species. A sub-population of these

assemblies are also observed in cryogenic transmission electron microscopy (cryo-TEM)
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images to exhibit droplet-like spherical assemblies up to 50 nm in diameter. The discov-

ery that common phosphate-containing molecules can readily assemble into higher order

species in water under physiological conditions in the absence of biologically activated

processes should be relevant to a variety of biological and biochemical processes that

use phosphate containing species as building blocks, energy sources or reactants in an

aqueous environment.

2.3 Results and Discussion

2.3.1 Phosphate Species Solution NMR Properties

Unexpected NMR relaxation behavior

A series of 31P NMR spectra were acquired of an aqueous solution of sodium or-

thophosphate at 10 mM concentration, pH 4.5 and as a function of temperature between

293 K and 343 K. Each spectrum consists of a single 31P NMR line that shows significant

broadening with increasing temperature, as shown in Fig. 2.1A. The full width at half

maximum (FWHM) linewidth increases from 0.74 to 1.21 Hz, while the chemical shift

only slightly changes from 0.14 to 0.58 ppm as referenced to 85% H3PO4 at 293 K. To

test the consistency and generality of this observation, these measurements were repeated

for solutions of orthophosphates at concentrations of 100 mM and 1 M, at varying pH

from 4 to 10, at field strengths corresponding to 1H NMR frequencies of 400 MHz and

500 MHz, and for solutions of orthophospates with sodium and potassium counterions,

as shown in Fig. A1, A2, A3, and A4. Under every condition tested, the general trend

of 31P NMR line broadening with increasing temperature was observed.

To further explore this observation, we tested a series of phosphate-containing species

in addition to orthophosphates, such as pyrophosphate, adenosine diphosphate (ADP)

15



Phosphate Solution Conditions and Hidden States Chapter 2

and adenosine triphosphate (ATP). While the extent of 31P NMR line broadening with

increasing temperature varies between the different species and solution conditions, the

general trend of line broadening with increasing temperature persists for all phosphate

containing species tested here (Fig. 2.1B), suggesting that there is a common under-

lying molecular mechanism for solvent-exposed phosphate groups. To further our un-

derstanding, additional solvents were quickly analyzed with dissolved monophosphate,

where acetic acid and pure D2O still exhibited line broadening with increasing temper-

ature, however DMSO and water/DMSO mixtures had the reverse trend. We took this

even further and investigated dimethyl methylphosphonate, an organophosphorus com-

pound closely resembling phosphate in structure, and found this line broadening trend

to persist as well. We could not trivially investigate RNA or DNA due to the inherent

nature of spontaneous double strand formation in water.

This line broadening is surprising, as it is inconsistent with expected trends for small

molecules, including ionic species. Increasing temperature should generally lead to mo-

tional narrowing of NMR resonances of small molecules as their tumbling rate increases.

An exception to this trend would be a case where increasing chemical exchange rate leads

to a transition from an intermediate to a faster exchange regime, where the chemical shifts

of the two species significantly diverge, given that the line width is proportional to the

square of the chemical shift difference. In such a case, however, one would normally

observe the splitting of the broad line into additional narrow resonances at sufficiently

high temperatures, which was not observed for any of the phosphate-containing species

studied under a wide range of experimental conditions. An additional possibility is scalar

relaxation of the second kind, which has been observed to lead to line broadening with

increasing temperature [59]. However, for such a case the proton exchange rate should

be of the same order of magnitude as the linewidth, i.e. on the order of a few Hz, which

is not the case for our phosphate solutions, given that the second order rate constant for
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proton exchange between monobasic and dibasic phosphate is 1.45 ∗ 109 mole-1 l sec. -1,

orders of magnitudes larger than Hz [60].
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Figure 2.1: 31P NMR results for phosphate-containing species. (A) 1D NMR spec-
tra from 10 mM sample in (D) taken at every 10 K showing line broadening in or-
thophosphate. (B) Linewidths for orthophosphate, pyrophosphate, ADP, and ATP as
a function of temperature showing monotonic increase with temperature. Solid lines
are quadratic fits to data to guide the eye. (C ) R1 and R2 curves as a function of
molecular tumbling rate from Bloembergen-Purcell-Pound theory. Cartoons illustrate
the approximate locations of ionic phosphate, ADP, and a standard protein based on
tumbling rates. (D) R2 as extracted from a CPMG pulse sequence and from FWHM
for 10 mM and 100 mM monobasic sodium orthophosphate pH 4.5 as a function of
temperature, showing monotonic increase in R2 in each case. Solid lines are quadratic
fits to data to guide the eye. R1 for 10 mM, 100 mM, monobasic sodium orthophos-
phate pH 4.5 as a function of temperature showing different curve shapes as a function
of concentration. Solid lines are cubic fits to data to guide the eye.

To further examine the nature of the underlying process leading to the observed

line broadening and its temperature-dependence, we measured the 31P NMR spin-spin

relaxation rate, R2, at varying temperatures from 293 K to 343 K. This allowed us to

assess whether the 31P NMR line broadening with increasing temperature originates from
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inhomogeneous broadening due to the presence of multiple distinct spectral components

or lifetime broadening. The value for R2 in Hz measured by the Carr-Purcell-Meibom-Gill

(CPMG) [61, 62] sequence was compared to that extracted from the FWHM (following

R2 = π· FWHM) for a 10 mM and 100 mM solution of sodium orthophosphate, as

shown in Fig. 2.1D. We found that the two showed comparable trends for broadening,

with slightly higher (1-2 Hz) values for the FWHM-derived linewidth compared to that

directly measured via R2, likely due to field inhomogeneities and small temperature

gradients. This observation verified that the phosphate linewidth is primarily broadened

by the dynamical properties of a homogeneous spectral population. This correspondence

was found consistently across all samples tested. The expected trend from Bloembergen-

Purcell-Pound (BPP) theory [63] of decreasing R2 with increasing molecular tumbling

rate, i.e. temperature, is shown in Fig. 2.1C to contrast to the experimental trend shown

in Fig. 2.1D.

The temperature-dependence of the spin-lattice relaxation rate, R1, provides further

information on the molecular-scale dynamical properties of these phosphate solutions. We

measured R1 for a serious of phosphate concentrations, and again, observed unexpected

values and trends. As illustrated in Fig. 2.1C, small molecular species tumble in the

’fast’ regime- where rotational correlation time is faster than the Larmor frequency- and

so R1 is expected to monotonically decrease with increasing temperature, and to be

nearly identical with the R2 values. Instead, we observe R1 values for orthophosphates

at concentrations from 10 mM to 100 mM that are as many as one to two orders of

magnitude smaller than the R2 values of the same samples. This observation suggests

that the monitored phosphate species experience much slower dynamics than those of

isolated orthophosphate monomers. Assuming a random field relaxation mechanism, the

molecular tumbling correlation time would have to be larger than 10 ns, corresponding to

a hydrodynamic diameter of larger than 4.4 nm according to the Stokes-Einstein relation
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in order to result in the observed difference between R1 and R2.

This consideration leads to the question of whether the states of phosphates giving

rise to the observed properties correspond to phosphate assemblies. When examining the

shape of change in R1 with increasing temperature, we observed a subtle deviation from

BPP theory for the solution of sodium orthophosphates at 10 mM concentration (Fig.

2.1D). The initial decrease of R1 with temperature is expected, but not the observed

increase at temperatures above 310 K. This latter observation is again consistent with a

temperature-induced formation of larger phosphate assemblies, as such assemblies would

lead to a lower rotational correlation time, effectively moving in the direction of the

”slower” motion regime (towards the left of the x axis) as illustrated in Fig. 2.1C. A

similar trend is observed for 10 mM potassium orthophosphate samples (see Fig. A1).

The temperature dependence of R1 for sodium orthophosphates at higher concentra-

tions (100 mM) showed a local maximum with increasing temperature (Fig. 2.1D).This

trend is again inconsistent with the dynamical properties of small molecules in solution.

According to BPP theory, a local maximum in R1 is expected only for species with ro-

tational correlation times, τc, matching the inverse nuclear Larmor frequency, ω0 (Fig.

2.1C ). At 11.7 Tesla and a 31P NMR frequency of ω0

2π
= 200 MHz, assuming a random

field relaxation mechanism, we estimate τc = 800 ps following τc = 1
ω0
. A rotational

correlation time in this range implies a particle diameter of 2 nm for a spherical object

according to the Stokes-Einstein relation. Regardless of the exact shape of the species,

this size is several fold larger than that of monomeric orthophosphates [64].

The observed temperature-dependent trends in R1 and R2 are consistent with (a) the

phosphate molecules assembling into larger species, whose tumbling rate lies in the slow

motion regime, with correlation time τc exceeding ω0, or (b) phosphate molecules being

in exchange with spectroscopically invisible species that have much higher R1 and R2

rates. Explanation (b) would again be consistent with phosphate assemblies, since there
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are no other constituents than phosphate ions in the solution. Higher temperatures may

facilitate the growth in population and size of such assemblies and/or accelerate the ex-

change, and hence enhance R1 and R2 of the detected
31P NMR signal. It is also possible

that monomeric phosphates coexist with spectroscopically invisible phosphate clusters

across the temperature range tested, and that heating increases the relative abundance

of this invisible species. Either scenario suggests the formation of larger phosphate as-

semblies, with enhanced populations and/or exchange rates at elevated temperatures,

yielding much greater R2 values compared to R1 and consistent with our observed trends

in relaxation with temperature. Notably, after cooling the sample that was heated back

down to its initial temperature, the relaxation rates return to their initial values (Fig.

A5), suggesting that the assembly formation is reversible.

If larger assemblies are forming, it is important to consider their nature, and in partic-

ular the interactions leading to their formation. One possibility is that the new assemblies

are polyphosphates formed by the enhanced formation of P-O-P bonds at elevated tem-

peratures. The 31P chemical shift for phosphates is known to shift by approximately -10

ppm with each P-O-P bond formed and by a maximum of 5 ppm from the unprotonated

to triply protonated states [65, 66]. This is inconsistent with our observed chemical shifts

that move systematically downfield, but only very slightly, by a maximum of 0.5 ppm

when the temperature is increased from 293 K to 343 K. Hence, the observed chemi-

cal shift change is too small to be attributed to covalent P-O-P bond formation. The

observed 0.5 ppm chemical shift change could instead be the result of changes in the

equilibrium P-O bond length, potentially induced by non-covalent association of phos-

phate molecules. Such changes could be mediated by hydrogen bond interactions that,

in turn, can be modulated by changes in phosphate hydration. Notably, all four oxygens

of the phosphate group can serve as hydrogen bond donors or acceptors, depending on

the protonation, hydration and partial charge state of the group, hence allowing for mul-
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tivalent interactions that can give rise to the formation of larger assemblies, while still

maintaining rapid exchange with ionic phosphates and small clusters held together by

weak interactions. In any case, the species forming must either have the same chemical

shift as the orthophosphate ions and/or be so broad as to be rendered spectroscopically

invisible.

2.3.2 Hidden Solution Phosphate Aggregate Species Discovery

Indirect observation of phosphate assemblies by 31P CEST

To test whether the phosphate species are in exchange with a spectroscopically dark

population, we performed chemical exchange saturation transfer (CEST) experiments.

CEST typically provides a means of identifying signatures of exchangeable species with

distinct chemical shifts from the visible species, but below the direct NMR detection

limit. This effect is achieved by saturating a selected region in the spectroscopically

invisible region of the spectrum, followed by the detection of the (visible) signal of a

major species (in this case, monomeric phosphates) that is in exchange with the species

below the NMR detection limit. Repeating these experiments with different saturation

frequencies across the complete spectral region and saturation power permits scanning of

an entire spectrum for potentially exchanging species. This procedure has been widely

employed, for example, to identify weakly populated states of peptides and proteins

whose protons are in exchange with water[67, 68], and in this context is often referred to

as DEST (for dark state exchange saturation transfer)[69]. The sensitivity enhancement

effect for the dark species is achieved because exchange can occur many times during the

saturation pulse, and thereby transfer saturation levels between the visible and invisible

species repeatedly. In the CEST experiment of this study, we recorded 31P NMR spectra

of the visible 31P NMR signals following rf irradiation (with nutation frequency of 150
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Hz for 5 s) at a specified resonance frequency in what can be seen as a one-dimensional

pump-probe experiment. Here, the pump frequency is stepped through a frequency

range of approximately 8000 Hz, centered around the one visible 31P NMR peak. In this

fashion, CEST can test for the existence of spectroscopic dark states that are in exchange

with phosphate species at frequencies within the scanned range. A plot of the detected

intensity vs. saturation frequency offset is called a Z-spectrum.
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Figure 2.2: 31P CEST results for 100 mM orthophosphate (pH=4.5). (A) CEST
pulse sequence. (B) The experimental and simulated CEST Z-spectra as a function of
temperature with 150Hz of the irradiation pulse power. (C ) The width at half height
of both the experimental and simulated Z-spectrum dips from (B) as a function of
temperature. The solid and dashed line represent a quadratic fit to data as a guide
for the eye.

Fig. 2.2B,C shows the both the measured (solid lines) and the simulated (dashed

lines) Z-spectra as a function of temperature of a 100 mM orthophosphate solution.

It is seen clearly that the widths of the dips in the Z-spectra increase with increasing

temperature, which is consistent with the unexpected trend observed with the R2 and

linewidth data.

In the absence of exchange, one expects the width of the dip in the Z-spectrum (at

half maximum) to be approximately a factor two times the rf nutation frequency (here

150 Hz) [70]. In all cases for CEST measurements (both as a function of temperature
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and as a function of irradiation power), we observed the dip widths to be significantly

larger (a factor of 3-10 larger than the nutation frequency) than the expected two-fold

the nutation frequency (see Fig. A10). This finding is a clear sign that there must be

significant underlying exchange processes with spectroscopically silent species, and that

these processes change with temperature.

These results further corroborate the assumption that exchange occurs with a popula-

tion exhibiting a broad spectroscopic signature, which is invisible to direct spectroscopic

detection. The relative population of this spectroscopically ‘dark’ species may also be

increasing with increased temperature. When the solutions are cooled back down to 298

K after heating, the Z-spectrum dip width returns to the originally measured value (Fig.

A6), indicating reversible assembly formation. Similar CEST results were observed for

a range of pH values of orthophosphate solutions (Fig. A7) and for ADP (Fig. A8),

suggesting that this behavior is common among several phosphate-containing molecular

species in aqueous solution.

In order to further substantiate the hypothesis and generate a potential model, sim-

ulations were performed that could simultaneously satisfy the values and temperature

trends of R2 and CEST data. For the simulation, a two-pool model was used, with

A referring to the detectable pool (phosphate monomers) and B to the spectroscop-

ically silent pool (the assemblies). The model used separate R1 and R2 for pools A

and B, exchange rate constants for the forward and backward interconversion processes

A←→ B, and the relative populations of the pools, considering first-order kinetics. The

rate constants were assumed to be of Arrhenius type, and the forward rate constant was

parameterized using an Arrhenius pre-factor k0 and activation energy Ea. The change of

enthalpy ∆HPA and change of entropy ∆SPA for assembly formation derived from this

simulation (shown in Appendix A) were then used to find the assembly population, pB,

using the Boltzmann factor pB = exp(−∆GPA/(RT ))/(1 + exp(−∆GPA/(RT ))), where

23



Phosphate Solution Conditions and Hidden States Chapter 2

∆GPA = ∆HPA − T∆SPA. The temperature dependence entered through the T∆SPA

term, while ∆HPA and ∆SPA were assumed constant. At each temperature, these re-

lationships were used to calculate the forward and backward exchange rates, and the

McConnell equations solved iteratively to satisfy the experimental R2 and CEST data

using the Spinach software package [71].

Simulations of the R2 data as a function of temperature of the 100 mM NaH2PO4

sample (at pH=4) led to the following parameters to describe the exchange process:

∆HPA = 25 kJ/mol, ∆SPA = 30 J/(mol K), k0 = 20, 000 s−1, and Ea = 10 kJ/mol. We

then calculated the relative fraction for the B population, pB, as described earlier. The

forward and backward exchange rates are obtained via kf = k0 exp(Ea/RT ), and kb =

kf (1−pB)/pB, in steady state. For CEST simulations, R1 was set equal to the measured

values (shown in Fig. 2.1) for both pools (after verifying that setting RB
1 = 0.1RA

1 to

10RA
1 did not change the quality and results of the fit), and RA

2 set equal to RA
1 , assuming

a fast motion regime for the small molecular entity. Modeling of the R2 data indicated

that kf ≫ pB∆R2 is likely, where ∆R2 = RB
2 − RA

2 . In this regime, R2 ≈ pB∆R2 [72].

We therefore used this expression to determine the RB
2 values for the CEST simulation

by using the fitted pB values, the experimental R2 values and relying on RA
1 = RA

2 , i.e.

by equating RA
2 to the experimental R1 values. These values ranged from 450 to 1, 000

s−1 over the experimental temperature range (increasing with increasing temperature),

corresponding to linewidths exceeding 1400 Hz that hence is easily beyond the detection

limit.

Using this approach, a consistent model was found to fit concurrently the experimental

R2 and CEST data (see Fig. 2.2 and Fig. A10). The key takeaway is that increasing

temperature leads to either larger or less mobile assemblies, as reflected in increasing RB
2

with temperature (see Fig. A11), an increase in both kf with increasing temperature (see

A10A), with the rates spanning 350-660 Hz. Most critically, the model that describes the
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Figure 2.3: 31P CEST results for 100 mM sodium orthophosphate. (A) Temperature
dependence in 10% D2O (pH 4.5) from 283 K to 353 K in increments of 10 K. (B)
The maximum value of MTRasym of the series shown in (A) at each corresponding
temperature. (C ) CEST Z-spectra and MTRasym curves pH dependence (top) and
31P 1D NMR spectrum (bottom) in pure D2O (pH 4.5, 7.0 and 9.5) at 298 K. (D)
CEST Z-spectra and MTRasym curves pH dependence (top) and 31P 1D NMR spec-
trum (bottom) in pure D2O (pH 4.5, 7.0 and 9.5) at 277 K. Reproduced here with
the permission of Jiaqi Lu.

R2 and CEST data finds the fractional population of the assemblies, pB, to be very small,

but to grow with temperature (A10C ), with pB = 0.0013 of phosphates at 293 K and

0.0073 at 353 K. While the absolute value of pB in a dilute solution of monophosphates

is small, the size of the assembly (the B pool) may comprise of a very large number
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of monomers (the A species), as reflected in the extremely high RB
2 rates. Assemblies

formation, even with a small pB, can have a significant impact on biological assemblies

between phosphate-containing species in closer proximity.

31P CEST irradiation regime expansion and exploration of lower temperatures re-

vealed the appearance of a distinct hidden pool of phosphate aggregates exchanging with

monomeric phosphates for 100 mM sodium phosphate as shown in Fig. 2.3. The CEST

effect is usually analyzed using the magnetic transfer ratio asymmetry (MTRasym) metric

obtained from Z-spectra (CEST spectra) plotted as a function of RF irradiation frequency

[73, 74]. These pronounced dips several ppm upfield of the main phosphate resonance

at low temperatures are undetectable with direct 31P NMR spectroscopy. This effect

becomes relatively weak at higher temperatures and more pronounced at pH 7 and in

pure D2O. At the lowest temperatures (283 K, 293 K, and 303 K), a clear extra dip is

observed in the Z-spectra approximately 5 ppm upfield of the main 31P resonance. We

note that the chemical shift of the maximum intensities of MTRasym are at -5.5 ppm in

the temperature range of 283 K to 313 K, however the chemical shift shifts further down-

field as temperature increases beyond 313 K. This phenomenon could be attributed to

alterations in the fractional population and/or the exchange rate between the monomeric

phosphate groups and the phosphate clusters. This phenomenon was likewise observed in

biologically significant triphosphate solution samples at 277 K under comparable exper-

imental conditions. Polyphosphate exhibited similar phemonema as well, however there

was 1D direct phosphorous signal within the chemical shift range of the CEST observed

peak, complicating interpretation.

Cryo-TEM

While there is compelling evidence for assembly formation, the previous measure-

ments did not provide direct observation of the assemblies due to their spectroscopically
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dark nature. We hence used cryogenic transmission electron microscopy (cryo-TEM) to

determine whether the phosphates assemble into large and persistent enough clusters to

be imaged. Cryo-TEM was performed on ADP solutions that were vitrified after heating

for at least 48 hours. Phosphate-containing solutions tested showed evidence of assem-

blies forming at diameters ranging from 30-50 nm in diameter (Fig. 2.4A,B, Fig. A12).

This is in contrast to a 500 mM KCl control solution, where a majority of features were

at diameters of 50 nm and greater, consistent with consensus within previous cryo-TEM

literature establishing that the most abundant form of ice artifacts are at sizes greater

than 50 nm [75, 76]. Given that these samples were prepared under identical conditions,

we take this difference in the 30-50 nm region of the particle size distributions between

the phosphate-containing solutions and the KCl control to indicate the presence of phos-

phate assemblies. Amongst the conditions tested, the abundance of assemblies appeared

higher in solutions heated at 343 K compared to solutions that are unheated or salt con-

trols without phosphate present (Fig. A13). Additionally, ADP samples from different

sources, and prepared on different days, showed an abundance of these features (Fig.

2.4A,B and A12). Such analysis of cryo-TEM micrographs cannot provide quantitative

analysis of the whole sample, given the nature of the thin film of water that forms be-

fore vitrification that can affect which particles may be imaged. Still, this methodology

provides evidence that these features are not artifacts of sample preparation. We also

found that for samples of 100 mM and 1 M sodium monophosphate the size distribution

of structures is independent of phosphate concentration (Fig. A14), providing additional

evidence that these are equilibrium structures. Notably, the entire phosphate-containing

population is part of or is in exchange with the assemblies, given the homogeneously

broadened nature of the 31P NMR line. This suggests that the monomeric ADP and

monophosphate populations are at thermodynamic equilibrium with the assemblies that

may exist as liquid droplets, given their spherical shape. The phosphate assembly may
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be driven by liquid-liquid phase separation. However, further validating such hypothesis

is outside the scope of this study, given that the assemblies evade quantitative analysis.Figure 3 CryoEM Micrographs
(A) (B)

(C) HPO42-mixedH2PO4-

Figure 2.4: Evidence of phosphate assemblies from TEM and MD simulations. (A,
B) TEM images of phosphate assemblies (yellow arrows) after heating phosphate
solutions show droplet-like features forming at 25-50 nm in size. Samples were from
different sources and prepared on different days. (A) 100 mM potassium ADP heated
to 343 K before vitrification. (B) 100 mM sodium ADP heated to 343 K before
vitrification. (C ) Cluster size distributions from MD simulations at 343 K show the
fraction, P (N), of phosphate ions in a cluster of size Nclust. The insets show snapshots
of phosphate assemblies (red and white) and sodium ions (blue) from the simulations.
The cluster size distribution and snapshots show that HPO2−

4 strongly assembles in
contrast to H2PO

−
4 . When H2PO

−
4 is mixed with HPO2−

4 , the latter induces clustering
of H2PO

−
4 . In this mixed system, the HPO2−

4 ions are grayed out to highlight the
clustering of H2PO

−
4 . Simulation snapshots are visualized using Visual Molecular

Dynamics.[77]
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Molecular Dynamics Simulations

We next used molecular dynamics (MD) simulations to probe whether monomeric

phosphate species can form stable clusters under the relevant aqueous solution condi-

tions. We simulated three different solutions of orthophosphates: HPO2−
4 , H2PO

−
4 , and

a 1:1 mixture of HPO2−
4 and H2PO

−
4 using a modified GAFF forcefield [78] and TIP3P

water [79]. The simulated systems each contain 100 total orthophosphates, enough Na+

ions to neutralize them (200, 100, and 150, respectively), and water molecules to solvate

to approximately 1 M orthophosphate concentration (4759, 4852, 4801 water molecules,

respectively). We also simulated two less concentrated systems (∼78 mM), comprising

(1) 3 HPO2−
4 ions, 6 Na+ ions, and 2149 water molecules and (2) 3 H2PO

−
4 ions, 3 Na+

ions, and 2149 water molecules to more carefully probe the temperature-dependent water-

phosphate, phosphate-phosphate, and counterion-phosphate interactions. Additional de-

tails regarding the systems and simulation workflow are provided in the Appendix A

(Table S1). At 343 K, the HPO2−
4 system shows a strong tendency to assemble, forming

a cluster comprising all 100 phosphate ions in the simulation box. The cluster size dis-

tribution for the HPO2−
4 system, represented as the fraction, P (N), of phosphate ions in

clusters of size Nclust, is therefore peaked at the maximum number of HPO2−
4 ions of 100

(Fig. 2.4C ). We hypothesize that the equilibrium cluster size is larger than accessible by

atomistic MD. This result is consistent with the observation of large phosphate assem-

blies visible to cryo-TEM, giving rise to distinct NMR spectral and relaxation properties.

Interestingly, the H2PO
−
4 system shows a much weaker tendency to assemble, with a peak

in the cluster size distribution at Nclust = 1, indicating a preference to remain unaggre-

gated at these conditions. However, in the mixed system, the presence of HPO2−
4 induces

assembly of H2PO
−
4 ions, and the system forms an assembly that comprises all 50 HPO2−

4

in the simulation box and some H2PO
−
4 (Fig. A16 B-D). The three systems exhibit qual-
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itatively the same behavior at 293 K (Fig. A16A). The simulations are limited to system

sizes smaller than the experimentally observed assemblies, as well as constant ionization

state (as opposed to constant pH), which limits our ability to draw conclusions regarding

the temperature dependence and size distributions of the observed clustering behavior.

However, the MD simulations do confirm that orthophosphates cluster under comparable

conditions as experimentally probed.

In addition, the sodium ions were observed to be involved in the phosphate assem-

blies by the MD simulations, and therefore the linewidth of sodium in the presence and

absence of phosphate was investigated. While the 23Na NMR line was found to narrow

with increasing temperature, the 23Na linewidth was broader for samples of NaCl with

phosphate present as compared to NaCl without phosphates at both 298 K and 343 K

(Fig. A17). This observed increase in linewidth for 23Na when phosphate is added to

solution is consistent with the sodium ions also being incorporated into the phosphate

assemblies. Although the 23Na still narrows with temperature, this can be explained by

the mechanisms that traditionally lead to line narrowing at higher temperature (such

as larger fluctuations in electric field gradients and increased molecular tumbling rates)

overcoming effects of a larger population of sodium ions being incorporated into assem-

blies. Since the relaxation mechanisms of the sodium, in monomer or assembled state,

are quite different from the mechanisms for phosphates [80], the overall effect of increased

temperature on 23Na NMR could still be line narrowing, but with different magnitudes

of linewidths depending on whether phosphates are present to form assemblies.

DOSY NMR

Having established that larger phosphate assemblies exist in solution, we next explore

the potential mechanisms of their assembly and, in particular, the temperature-dependent

behavior. We performed pulsed field gradient (PFG) NMR, specifically Diffusion Ordered
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Spectroscopy (DOSY), to measure the self diffusion coefficients of the 31P NMR signal-

bearing species, and hence their hydrodynamic diameter. DOSY measurements were

performed on a 100 mM sodium orthophosphate solution of pH 4.5 at 293 K, 343 K, and

again at 293 K after cooling in order to assess the reversible formation of any structures

at elevated temperatures. The results show that the phosphate species in solution diffuse

with a single translational diffusion coefficient, as demonstrated by the linear relationship

between Log(ψ) and the square of the gradient strength, where ψ is the signal attenuated

by molecular motion along the gradient axis (Fig. 2.5A) [81]. This observation of a

uniform diffusion coefficient did not change with increasing temperature. However, the

diffusion coefficient significantly increased from 7.5 ∗ 10−10 m2/s at 293 K to 3.2 ∗ 10−9

m2/s at 343 K. We confirmed that this increase is not due to convection effects by

comparing diffusion values measured with a convection-compensated pulse sequence (Fig.

A18), as well as in the presence and absence of capillaries added to the sample tube

to disrupt convective flow (Fig. A19) [82]. To convert these diffusion coefficients to

hydrodynamic diameters, we used the Stokes-Einstein relationship to account for the

increased thermal energy and the decreased viscosity of water at elevated temperature.

The extracted (temperature-corrected) hydrodynamic diameters for orthophosphate ions

show a reversible and significant decrease by 1.8 Å at 343 K compared to 293 K (Fig.

2.5B), suggesting partial dehydration of hydrated orthophosphate ions in water. Similar

increases in the diffusion coefficient and decreases in the hydrodynamic diameter were

observed for monophosphate ions in 100 mM and 1 M potassium phosphate samples and

1 M sodium phosphate samples (Fig. A20 and A21).

How do we reconcile the observation of assembly of orthophosphates according to

31P NMR relaxation and CEST studies with the apparent decrease in the hydrodynamic

radius of orthophosphate molecules, implying the partial dehydration of the detected

phosphate ions at elevated temperatures? Presumably, the partially dehydrated phos-
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phate groups can more strongly interact with other phosphate groups through stronger

hydrogen bond formation. Hence, they may more readily assemble into, and exchange

with, dynamic phosphate clusters. It is known that a single deprotonated orthophos-

phate moiety, the H2PO4
- ion, carries 11 water molecules within its hydration shell at

infinite dilution (the HPO4
-2 ion carries 20 water molecules) [83]. The 31P DOSY result

for samples of pH 4.2, where the large majority of the population is in the H2PO4
- proto-

nation state, suggests a decrease in the hydrodynamic diameter from 6 Å to 4.2 Å. This

change in hydrodynamic radius is consistent with a decrease in hydrodynamic volume by

70 Å3. Assuming a water radius of 1.4 Å[84], this result suggests a loss of 6 hydration

water molecules upon heating, yielding a total of 5 remaining hydration water molecules

per orthophosphate at 343 K. Given that the temperature dependent characteristics of

31P NMR linewidth and relaxation data were observed across a wide pH range from 2 to

11, we expect both H2PO4
- and HPO4

-2 ions to experience loss of hydration water with

increasing temperature.

To further validate this experimental analysis based on DOSY, we performed MD

simulations of less concentrated HPO2−
4 and H2PO

−
4 systems discussed earlier. MD cal-

culations show a decrease of water coordination from 13.4 to 13.1 per HPO2−
4 molecule

and from 16.5 to 15.7 per H2PO
−
4 with increasing temperature from 293 K to 343 K

(Fig. A15C ), corresponding to the range of temperatures experimentally probed. These

results are qualitatively consistent with the trends observed experimentally. Although

this average change is relatively small, it is being driven by very large changes in hydra-

tion for the phosphates forming assemblies. Additionally, the decrease in the hydration

number of orthophosphates is less dramatic in the MD simulations, as the computational

analysis does not probe hydrodynamic radii, but rather local density.

Is DOSY then detecting the phosphates within clusters directly? As discussed, phos-

phorus spins in these clusters undergo rapid relaxation due to their slower tumbling rates,
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and thus have very broad resonance lines, largely invisible to 31P NMR. Thus, DOSY

measurements should only be sensitive to the free phosphate ions that exist in equilib-

rium with these larger, spectroscopically dark, assemblies. The DOSY results reveal that

free phosphate ions exchanging with the phosphate assemblies are more dehydrated at

elevated temperatures, and hence potentially have a greater tendency to assemble into

larger clusters.

Examining entropy-driven assembly

What then is the driving force for the formation of soluble, non-covalent, phosphate

assemblies at equilibrium that are reversibly promoted at elevated temperature? Con-

sidering the Gibbs free energy for assembly, ∆GPA, an increasing tendency to assemble

(∆∆GPA < 0) at higher temperature requires that ∆SPA for assembly be positive, so

that the entropic contribution lowers the free energy of assembly as temperature is in-

creased, since generally ∆H increases (i.e. is less favorable) with increasing temperature

[85]. The thermodynamic parameters found in fitting our experimental R2 and CEST

data of a ∆HPA = 25kJ/mol and ∆SPA = 30 J/(mol K) is consistent with an entropy-

driven assembly. However, considering the fit value of ∆HPA = 25kJ/mol and a 0.6 %

population growth from 20 to 70 °C for a NaH2PO4 sample, the largest ∆H extracted

would amount to only 0.002 J//g solution for assembly formation of a 1 M potassium or-

thophosphate sample, rendering direct experimental verification of these thermodynamic

values on our DSC instrument unfeasible. Nonetheless, an extensive set of experimen-

tal data provided strong evidence for a favorable phosphate assembly with increasing

temperature, implying that the phosphate assembly is enhanced by entropy gain with

increasing temperature.

Possible sources for this putative entropy gain are depletion interactions, includ-

ing excluded volume effects, counterion release, and/or dehydration of the phosphate

33



Phosphate Solution Conditions and Hidden States Chapter 2

moiety[86]. Excluded volume interactions between phosphates would not be expected to

reduce the hydrodynamic diameters of individual phosphate monomers, and species with

overlapping volume would co-diffuse, resulting in slower diffusion, neither of which effects

are observed by DOSY. Another commonly expected source of entropy gain upon assem-

bly of charged species is the release of bound counterions, however potassium and sodium

ions are not strongly bound to phosphate, making its release a less likely source for sig-

nificant entropy increase. This assessment is consistent with our MD simulation results,

which show that there is no significant change in the number of counterions coordinated

with HPO−2
4 and a slight increase in the counterion coordination number for H2PO

−
4 in

the less concentrated (∼78 mM) systems (Fig. A15I ). This analysis further supports our

expectation that the phosphate-cation interaction is weak, making counterion release an

unlikely driver of phosphate assembly. Furthermore, the observed changes in the hy-

drodynamic diameter of orthophosphates with increasing temperature as measured by

DOSY are very similar between potassium and sodium phosphate samples (Fig. 2.5A

and Fig. A21). Since sodium and potassium ions are approximately 1 Å different in size

[87], a difference in the change of the hydrodynamic diameter is expected if counterion

release was a major contributor to these observed size changes of orthophosphates.

Hence, the most likely source of increase in the total entropy is the shedding of water

that is more strongly associated with the phosphate ions than with bulk water, also

referred to as the hydration shell. Water forms networked hydrogen bonds and strongly

solvates phosphate anions, offering ample opportunities for entropy increase upon its

partial release. DOSY experiments and MD simulations confirm that water molecules

are released to bulk when increasing the temperature from 293 to 343 K. In a recent

study, dehydration-driven entropy increase has been shown to be a primary driver of

liquid-liquid phase separation induced by polyelectrolyte assembly processes in water

[88].
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Figure 2.5: Evidence of entropically driven assembly. (A) 100 mM sodium phos-
phate at pH 4.2 31P DOSY fits of Log(ψ) vs gradient strength squared show a linear
relationship, indicating that a single diffusion coefficient can describe behavior of
phosphorous entities contributing to the observed NMR line. (B) Hydrodynamic di-
ameters extracted from the diffusion coefficient from fits in (A). (C ) R2 and R1 for
potassium phosphate pH 4.5 in the presence of 6k MW polyethylene glycol (PEG) at
varying PEG concentrations. Solid lines are quadratic fits to data to guide the eye.
(D) R2 and R1 for orthophosphate pH 4.5 samples at 10 and 100 mM, with varying
types of cationic salt chlorides and concentrations. Salt added samples are sodium
phosphate salts, while no additional salt samples shown are monophosphate salts with
the corresponding potassium or sodium cationic species. Solid lines are third order
polynomial fits to data to guide the eye. The R2 trends follow the predicted trends
for the Hofmeister series, while R1 shows little difference at 10 mM phosphate con-
centration, but significant differences for different salts at 100 mM.

Manipulation of depletion interactions

Since the experimental results so far suggest dehydration entropy as the driver of phos-

phate assembly, we designed further experiments to deliberately modulate the phosphate-

water interactions by known factors. Since we established a viable interpretation for the

change in 31P NMR linewidth and relaxation data, we rely on these readouts to evaluate

phosphate assembly formation as a function of temperature.

One can amplify dehydration by the addition of hydrophilic molecular crowders or

salting-out salts along the Hofmeister series. The introduction of molecular crowders is a

common technique used to reduce the volume of water available for the other molecules of

interest in aqueous solution, thus increasing the effective concentration of the dissolved
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molecule [88]. A commonly used molecular crowder is polyethylene glycol (PEG); its

strong affinity for water over the temperature range of interest is known to drive dehy-

dration and increase the effective concentration of other molecules in solution [89]. As

expected, the 31P NMR linewidth at temperatures ranging from 293 K to 343 K increased

for phosphate solutions at both 10 mM and 100 mM concentrations with increasing PEG

concentrations at 10 wt% and 18 wt%. In order to evaluate whether these observed

trends are due to a contrast in solution viscosity, R2 relaxation extracted from FWHM

for two samples of 100 mM potassium phosphate, with and without 18 wt% PEG, was

plotted as a function of solution viscosity (Fig. A22). The R2 relaxation rates of the

two samples are not superimposed, indicating that the observed increase in linewidth

is not accounted for solely by changes in solution viscosity from the addition of PEG.

This observation is consistent with the interpretation that PEG enhances dehydration of

phosphates and facilitates phosphate clustering.

Dehydration can also be modulated by the addition of various salts according to

the Hofmeister series [90]. This series is used in biological systems to induce salting-

out (precipitation) or salting-in (dissolution) of proteins, with NH4
+ on one salting-out

end and Na+ on the other salting-in end [91] of the series. While phosphate clusters

under the here tested experimental conditions are not precipitated out of solution, the

magnitude of dehydration, and thus the exchange with and/or formation of assemblies,

should increase with salting-out salts and decrease with salting-in salts. To test our

hypothesis of dehydration-driven phosphate clustering, we added a variety of cations that

enhance the salting-out tendency in the order NH4
+ >K+ >Na+. 31P NMR linewidths

were measured between 293 K and 343 K for orthophosphate solutions at 10 mM and

100 mM in the presence of added chlorine salt of three different cations at 100 mM and

1 M concentrations, as well as in the absence of added salts. The extracted linewidths

show that the addition of NH4
+ causes the greatest line broadening, followed by K+ and
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then Na+, at all phosphate concentrations, salt concentrations, and temperatures (Fig.

2.5D). These results are in agreement with the predicted trend of the Hofmeister series

when considering line broadening as a proxy for dehydration-induced clustering. While

the R1 results are more difficult to interpret, given the non-monotonic trend, we see that

the salts clearly change the shape and magnitude of R1 when phosphate and/or salt

concentration is high enough (Fig. 2.5D). This finding is again in agreement with the

hypothesis that the addition of salting-out salts impact the tendency of phosphates to

form assemblies.

Molecular crowders and salting-out cations both serve to increase the total entropy of

dehydration, further facilitated by elevated temperatures, consistent with the 31P NMR

results. While chemical exchange between phosphate species of different protonation

states or scalar relaxation may potentially explain some of the observed anomalous 31P

NMR line broadening behavior with increasing temperature, these alternative hypotheses

do not provide comprehensive explanations for the full range of results provided here.

The proton exchange rate for a 100 mM phosphate sample is 107 Hz, many orders of mag-

nitude larger than the strength of proton-phosphorus scalar couplings, indicating that

scalar relaxation does not dominate. Similarly, a model of chemical exchange between

differently protonated phosphate groups cannot explain the order of magnitude discrep-

ancy between R1 and R2. This order of magnitude difference between R1 and R2 also

indicates that paramagnetic impurities could not be causing the enhanced relaxation, as

for phosphate and paramagnetic species tumbling freely in solution one would expect R1

and R2 to be close to identical. Additionally, these potential explanations fail to explain

the other results shown, such as the broad CEST lines, the cryo-TEM images, or the

multiple experiments indicating that phosphate dehydration plays a role in modulating

31P NMR relaxation properties.
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Chapter 3

Spin Counting of Calcium Phosphate

Clusters and Crystalline Species

3.1 Permissions and Attributions

1. The content of chapter 3 and appendix B has been submitted to JPC Letters.

It is reproduced here with the permission of The American Chemical Society:

Nowotarski, et al. DNP Enhanced Multiple Quantum Solid State NMR Spin Count-

ing of Molecular Assemblies in Vitrified Solutions. Submitted 2023 [35].
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3.2 Introduction
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Crystallization pathways are essential to various industrial, geological, and biologi-

cal processes. Classical nucleation theory (CNT), where a nucleus of critical size grows

by the addition of the elemental species (atoms, ions or molecules), does not fully ex-

plain crystalization pathways that utilize amorphous or mesocrystalline intermediates.

Nonclassical nucleation theory encompasses all known deviations from CNT such as the

synthesis of proteins, the formation of calcium carbonates, the growth of mesocrystals,

etc.[92], wherein prenucleation clusters form from a supersaturated solution, and sub-

sequently aggregate into a potential glassy intermediate, which then transforms into

a crystalline phase. The recruitment of prenucleation clusters (PNCs) is essential to

many nonclassical nucleation pathways. For example, the nucleation pathway of calcium

phosphate is not well understood and proposed to be nonclassical [93, 94]. Nonclassical

growth pathways have significant potential for the development of materials with tun-

able functional complexity, such as modulating the density of intermediate states, due

to additional states and more complex phase boundaries. To design such materials by

nonclassical growth pathways, knowledge of the formation mechanism of PNCs is critical.

However, PNCs remain mostly elusive to control due in significant part to the intrinsic

difficulty of characterizing the highly dynamic structural evolution of prenucleation clus-
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ters. Microscopic and X-Ray techniques have been shown to offer some insight into the

structure and dynamics of PNCs [95]; however, due to PNCs time transient nature in

solution, these techniques are not sufficient or applicable for the study of most PNCs.

Low temperature solid-state nuclear magnetic resonance (ssNMR) is uniquely suited

to offer atomic-scale structural information of PNC samples prepared at various time

points in nonclassical growth pathways by vitrification at 100 K. Sample vitrification for

low temperature ssNMR experiments requires the use of a glassing agent, which assures

the integrity of solution-like conditions at cryogenic temperatures with manual plunge

freezing. Plunge freezing of a solution containing 60 volume % glycerol can more rapidly

cool the sample compared to the equilibration of the sample in the current cryostat,

preventing alteration in its composition during cooling. The reason why such high glyc-

erol concentration is routinely used for DNP is that the glass quality of the sample is

impervious to the cooling rate history and variation from sample to sample at 60 vol-

ume %, but interestingly already not at 50 volume % [96, 97]. The solution sample at

specific time points along the growth pathway is preserved by vitrification, resulting in

static snapshots of the nucleation process, which can be analyzed by performing ssNMR

experiments under DNP conditions. Technology to achieve rapid freeze quench to vitrify

solutions without glassing agents is not yet commercially available for ssNMR studies.

The main challenge is due to the several tens of µL volume required for a typical ssNMR

MAS sample that needs to be vitrified across a sapphire rotor with a 3.2 mm outer di-

ameter (which is a commonly used rotor size). While one can spray their sample into

chilled isopentane to decrease the vitrification time required and as such minimize use of

cryoagents[98], this setup is not possible for commercial ssNMR Bruker sapphire rotors

with capped bottoms as there is no feasible way to separate the isopentane solvent from

sample (unless centrifugation at reduced temperature was possible). We did attempt

this using a Cryo-EM ethane condenser and brass cup, with blotting excess isopentane
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off before packing, however we were unsuccessful. Alternatively, both Tycko, Goldfarb,

and Clore have shown that minimizing glassing agents is possible with home-built freeze

quench setups[97, 99, 100], only requiring 20 % glycerol [97] and/or 0 % [100] depending.

Rapid freeze quench without glassing agents is a solvable problem with future techno-

logical developments of spraying small sample streams onto a cold rotating plate or into

cooled isopentane that can be squeezed out of an open ended sapphire rotor. With the

increasing popularity of DNP-NMR and electron paramagnetic reconance (EPR) studies

of vitrified samples, we believe such technology will become commercially available.

Phosphates are ubiquitous within the biologic and industrial materials fields, serving

as essential energy storage vehicles and structural units [42, 43, 44, 45, 46]. Phosphates

have also recently been shown to exhibit liquid-like clusters in solution, presenting addi-

tional complexity to understanding the growth of phosphate-containing structures [41].

The nonclassical nucleation of calcium phosphate clusters as the precursors to bone for-

mation [101]has been observed within seconds at concentrations which are only accessible

to NMR enhanced by dissolution DNP [55], resulting in inadequate time for structural

analysis. Sample vitrification and MQCO extraction at various early stage time points

would allow for monitoring PNCs and the evolution of calcium phosphate phase for-

mation. The feasibility of MQ-SC in vitrified solutions under DNP conditions for 31P

species should be relevant to the many biological and chemical processes that use phos-

phate containing species as structural building blocks or energy sources. Our studies

show the feasibility of DNP-enabled MQ-SC and can be expanded to any spin 1
2
system

in the future.

In the case of calcium phosphate, understanding the assembly and growth mecha-

nism(s) of phosphate clusters is the first step in elucidating the structure and evolution

of the various species formed. In this effort, the most rudimentary question is how many

phosphorous atoms are correlated in the species formed along the phosphate nucleation
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growth pathway? This question can be answered by counting the number of coupled

31P spins with multiple quantum NMR (MQ-NMR) spin counting (MQ-SC)[39]. In fact,

MQ-SC might be the only technique available to count the number of coupled nuclei

in soluble, small clusters of magnetically indistinct environments. Notably, while spin

counting has been utilized to characterize amorphous or crystalline solids, it has never

been applied to characterize the structure of soluble assemblies and clusters in solution

upon vitrification.

Spin counting is an experimental NMR technique where Multiple Quantum Coher-

ences (MQCOs) are created between dipolar or J-coupled nuclear spins. In such experi-

ments, a coherence is defined as a multiple spin transition (forbidden but made allowable

by spin-spin coupling) from different ground states to the same excited state at the same

time and with the same phase[102]. The number of neighboring nuclei, the distances

between them and the uniformity of their spatial arrangements determine the number

of MQCOs one can detect[103], along with the mode of MQCO excitation[104]. While

traditional MQ-NMR employs standard phase cycling to select each coherence order in a

separate experiment, MQ-SC experiments increment the phase of either the excitation or

reconversion block, allowing for different coherence evolution in a single experiment[39]

(Fig. B1). MQ-NMR spin counting still requires multiple experiments to extract the indi-

vidual frequencies of each coherence order, which is either done via a 2D experiment with

time-proportional phase incrementation, in which the excitation pulse phase increment is

proportional to the t1 evolution or via a pseudo 2D experiment with the excitation pulse

phase incremented and directly detected in the t2 dimension[39, 105]. MQ-SC has been

performed on crystals[106, 107, 108, 109, 110, 111, 112], liquid crystals[113, 114], minerals

[115, 116, 117, 118, 119], catalysts/zeolites [119, 120, 121, 122, 123, 124, 125, 126, 127],

glasses[128], molecules[129, 130, 131], amorphous semiconductors [113, 132, 133], hybrid

materials[134], thin films/polymers [135, 136, 137, 138], diamond surfaces[139], and pep-
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tides/proteins [140, 141, 142, 143, 144], all under static or varying magic angle spinning

(MAS) rates with various nuclear spins (S=1/2 and 3/2[145, 146]) and employing zero

quantum, single quantum, double quantum (DQ), or triple quantum (TQ) propagators.

The aforementioned extensive history of successful spin counting experiments demon-

strates it as a reliable technique, however MQ-SC under DNP conditions of solution

species vitrified in a frozen matrix has never been performed by any study reported to

date to our knowledge. Our critical case study provides an avenue for future studies of

solution intermediate states, showing the feasibility of quickly analyzing these otherwise

indistinguishable spectroscopic signatures, even when suffering from low sensitivity.

Here, we present novel 31P NMR spin counting studies of both powdered and vitrified

phosphate-containing samples, for which we have extracted the minimum number of

dipolar coupled spins via the creation of multiple even and odd quantum coherence orders

[39] using the SR218 pulse sequence[108, 147] (see Fig. B1 and Supporting Information

Listing 2 [35]), where the overall phase of the excitation block is incremented in a pseudo

2D mode to extract the MQCOs. The SR218 pulse sequence is an R-symmetry based

double quantum recoupling sequence[148]which works with a low radio frequency power

requirement equal to half the spinning frequency, hence permitting longer recoupling

times. Longer recoupling times are required to generate the higher multiple quantum

coherences.
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3.3 Results and Discussion

3.3.1 Spin Counting of Powdered Phosphate Samples at Room

Temperature and Vitrified Phosphate Solution Samples

at 100 K

In this study, we present proof of concept applications of MQ-SC experiments on

powdered and their respective vitrified solution species counterparts, along with a novel

calcium phosphate time stabilized prenucleation system. We focus first on both discrete

and extended 31P dipolar coupled systems for spin counting studies, demonstrated re-

spectively for molecular adenosine triphosphate (ATP), amorphous calcium phosphate

(ACP) and crystalline hydroxyapatite (HAp) (Ca5(PO4)3OH), where ACP is an amor-

phous precursor to HAp in the crystallization pathway of calcium phosphate[149]. We

then discuss experiments with a modified simulated body fluid (mSBF)[150, 151] shown

to contain calcium phosphate prenucleation clusters [152], which spontaneously phase

transform and aggregate to form ACP[31]. We have prepared our samples according to

common dynamic nuclear polarization (DNP) sample preparation practices. DNP typi-

cally utilizes stable bi-radicals (in our study, AMUPol) by saturating the EPR resonance

of a sub-population of the bi-radicals via microwave irradiation to transfer polarization

to nuclear spins of the solvent, resulting in significant signal enhancements[153]. All three

samples were prepared for vitrification in a solution of 6:3:1 parts by volume glycerol-

d8, D2O, and H2O respectively with 10 mM (Fig. 3.1 and 3.2) / 6.67 mM (Fig. 3.3)

AMUPol (referred to as DNP juice). Samples were first prepared in 100 % H2O or

75/25 % D2O/H2O (see B.1 Materials Section and Fig. 3.2C for methodology), then the

bi-radical AMUPol and glycerol-d8 were subsequently added.

For our study, we disregard the potential impact of the paramagnetic polarizing and
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glassing agents on the reaction pathway, given that the chemical shift between powdered

and vitrified samples closely align for HAp, ACP, and ATP samples (Fig. B5, B and

C ). The effect of glycerol on the non-classical growth pathway to form ACP from mod-

ified simulated body fluid (mSBF) samples containing PNCs cannot be verified given

that there is no powder sample for comparison. We found that glycerol can increase

the solubility of ACP at lower calcium and phosphate concentrations (verified by DLS,

solution NMR, and ssNMR not shown in this paper), but the systematic and mechanistic

study of the role of glycerol in modulating the equilibrium or kinetics of the non-classical

growth pathway of ACP is outside the scope of this study[154]. Here, we only focus on

the question whether DNP-enhanced NMR of manually plunge frozen mSBF samples,

en route to ACP solids, can capture vitrified intermediate species in solution state and

whether 31P MQ-SC can identify one or more of these species to be PNC candidates.

MQ filtering efficiencies represent the ability for a pulse sequence to filter out all spin

flip transitions other than the specific MQ transition. We find that the large chemical

shift anisotropy (CSA) of 31P nuclei in nonsymmetric molecular systems such as ATP

(Fig. B7) [155] reduces the DQ filtering efficiency of the SR218, R14
6
2, and SPC-5 pulse

sequences, with SR218 expected to be minimally sensitive to CSA and capable of delivering

a theoretical maximum efficiency of around 50 %. Under our experimental conditions,

the DQ filtering efficiencies for powdered ATP samples were found to be 3.12, 3.125, and

5.40 % when using the SR218, R14
6
2, and SPC-5, respectively. In contrast for powdered

HAp, the experimentally measured DQ filtering efficiencies were found to be 45, 34.5,

and 41.1 % when using the SR218, R14
6
2, and SPC-5, respectively. Based on these results,

we decided to continue our experiments on each sample with SR218 to achieve DQ and

TQ filtering efficiencies (Supporting Information Listing 1 [35]). We found an optimal

excitation time of 1.6 ms (mixing time of 3.2 ms) at a MAS frequency of 10 kHz for

each sample. Crystalline HAp exhibits an extended spin lattice network with a DQ/TQ
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filtering efficiency of 45/6.56 % at room temperature and a DQ efficiency of 38 % at 100

K in DNP juice. Powdered ACP was found to have a slightly lower DQ filtering efficiency

of 43 % at room temperature and a DQ/TQ filtering efficiency of 33.4/3.7 % at 100 K

in DNP juice. At both room and vitrified temperatures, ATP suffered from low DQ and

TQ filtering efficiencies of 3.12/0.28 % when powdered at room temperature and 1.3/0.4

% at 100 K (20 and 40 mM ATP in glycerol-d8 DNP juice). The mSBF sample suffered

from low overall signal, thus not allowing for TQ filtering signal even after 1024 scans.

However DQ filtering efficiency for the mSBF was determined to be 6.25 % at 100 K in

DNP juice. Sodium monophosphate standard sample exhibited no DQ filtering signal as

expected, even after 512 scans.

Depending on the sample and experimental conditions, both intramolecular and inter-

molecular coherent spins can be probed by MQ-SC. In simulations of MQ-SC experiments

(Fig. B8), up to 6 coherence orders can be seen in a linear chain of 31P spins separated

at a distance of 2.5 Å in between. We optimized the excitation time at a MAS frequency

of 10 kHz (Fig. B11) with the DQ filtering pulse sequence in order to maximize the

extracted MQCOs, and found an excitation time of 8 ms to be optimal across all dif-

ferent powdered samples and their respective vitrified counterparts (Fig. 3.1 and 3.2).

The mSBF sample, however, had an optimal excitation time of 4.8 ms for the middle CS

environments which could only be determined by MQ-SC experiments due to low DQ

filtering signal (Fig. 3.3C and B14). We ensured that the recycle delay and mixing time

are set appropriately based on experimental relaxation parameters (See Fig. B11 and

B12). We employed these optimal parameters for spin counting experiments utilizing

the SR218 pulse sequence to count the even and odd coherence orders (Fig. B1). When

examining a MQ-SC profile in order to determine the minimum number of clustered

spins, any odd coherences shown for the even order MQ-SC profile (and vice versa) can

be attributed to experimental noise and MQCO leakage caused by imperfect filtering of
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Figure 3.1: Even and odd spin counting profiles and subsequent Fourier transformed
MQCO (p) profiles at 10 kHz MAS and 8 ms excitation time for HAp (unit cell
coordinates from reference [37]) and ACP at A) Room Temperature B) 100 K Vitrified
Conditions in DNP juice using SR218 modified pulse sequence (See Fig. B1) and a
relaxation delay of 5 s. The x-axis of the spin counting profiles is represented as
experimental index (j), where phase is incremented each index by 360◦/experimental
index. All spin counting profiles’ integrals were normalized to the integral of the first
experiment (j = 0). The SC profiles represent the summation of all excited MQCO
transition frequencies, which are extracted and discretized via Fourier transform into
MQCO profiles.
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the double quantum recoupling sequences (Fig. B8). The zero order coherence for even

MQCO profiles is attributed to z-magnetization of the spins. In addition, we discovered

that replacing intensity of each peak (as previously employed in MQ-SC studies) with

the integral during analysis yielded more precise extracted MQCO values for higher noise

data sets and the same MQCO values for low noise sets.

We show in Fig. 3.1 signal integral of each MQ-SC experiment as a function of the

excitation block pulse phase and the resulting Fourier transformation of all experiments

which yields the amplitude for the MQCO for each phosphate-containing species, in pow-

der form at room temperature (A) and vitrified at 100 K in DNP juice (B). We find for

HAp even and odd coherence orders up to 14 and 13, respectively, at room temperature

(Fig. 3.1A). When samples are dissolved into DNP juice and characterized at 100 K, we

find the measured coherences orders to be comparable at 14 and 11 for the same excitation

time (Fig. 3.1B). Similarly, we find for ACP even and odd coherence orders up to 10 and

9 at room temperature, and 8 and 7, respectively when dissolved into DNP juice, vitrified

and measured at 100 K for the same excitation time. The loss of coherence orders at 100

K can be attributed to a shorter T2 relaxation time of the vitrified sample compared to

room temperature. Shorter T2 will result in shorter recoupling times and the inability to

excite higher order MQCOs of species with partially averaged out dipolar couplings, thus

limiting the overall shape of the MQCO profile and the total intensity achievable for each

individual MQCO. In addition, decreasing the concentration of the sample in DNP juice

leads to a smaller total number of excitable MQCOs, and an overall decrease in MQCO

intensity. Even spin counting experiments on ATP yielded the expected coherence order

of 2 (Fig. B9), and odd spin counting experiments on ATP yielded the expected coher-

ence orders of 3 (requiring additional experimental procedures discussed later) for the

alpha, beta, and gamma phosphorous chemical shift environments at room temperature

(Fig. 3.2C ). This observation is consistent with the selective buildup of intramolecular
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coherence orders in ATP. To further validate that intermolecular coherence orders are

not contributing to the MQCOs of ATP in solution, a sodium phosphate control sample

and monophosphate breakdown species in ATP vitrified samples (Fig. B10) were exam-

ined. There was no signature of any coherence order exceeding 1, which is expected if

intermolecular dipolar couplings do not contribute to the buildup of MQCOs. Due to a

combination of factors, including high CSA (Fig. B13) and imperfection in the glassing

matrix, the MQCO extraction from ATP under DNP conditions was more challenging

than that from HAp and ACP. As a result, a MQCO of 3 could not be always extracted

under all experimental conditions, as will be discussed in the following paragraph. We

can currently conclude that as the number of intramolecular phosphate bonds and long

range order increases, the extracted MQCOs increase, as seen with increasing MQCOs

in the order of ATP, ACP, and HAp. We find that the process of vitrification does not

drastically affect the extracted coherence orders and any loss of MQCO can be attributed

to a decreased signal to noise ratio due to shortened T2 relaxation at low temperature.

The extraction of a coherence order of 3 for ATP as a proxy for MQ-SC in disordered

PNC systems in DNP juice at 100 K was challenging. To improve our understanding of

solvent interactions, we explored the effect of different solvents and vitrifying methods

to mitigate the MQCO dampening effects seen with MQ-SC of ATP. We first explored

utilizing DMSO instead of glycerol as a glassing solvent in a 77:17:6 DMSO-d6:D2O:H2O

ratio [157], which prolonged the long T2 component from 12.95 ms (in glycerol) to 13.56

ms (in DMSO) (Fig. B12). We observed a minimum of 5 MQCOs across the alpha,

beta, and gamma chemical shift environments for ATP in DMSO (Fig. 3.2C ), which we

can attribute to intermolecular clustering of ATP, presumably via hydrophobic interac-

tions. We returned to the glycerol:D2O:H2O mixture since DMSO appeared to induce

clustering. When using the glycerol:D2O:H2O mixture, we tested the effects of order of

dissolution of the solution constituents, ATP concentration, and vitrification procedure
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γ β α

Alpha + Gamma Beta Alpha, Gamma, Beta

Figure 3.2: A) Labeled PO4 sites γ, β, and α, equivalent to Q1, Q2, and Q1 re-
spectively [156]. B) Rendering of electric field setup. 3D printed rotor holder with
copper plates on both sides connected to a 7 kV source. Purple arrows indicate elec-
tric field direction. C) Odd spin counting profiles and extracted MQCO charts for
room temperature powdered and 100 K vitrified ATP samples at 10 kHz MAS and
8 ms excitation time. 100 K MQCO charts were zoomed in for visual ease. Each
chemical shift range assigned to individual PO4 sites was chosen based upon 31P
spin connectivity determined in Fig. B5 and B6. 40 mM ATP (final concentration
in DNP juice) was prepared by dissolving ATP first in H2O and D2O, then added
to premeasured AMUPol, and lastly glycerol-d8 was inserted. 20 mM samples (fi-
nal concentrations in DNP juice) were prepared in the dissolution order of AMUPol,
H2O,D2O, glycerol-d8/DMSO-d6, ATP and lastly pH correction with 1M NaOH to
10 if applicable. All experiments were taken with a relaxation delay of 6 s. ATP in
DMSO exhibited a final pH of 5.88. Monophosphate breakdown can be viewed in Fig.
B10.
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to minimize clustering and to push the equilibrium towards deprotonating the phosphate

O-H bonds (Fig. 3.2C ). These modifications resulted in an elongated T2 from 8.32 ms

to 17.92 ms. The longest T2 relaxation was from a sample that was prepared by freeze-

pump-thaw procedure (in order to increase glassing homogeneity) and Ar (g) was used as

a final flush (to mitigate paramagnetic relaxation due to dissolved gasses), however this

sample resulted in large even MQCO noise (not shown). The next longest T2 was 12.95

ms for 20 mM ATP in glycerol, resulting in 3 weakly visible MQCOs. While successful,

we attempted to push the limits of this technique to confidently distinguish the third

MQCO from noise. We exposed 20 mM ATP in glycerol at room temperature to an elec-

tric field of 7 kV for 3.5 minutes (Fig. 3.2B), then immediately plunged the entire system

with power on into liquid nitrogen for vitrification. This setup was inspired by a study

from Tang et al.[158] to align the aromatic rings of ATP with an electric field. When

exposed to an electric field, Tang, et al. found an increase in stacking probability due to

the molecules becoming more planar, leading to an energetically preferred π-stacking con-

figuration. An increase in stacking alignment would consequently decrease T2 relaxation

caused by CSA in our samples, which is one of the main limiting mechanisms to MQCO

build up. It is additionally possible for the paramagnetic polarizing agent AMUPol to

align similarly and cluster when exposed to an electric field, which would likely lead to a

change in DNP enhancement mechanism, potentially from solid effect or cross effect to

thermal mixing [159]. This change in DNP mechanism would be reflected in the efficiency

of DNP buildup, however microwave efficiency was unaltered from electric field exposure.

The experimental results show that the CSA increased for some phosphate environments

and decreased for others in a nontrivial manner (Fig. B13) and T2 relaxation decreased

from 12.95 to 11.39 ms. Still, the third MQCO when compared to 20 mM Glycerol,

pH 10 control sample became more visible in every CS environment after the exposure

of the ATP solution in DNP juice to an electric field. While the third MQCO for all
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molecular ATP samples still has lower intensity than ideal and sometimes does not ex-

ceed the even MQCO noise level, future applications of this method to PNCs that have

greater symmetry and/or contain many more than three atoms will prove more fruitful.

For example, an ongoing study in our group led by L. R. Potnuru on the assembly of

phosphorylated proteins show that the minimal CSA of phosphate groups makes spin

counting of a high MQCO of a complex vitrified sample such as a fibrilized Tau proteins

out of solution feasible. In the next paragraph, we will showcase a first proof of principle

study that achieves the detection of transiently formed phosphate prenucleation clusters

upon vitrification in solution by DNP-enhanced MQ-SC.

In the pursuit of a system with a prenucleation cluster which would likely exhibit

less CSA[7] than molecular ATP, we set out to arrest calcium phosphate prenucleation

clusters which have been studied by Epasto, et al[152]. With a few slight adjustments

in the sample preparation procedure (B.1 Methods), we were able to replicate their

solution 31P NMR experimental conditions (Fig. 3.3A), however with a faster transition

timescale, where the splitting of the 31P solution NMR lineshape offers evidence for the

formation of approximately 2 nm size PNCs exchanging with free dissolved phosphate

according to Kurzbach and coworkers[152]. We could not perform DLS on our mSBF

recipe due to the presence of HEPES agent, which obscures other similar or smaller

sized particles around 1 nm; we did remove HEPES buffer from this mSBF at some

point and still saw 31P solution NMR line splitting with time however the total signal

intensity was lower and line broadness was increased. It is well known among groups that

study these processes that PNC formation is a kinetic process that is highly sensitive to

any experimental variation, including the choice of buffer, temperature, certainly the

exact composition of the mSBF and even the order and method of salt mixing. Further

complicating interpretation, the solution 31P NMR chemical shift of monophosphate salt

is dependent on the total ionic strength of the solution in a nonlinear relation (likely due
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Figure 3.3: MSBF solution and vitrified sample. In A), direct 31P solution NMR
time evolution of mSBF solution in 90 % water and 10 % D2O by volume, with total
solution concentration of 1.32 mM and 0.6487 mM phosphate and calcium respectively
(along with other salts mentioned in B.1 Materials). These spectra were all chemical
shift corrected to a phosphoric acid coaxial insert based upon a sample taken a month
prior. An aliquot was taken at the 3 hour mark after addition of calcium and taken for
DNP juice preparation and vitrified, found in part B. When left to react over a time
period of 24 hours or greater, the peak continues to shift left slightly and sharpens
drastically, likely forming crystalline HAp. In B), the 1H to 31P cross polarization 1D
Spectra of vitrified mSBF (referenced to phosphoric acid) in 60 % volume glycerol and
final concentrations of 0.147 mM phosphate and 0.072 mM calcium (complete solution
preparation in B.1 Materials. The 31P T1 relaxation was found to be greater than 100
s. The regions defined are those analyzed in part C), Spin counting of vitrified mSBF
sample. The MQCO plots are zoomed in for viewing ease. The two middle peaks
were merged into one chemical shift region for SC experiments. Even and odd SC
experiments were taken with a D1 of 5 s and excitation time of 4.8 ms (optimal) at 10
kHz MAS. The right chemical shift environment suffered from low signal for even and
odd SC, even at 256 and 512 scans respectively. The red horizontal line for the middle
CS environment is the average odd MQCO noise for the even MQ-SC experiment.
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to effects such as water hydration structure and extent of hydration), while conversely

related to the pH and temperature[41]of the solution in a linear relation (Fig. B15). The

elucidation of PNC formation pathways is beyond the scope of our study, but one that

can be facilitated by MQ-SC under DNP conditions.

We were able to extract an approximate 31P solution NMR T2 relaxation for the

splitting time point of 6.14 ms and a T1 of 7.4 (monoexponential fit)/ 95% 7.94 s and 5%

0.47 s (biexponential fit) with an error of 0.5 s. We arrested the solution at three hours

when there was explicit NMR splitting that had been stable across a formation time of

a few hours, by adding AMUPol already dissolved in D2O, then glycerol-d8, and lastly

plunging the sample in liquid nitrogen. The resulting final vitrified sample consisted of

0.147 mM phosphate and 0.072 mM calcium total. A 1D ssNMR spectrum was acquired of

this sample. Four distinct 31P NMR chemical shifts appeared (Fig. 3.3B). We completed

even and odd spin counting experiments on this sample and analyzed these chemical

shift environments (Fig. 3.3C ), where the middle peak two environments were combined

into one due to their very closely overlapping chemical shifts. We extracted even ordered

experimental minimum MQCO’s of 2, 6, and 2 for the left, middle, and right peaks

respectively. The odd spin counting experiments show MQCOs of 1, 5, and 1 for the left,

middle, and right peaks respectively. Both odd and even spin counting experiments have

different experimental noise levels due to acquiring disparate scans because of limited

signal; noise levels for even and odd MQCO experiments should be extracted from the

same experiment type. For an even MQ-SC experiment, one should examine the even

experimental noise in dark blue for the odd coherence orders. We have added a red

horizontal line as the average odd MQCO noise for the even MQ-SC experiments, where

any even MQCOs above this line are above the average noise for that experiment. The

left peak exhibits a very small MQCO of 2 for all excitation times (Fig. B14) and has

significant overlap with the CS of monophosphate control sample, thus it is likely leakage
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from the middle CS environment. The right peak environment was difficult to distinguish

from noise during analysis and as evidenced by the even and odd SC profile showing no

discernible cosinusoidal shape or meaningful Fourier transform, resulting in an extraction

of 2 MQCOs. This might be due to the presence of a significant population of isolated

phosphates present, not enough scans acquired, or due to a different optimal excitation

time of 3.2 ms / mixing time of 6.4 ms (Fig. B14, MQCO of 2 is clearly extracted). This

middle merged peak environment has a T2 relaxation of 14.17 ms (which is more than the

experimental mixing time of 9.6 ms) and exhibits a lower CSA than most environments

for ATP in DNP juice, resulting in an extracted MQCO of a minimum of 6. Considering

the MQ-SC results of model systems and fully formed HAP crystals and ACP solids, the

observation of such a high and distinct MQCO of 6 is astonishing. The species giving rise

to MQCO of 6 could be small ACP solids or likely a calcium phosphate prenucleation

cluster (or both due to the presence of two overlapping peaks), potentially even including

the Posner cluster which is proposed to be made of six phosphate atoms [24, 36, 7]. These

exploratory results can be expanded upon with further structural analysis in the future.

It is important to note that we did once attempt to run a mixed DNP sample of HAp

dissolved powder and ATP, which resulted in a total extracted MQCO of 0; this is still

puzzling and our best interpretation at the time was the presence of multiple states

resulted in a total null result. If there are more total coherences in a system, the SC

profile should widen to a U shape and the y-axis should deepen. We additionally tried

to run DLS on the mSBF sample before vitrification to ensure the size of the solution

NMR splitting time point species was not on the scale of ACP ( 10 - 300 nm), however

we were not successful in initial attempts due to logistical issues. It should also be noted

that we also tried native 43Ca on this sample as well, and only saw background probe

signal.

In summary, the successful counting of 31P nuclei clustering in vitrified solutions pro-
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vide a novel structural analysis approach to characterize nonclassical growth pathways

that include pre-nucleation clusters as intermediate species. MQ-SC might be one of the

few techniques that can identify the formation of clusters made of the same species, here

phosphates, that do not have distinguishable spectroscopic signatures between the cou-

pled species. For clusters that cannot be isolated and/or are too small or with too little

contrast to be captured by electron microscopy or various light scattering techniques,

MQ-SC might in fact be the only approach to identify the minimal number of coupled

phosphates in the cluster. In future studies, performing spin counting experiments on

prenucleation cluster species at lower concentrations than as found in this paper would

require conducting more scans. In this study we showed that increasing the molecular

order increased the measured MQCOs for both powdered and vitrified solutions. Asym-

metric molecular systems may require additional sample preparation optimization under

vitrified conditions in order to mitigate CSA relaxation effects, such as electric field ex-

posure for aromatic systems as demonstrated here. We show that one can go down to

sub milimolar concentrations for a proposed calcium phosphate prenucleation cluster and

still extract an MQCO order of 6. MQ-SC opens the door for extracting quantitative

information at newfound atomic-scales in dynamic systems. Spin counting experiments

can be applied in the future to test various nonclassical growth models, such as fur-

ther examination of the calcium phosphate nucleation pathway with simplification of our

simulated body fluid recipe. Shedding light on calcium phosphate assembly will pave

the path for future bone and biomimetic material technologies and potentially identify a

source of mammalian information storage [25, 7].
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3.3.2 Vitrification Methods & Design of Rapid Freeze Quench

A glass is an amorphous material which does not possess any long range crystalline

order, similar to a liquid which exhibits random orientations due to translation and

rotation. Many spectroscopic techniques require solid materials for analysis, therefore

in order to analyze a liquid sample (or a species in a liquid sample which can not be

dried down) in a solid state, many researchers attempt to instantaneously solidify the

sample into a glassy structure by means of vitrification. This can be achieved by rapid

cryogenic temperature transfer (135 K for pure water [160, 161]), where addition of glass-

ing agents decreases the swiftness necessary. Glassing agents (or cryoprotectants) are

used commonly for magnetic resonance techniques (EPR, NMR), electron transmission

microscopy, and the storing of biologic tissues. In order to prevent ice formation, crystal-

lization of the system of interest, and the potential subsequent dehydration of systems,

cryoprotectant agents are utilized to mimic the natural state of a solution system at

cryogenic temperatures by shifting the vitrification/glass transition temperature higher

in order to allow for more robust glassing.

The most commonly used glassing agent is glycerol at 60 volume % for DNP-NMR, 30

volume % for EPR, and 15 % for cellular DNP-NMR [162, 163], while Cryo-EM samples

usually use no cryoprotectants due to the small volume and large surface area of sample

needed to vitrify. Glycerol has been shown to result in robust glassing independent

of the rate of sample cooling at greater than or equal to 60 volume % [96, 164], and

as little as 20 volume % glycerol with a rapid freeze quench setup (Fig. S3 [97], 10

volume % unreported). However, most do not consider the solubility effects of glycerol

(a known hydrophilic molecule) on their system of interest. While there are alternate

glassing agents such as DMSO (77 volume % [157]), ethylene glycol (EG), propylene

glycol, sucrose, trehalose, neutral amino acids, and various polymers such as polyethylene
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glycol (PEG) [165], they all pose unique solubility and cooling rate effects [166]as well on

the system of interest (30 % EG, sucrose, and glycerol vary in EPR distance distributions

by 10 Åas measured with EPR by Yann Fichou, not shown). We have seen via DLS in

Fig. 3.4 that amorphous calcium phosphate around 200 nm (formed from a standing

simple SBF sample) dissolves when varying volume %’s of glycerol are added to solution

(increasing phosphate solubility), however smaller calcium phosphate species formed from

a mSBF solution (along with ATP tested independently) cluster together when 60 volume

% DMSO is added to the solution (decreasing phosphate solubility). When compared

to the addition of 6 kDa PEG at 60 volume %, the aforementioned smaller calcium

phosphate species appear minimally affected by PEG glassing agent (Fig. 3.4). We then

decided to replicate these PEG results and further study if PEG was melting the calcium

phosphate species of interest, which is obscured in DLS by the large scattering of PEG

control solvent. We chose to add 10 kDa PEG (with an LCST above room temperature)

to a simple SBF solution (5 mM CaCl2, 2 mM KHPO4, 250 mM KCl at pH 7, filtered

for 15 minutes at 15 mL/minute rate through a 0.2 micron filter, known to exhibit a 1

nm calcium phosphate signature [34]) at room temperature for a final concentration of 40

volume % PEG. The DLS showed very slight growth when PEG was added via a small

increase in ACF count rate, indicating a similar solution solubility to no glassing agent

solution control (not shown). We then added in 10 mM AMUPol, vitrified this sample by

plunge freezing in liquid nitrogen, and ran DQ and TQ filtering at 10 kHz MAS and 1.6 ms

excitation time at 100 K. We achieved 3.7 and 1.6 % efficiencies, respectively. We verified

this solution was indeed glassing via DSC, with only a very small crystallization peak

(not shown). We attempted MQ-SC experiments, to no success, likely due to a mixture

of phosphate states. Interestingly, the line broadness of this PEG SBF vitrified ssNMR

sample (not shown) was similar to that of the dissolved sodium monophosphate vitrified

control sample, slightly broader than the mSBF vitrified sample individual peaks, and
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much broader than both ACP and HAp vitrified samples (all mentioned in the previous

section). The current working explanation is the smaller the system of interest (phosphate

molecule or network), the more ssNMR line broadness due to proximity to an electron

radical.
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Figure 3.4: DLS ACFs of ACP formed from simple SBF protocol [34] (top left) and
mSBF samples [35](top right and bottom). mSBF control includes CaCl2 addition and
no glassing agent (top right and bottom). DMSO + water and PEG control are the
solvent controls without any salts/calcium phosphate species. DMSO + mSBF and
PEG + mSBF are the final solutions of interest where the glassing agent was added to
the mSBF control solution. These ACFs are not viscosity corrected (viscosity shifts
the x-axis to the right).

Plunge freezing quickly into a cryoagent such as liquid nitrogen or liquid isopentane

cooled close to liquid nitrogen temperatures limits the time atoms can rearrange into

a crystalline orientation or an alternate temperature-dependent energetically favorable
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orientation, thus resulting in a more native representation of the state. Due to the

Leidenfrost effect (which creates a vapor layer around the sample container once plunged

into a cryoagent at a significantly lower temperature than the sample), the sample holder

thermal conductivity, and the volume of sample, there is time for ssNMR and EPR

samples to reorient themselves and/or partially crystallize as the cryogenic temperature

penetrates to the core of the sample last. While for this dissertation, 3.2 mm sapphire

rotors were utilized for all DNP ssNMR studies, other groups such as Tycko utilize 4

mm ZrO2 rotors for DNP studies. Dr. Blake Wilson studied the time it took for the

middle of a 4 mm ZrO2 rotor to reach cryogenic temperatures once plunged into liquid

nitrogen from room temperature by placing a Pt resistor inside the rotor filled with 40

volume % glycerol / water solution and monitoring the temperature by the resistance.

The sample took approximately 22 s to reach liquid nitrogen temperatures and cooled at

around 6 - 7 K/s in the 300 K to 170 K range. This is a significant amount of time for

sample reorientation, which led us down the path of investigating alternate vitrification

procedures. If one is interested in testing the vitrification time, alternate methods to a

Pt resistor such as monitoring the temperature dependent bromine NMR chemical shift

of KBr or optically timing a dyed droplet are feasible.

We previously discussed the various home-built rapid freeze quench (RFQ) systems

for NMR samples in section 3.3.1. There is one commercialized system for EPR samples

from BioLogic, however this system has huge temperature variations due to the length

of the dewar holding cooled liquid isopentane. We decided to build our own homebuilt

RFQ system that can be used for both NMR and EPR samples. We used a copper

spinning plate due to the high thermal conductivity and high heat capacity/thermal

mass; the conductivity was similar to aluminum, but the heat capacity is much higher.

The plate can be lifted and lowered into the liquid nitrogen bath as needed for cooling and

sample preservation. Peek tubing attached to a syringe (for sample loading) is mounted
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at an approximate 45 degree angle to an Argon (g) line with a plastic pipette tip (not

metal needle as it will freeze) for sample spraying of micro droplets. Separate threaded,

counterbalanced copper attachments on the edge of the plate were made to hold two

small centrifuge tubes (for EPR sample collection and separate packing) or two sapphire

rotors for direct packing. For usage, the metal plate is first partially cooled with liquid

nitrogen, then a makeshift glove box is placed on top of the setup and a nitrogen gas line

is flowed into the box to bring humidity down to approximately 10 - 15 % for condensation

minimization. Once the plate is cooled to a minimum of 135 K [160, 161]and humidity is

low enough, the plate is raised so that the surface of the copper is just above the liquid

nitrogen level and still below the vapor layer. A drill is then used to spin the plate from

the outside of the glove box at the lowest, most steady spin setting, and the sample is

sprayed using a syringe attached to the PEEK tubing; one must be cognisant not to spray

over any previously vitrified sample. Once spraying has concluded, the plate and sample

are dropped into the liquid nitrogen and the sample is then collected into the appropriate

threaded copper attachment using a Teflon scraper. Both EPR and NMR samples must

stay under liquid nitrogen the entire time after collection and must be transferred into

the respective probe quickly [167]. The exact setup RQF can be seen in Fig. 3.5.

In order to test if a RFQ setup changes glass homogeneity when compared to simple

liquid nitrogen plunging, one can use NMR and test the 1H T1 / DNP buildup time

(with preserved proton and exact radical concentrations), run EPR DEER distance mea-

surements between two spin labels, and/or in the future analyze the 17O NMR chemical

shift. A better glass should exhibit more water matrix homogeneity due to minimal ice

formation and less dissolved sample homogeneity due to reduced reorientation time into

a more energetically favorable state, generally resulting in a longer NMR 1H T1 and

broader 31P line. We plan to test the efficacy of this setup by running EPR DEER mea-

surements in the future, however we were only able to run the control samples to date of
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Figure 3.5: Rapid Freeze Quench (RFQ) Setup. A) Schematic of the RFQ. B) RFQ
apparatus working prototype, glovebox not shown. C) EPR DEER Measurements on
PY310 SLS2 monomer with 40 % glycerol by volume, two separate trials (left and
right). The top plot is distance extraction and the bottom plot is the background
corrected time domain data. Comparisons of the traditional glassing method (dipping
EPR tube into liquid nitrogen) versus a frozen sample with visible ice crystals can be
seen. RFQ apparatus design, testing, and EPR measurements big thanks to collabo-
ration with Karen Tsay and Dr. Michael Vigers.
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a plunge vitrified sample (labeled glass, visually clear/transparent) and a poorly glasses

sample (labeled ice, visually white/opaque) with the help of Karen Tsay and Michael

Vigers, as shown in Fig. 3.5. We ran these controls using a SLS2 pY310 tau monomer

spin labeled at 300 and 314 in 40 volume % glycerol. While these results are preliminary,

they show a clear trend that a poorly glassed sample (ice) can be differentiated from a

satisfactorily glassed sample (glass), where the ice sample exhibits shorter distances be-

tween spin labels on the same protein. This provides supporting evidence that glassing

procedure makes a significant difference on sample analysis which has previously been

mostly overlooked and paves a path for further studies on glassing procedure.
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Chapter 2 Appendix

A.1 Materials

Potassium phosphate monobasic (MW 136.09) and sodium phosphate monobasic

(MW 119.98) were acquired from Fisher Scientific. Sodium phosphate tribasic (MW

163.94) was acquired from Acros Organics. Potassium pyrophosphate (MW 330.34) was

acquired from Sigma-Aldrich. Adenosine 5’-diphosphate orthopotassium salt dihyrdate

(MW 501.32) was acquired from Alfa Aesar. Adenosine 5’-triphosphate disodium salt

hydrate (MW 551.14 anhydrous) was obtained from Sigma. Polyethylene glycol (MW

6K) was acquired from Fluka. Potassium chloride (MW 74.55), sodium chloride (MW

58.44), and ammonium chloride (MW 53.49) were acquired from Fisher Chemical. All

samples prepared at room temperature. When not explicitly mentioned, the pH values

were adjusted to 4.4 with HCl and NaOH to coincide with the native dissolved pH values

found for monobasic orthophosphate. Every sample was dissolved in 600 to 700 uL of

90% Milli-Q water and 10% D2O for locking purposes.

Adenosine 5’-diphosphate sodium salt (MW 427.20), sodium phosphate dibasic (MW

141.96), and coenzyme A sodium salt hydrate (MW 767.53) used for CEST were acquired
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from Sigma-Aldrich. All samples prepared at room temperature. The pH values of the

solutions were adjusted to 4.4 with HCl and NaOH in order to make them coincide

with the native dissolved pH values found for orthophosphate. The real concentrations

of the solutions were determined from the absolute integrations of the 31P peaks in the

1D NMR spectra.

A.2 Instrumentation and Methods

Solution NMR relaxation experiments were performed on a Bruker Avance NEO 500

MHz spectrometer with a CryoProbe Prodigy BBO probe, using Wilmad-LabGlass 5 mm

Thin Wall Precision NMR tubes. T1 relaxation was measured with a standard inversion-

recovery pulse sequence and T2 relaxation was measured using a CPMG sequence. Delays

varied depending on sample conditions (temperature, pH, and concentrations of salts and

polyethlyene glycol (PEG)).

T1 and T2 delays were experimentally modulated such that the final two points for

T1 curves fully recovered and the final point for T2 curves were less than 5% of the

initial intensity. T1 relaxation times were determined by employing the TopSpin 4.0.6

T1/T2 dynamics module. T2 relaxation times were determined by MestReNova mono-

exponential fitting. FWHM was determined by taking a 45ulse and employing TopSpin

4.0.6 PEAKW command. For each spectrum, a single scan was acquired with 40000 data

points to cover a spectral window of 10000 Hz (49.4 ppm). An AU program was created

to ensure temperature equalisation uniformity which included a ten minute temperature

equilibration time and autoshimming was applied continuously before and throughout

acquisition.

Diffusion ordered spectroscopy (DOSY) measurements were taken on a 300 MHz

SWB Bruker spectrometer with a single gradient along the z-axis. DOSY is an exper-
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imental that uses the Pulsed Field Gradient NMR (PFG-NMR) technique to extract

diffusion coefficients for each NMR signal present in a sample. PFG-NMR measures

particle diffusion by using a spin-echo pulse sequence in combination with a magnetic

field gradient. As particles diffuse during the spin-echo sequence, they experience a

slightly different field due to the gradient, and the spin-echo is unable to completely

rephase the signal. This dephasing causes an attenuated signal intensity, which depend

on the strength of the gradient, g, and the diffusion coefficient, D of the species as

ψ(g,D) = Exp(−Dg2γ2δ2(∆ − δ/3)) where γ is the gyromagnetic ratio of the nucleus,

δ is the width of the gradient pulse, and ∆ is the time between gradient pulses [81].

By measuring this signal attenuation at several gradient strengths, one is able to fit the

attenuation function to recover the diffusion coefficient of the associated species at each

NMR line.

Measurements were taken at 293 K, 343 K, and again at 293 K after the sample

had cooled. Capillaries were used at elevated temperatures to suppress convection. To

confirm there were not convection effects, a convection-compensated pulse sequence was

compared to the standard sequence for one sample at 293 K and 343 K. At 293 K, 32

scans with a 90ulse were acquired with 16384 data points to cover a spectral window of

6068 Hz (49.9 ppm) for gradient strength, and at 343 K, 64 scans with a 90ulse were

acquired for each gradient strength with the same spectral conditions as above. At each

temperature, data was taken using 16 linearly spaced gradient strengths such that the

final spectrum had an intensity less than 5% of the first’s. These decays were then fit

in the TopSpin 4.0.6 T1/T2 relaxation module to extract a diffusion coefficient. The

Stokes-Einstein relation was then used to convert this to a hydrodynamic diameter.

NMR chemical exchange saturation transfer (CEST) experiments were performed on a

Bruker 500 MHz (11.7 T) NMR spectrometer equipped with a broadband observe (BBO)

probe. The 90° pulse duration ranged from 10 to 12 us depending on ionic strength of the
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solution. Saturation was performed by continuous wave (cw) irradiation of 5 s duration

with field strengths of 1.16 µT to 8.69 µT (corresponding to nutation frequencies of 20

Hz to 150 Hz). The recycling delay was set to 5 s. Following cw irradiation, a 90°

pulse is used for spectral readout. The temperature dependence of CEST measurements

were taken with the irradiation power of 150 Hz at 298 K, 313 K, 323 K, 333 K, 343 K

and 353 K, and the irradiation power dependence of CEST measurements were taken at

298 K with nutation frequencies of 20 Hz, 30 Hz, 50 Hz, 100Hz and 150 Hz. At each

measurement, 8 scans with a 90ulse were acquired. The scanned frequency ranged from

-4000 Hz to 4000 Hz with a step size of 200 Hz.

Control experiments were performed to rule out the influence of temperature gradients

or convection on the results. Relaxation rates were found to be the same in samples

containing capillaries (used to curb convection, if it exists), and chemical shift imaging

was used to verify that the linewidths were the same in different z-positions in the sample.

For Cryo-TEM, phosphate solutions were prepared at room temperature and heated

for at least 48 hours at 343 K before vitrification. Solutions were vitrified using an FEI

Vitrobot Mark IV for vitrification in liquid ethane. 1.2 µL of sample was deposited

on a lacey carbon support film on 200 mesh copper grid, blotted for one second, and

immediately vitrified. The cryo-TEM was performed using Gatan 626 Cryo transfer

holder with liquid nitrogen by ThermoFisher Talos G2 200X TEM/STEM at 200 kV

with a Ceta II CMOS camera for bright field imaging.

Microscopy analysis was conducted in Fiji Version 1.0. Images were first processed

with a FFT bandpass filter, in order to smooth long-length scale variations in intensity

to to variations in camera pixel sensitivity, and to attenuate structures at small length

scales that originate from pixel noise. Cutoffs for these filtering were varied, and found

not to qualitatively affect the relative results. After filtering, pixels were autoscaled and

saturated, before thresholding on the top 2-4 % of pixel intensity. The threshold was
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varied in this range to provide error bars for histogram results. After thresholding, the

Close function was used to fill small regions of white pixels fully surrounded by black

pixels. The Analyze Particles function was then used to select particles with an area of

200 − 2000 pixels2 and a circularity criteria of 0.6 − 1, where circularity is defined as

4π ∗ area
perimeter2

. Results were then extracted and converted into area in nanometers for

comparison between samples.

MD simulation workflow and systems simulated: Systems are constructed using GRO-

MACS 2016.1 [168, 169]. We perform the simulations using the OpenMM simulation en-

gine [170]. Electrostatic interactions are computed using particle-mesh Ewald. Lennard-

Jones nonbonded interactions are cut off at 10 Å. Hydrogen bonds are constrained with

SHAKE [171] and water is kept rigid with SETTLE [172]. We use Langevin dynamics

with an integration timestep of 2 fs and a friction coefficient of 0.1 ps−1. We first perform

a local energy minimization, followed by a 100-ps NVT equilibration. For the concen-

trated systems, we then perform a 25-ns NPT equilibration using a Monte Carlo (MC)

barostat with 200 fs between MC moves and then perform a 175-ns NPT production,

again using the MC barostat with the same conditions, saving configurations every 100

ps. For the dilute systems, we perform a 100-ps NPT equilibration using the MC baro-

stat with the same conditions, followed by a 1000-ns NPT production, again using the

MC barostat with the same conditions. The cluster size distributions, radial distribution

functions, and coordination numbers are computed from the production simulations.

NHPO2−
4

NH2PO4− NNa+ NH2O Temperatures simulated [K]

100 0 200 4759 293, 343
0 100 100 4852 293, 343
50 50 150 4801 293, 343
3 0 6 2149 293, 303, 313, 323, 333, 343
0 3 3 2148 293, 303, 313, 323, 333, 343

Table A.1: Systems simulated using molecular dynamics.
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A.3 Figures
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Figure A.1: R2 as extracted from a CPMG pulse sequence and from FWHM for
10 mM and 100 mM potassium orthophosphate monobasic pH 4.5 as a function of
temperature, showing monotonic increase in R2 in each case. Solid lines are quadratic
fits to data to guide the eye. R1 for 10 mM, 100 mM, potassium orthophosphate
monobasic pH 4.5 as a function of temperature showing the same curve shapes as a
function of concentration. Solid lines are cubic fits to data to guide the eye.
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Figure A.2: FWHM of sodium phosphate dibasic solutions at pH 4, pH 7 and pH 10
showing line broadening. Solid lines are quadratic fits to data to guide the eye.
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Figure A.3: R2 rates calculated from FWHM for potassium phosphate solutions at pH
4.5 over a range of phosphate concentrations showing line broadening across a range
of concentrations. Solid lines are quadratic fits to data to guide the eye.
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Figure A.4: Relaxation rates for 10 mM potassium phosphate at pH 4.5 from two
different spectrometer strengths- 9.4 T (ω0(

31P ) =162 MHz) and 11.7 T (ω0(
31P )=202

MHz. (A) R2 as calculated from FWHM shows increase with temperature at both
spectrometer strengths.Solid lines are quadratic fits to data to guide the eye. (B) R1

rate minimums shift to higher temperatures at greater field strength.Solid lines are
third order polynomial fits to data to guide the eye.
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Figure A.5: Relaxation Rates for 10 mM and 100 mM sodium phosphate show re-
versibility after heating to 343K and cooling. (A) Relaxation rates for 10 mM sodium
phosphate, (B) Relaxation rates for 100 mM dosium phosphate
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Figure A.6: 31P CEST dip widths showing Reversibility at 298 K, 353 K and cooling
back to 298 K. (A) 50 mM orthophosphate, (B) 100 mM orthophosphate, (C) 200
mM orthophosphate, (D) 300 mM orthophosphate.
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Figure A.7: 31P CEST dip widths at half height of sodium phosphate dibasic solutions
at pH 4, pH 7 and pH 10 showing line broadening as a function of temperature. Solid
lines are quadratic fits to data to guide the eye.
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Figure A.8: 31P CEST results for both phosphates in 100 mM ADP in D2O at pH
3.9. (A) CEST dip width at half height as a function of CEST irradiation power of
20 Hz, 30 Hz, 50 Hz and 150 Hz at T=298.15 K, (B) CEST dip width at half height
as a function of temperature of 298 K, 313 K, 333 K, 353 K.
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Figure A.9: 31P CEST dip width at half height for 100 mM sodium phosphate as
a function of CEST irradiation power of 20 Hz, 30Hz, 50 Hz, 100 Hz, and 150 Hz
measured at 298 K. In the absence of exchange, one expects the width of the dip in
the CEST spectrum to be approximately a factor two larger than the rf saturation
power (expressed in Hz). However, the dip width ranging from 100 Hz to 500 Hz
under exchange is over a factor three larger than the rf saturation power (expressed
in Hz). The Solid lines are linear fits to guide the eye
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Figure A.10: The experimental and simulated 31P R2 rates for the 100 mM orthophos-
phate sample shown in Fig. 2.2B&C. Parameters used for this simulation were the
same as used for the CEST simulations in Fig. 2.2B. Additional information on the
modeling and physical interpretation is below.
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Figure A.11: Temperature dependence of RB
2 , kinetic parameters, and assembly pop-

ulation used for the simulated R2 and CEST data shown in Fig. A10 and 2.2B,
respectively. Solid lines are quadratic fits to data to guide the eye. (A) The assembly
relaxation rate RB

2 increases from 450 Hz to 1100 Hz between 298 K and 353 K. (B)
The phosphate monomer to assembly rate (kf ) increases from 350 Hz to 600 Hz be-
tween 293 and 353 K. (C) The assembly to monomer rate (kb) decreases from 250,000
Hz to 100,000 Hz between 293 and 353 K. (D) The fractional assembly population
(pB) increases from 0.0013 to 0.0073 between 293 K and 353 K.
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Figure A.12: Cryo-TEM micrographs from (A)-(C) 100 mM sodium ADP sample
unheated, (D)-(F) 100 mM sodium ADP heated to 343 K, (G)-(I) 500 mM KCl heated
to 343 K, and (J)-(L) 100 mM potassium ADP heated to 343 K. Yellow arrows indicate
features in the size range of assemblies, although ice artifacts can appear at similar
sizes. Samples in (A)-(I) are the samples used for the quantitative particle analysis.
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Figure A.13: Histogram of diameters for features detected per micrograph in selection
of representative micrographs for sodium ADP at 298 K, sodium ADP heated at 343
K, and potassium chloride heated at 343 K. Only micrographs taken at the same
magnification were compared, since the micrograph noise is primarily on pixel level.
There were two, nine, and two micrographs, respectively, thus analyzed in the workflow
described in Appendix A. These results show a larger population of species in the two
ADP samples, with the most in the heated ADP samples, except at the smallest and
largest sizes, which can thus be attributed to erroneous features from the processing
of the image analysis and ice artifacts, respectively, given that these are the only
populations seen in the potassium chloride samples.
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25-30 30-35 35-40 40-45 45-50 50+

Figure A.14: Histogram of diameters for features detected per micrograph in selection
of representative micrographs for sodium monophosphate at 100 mM and 1 M heated
to 343 K before vitrification. Only micrographs taken at the same magnification
were compared, since the micrograph noise is primarily on pixel level. Each sample
incorporates data from 20 micrographs analyzed with the workflow described in
Appendix A. These results show that the size distribution of features is similar at
both concentrations, which is consistent with equilibrium structures.
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Figure A.15: Radial distribution functions (RDFs) and coordination numbers for
water around phosphate ions, phosphate ions with each other, and Na+ around phos-
phate ions. RDFs (A, B, D, E, G, H ) are computed to a maximum distance of 20 Å
with a bin size of 0.2 Å. The distances r are between (A, B) water oxygen atoms and
phosphate phosphorous atoms, (D, E ) phosphate phosphorous atoms with each other,
and (G, H ) sodium atoms and phosphate phosphorous atoms. The water-phosphate
coordination number (C ) is the average number of water oxygen atoms within 4.7 Å
(HPO2−

4 ) or 5.1 Å (H2PO
−
4 ) of a phosphate phosphorous atom. The phosphate-phos-

phate coordination number (F ) is the average number of phosphorous atoms within
7.0 Å (HPO2−

4 ) or 5.7 Å (H2PO
−
4 ) of a phosphorous atom. The sodium-phosphate

coordination number (I ) is the average number of sodium atoms within 4.2 Å of a
phosphate phosphorous atom. The coordination number cutoffs are determined from
the approximate location of the first minimum of the corresponding RDF (dotted
lines, labeled with the exact cutoff). Error bars in (C ), (F ), and (I ) are twice the
standard error of the coordination numbers computed for each 200-ns block in the
1000-ns production simulation.
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(A)

(D)

(C)

(B)

Figure A.16: (A) Cluster size distributions for the same systems as in Fig. 2.4C of
the main text, but at 293 K. (B) Trajectory of the combined number of phosphate
ions, both HPO2−

4 and H2PO
−
4 , in the largest cluster of the simulation of the mixed

system at 343 K during the NPT equilibration and NPT production (separated by
the dotted line). (C ) Trajectory of the number of HPO2−

4 ions in that largest cluster.
This trajectory is virtually constant at N = 50, the total number of HPO2−

4 ions in
the box, during the entire production run, indicating that all HPO2−

4 ions in the box
are in this large cluster. (D) Trajectory of the number of H2PO

−
4 ions in that same

cluster. Two phosphate ions are considered clustered if their phosphorous atoms are
within 7.0 Å of each other. The 7.0 Å cutoff is chosen from the approximate location
of the first minimum in the phosphate-phosphate RDF (Fig. B13C ).
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Figure A.17: Experimental 23Na linewidth data for 1 mM and 100 mM NaCl in the
absence of phosphates, and with 1 M KH2PO4 and 1 M NaH2PO4 at 298 K and 343
K. All solutions were adjusted to pH 4.1 with HCl. 23Na linewidths are broader in
the presence of phosphates at both temperatures and concentrations, indicating that
sodium is incorporated into the assemblies.
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Figure A.18: Diffusion coefficients extracted from 31P DOSY experiments for 1 M
potassium phosphate at pH 4.2 using a stimulated echo (STE) and convection-com-
pensated double stimulated echo (DSTE) sequence. Diffusion coefficients were found
to be comparible at both 293 K and 343 K, indicating that the observed increased in
diffusion coefficient with temperature is not a convection-based effect.
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Figure A.19: 31P DOSY fits of Log(ψ) vs gradient strength squared for a 1 M potas-
sium phosphate sample in the presence (A) and absence (B) of capillaries at 343 K,
where ψ is signal attenuation. Note that in the absence of capillaries, the relationship
between Log(ψ) and gradient squared is non-linear due to convection-based dephasing
effects, and that the gradient values are much lower because of the increased rate of
particle motion. Capillaries were thus used for all high temperature samples.
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Figure A.20: Diffusion coefficients extracted from 31P DOSY experiments. (A) 100
mM sodium phosphate at pH 4.2, (B) 100 mM potassium phosphate at pH 4.0, (C) 1
M sodium phosphate at pH 4.2, (d) 1 M potassium phosphate at pH 4.1.
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Figure A.21: Hydrodynamic diameters found by the Stokes-Einstein relaxation from
diffusion coefficients in S5. (A) 100 mM potassium phosphate, (B) 1 M sodium phos-
phate, (C) 1 M potassium phosphate.
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Figure A.22: R2 relaxation rate as extracted from FWHM for 100 mM potassium
phosphate at pH 4.5 in the absence of PEG and for a 18 wt% PEG solution as a
function of viscosity [173], showing that viscosity alone cannot explain the effect of
PEG on relaxation rates. Solid lines are quadratic fits to data to guide the eye.
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Chapter 3 Appendix

B.1 Materials

Crystalline hydroxyapatite HCa5O13P3 nanopowder < 200 nm particle size (677418;

MW 502.31 g/mol) was commercially obtained from Sigma Aldrich and used without

further processing. Amorphous calcium phosphate was synthesized by preparing a 500

mL final volume solution and subsequent lyophilization, with similar synthetic procedures

to literature[174]. A 475 mL solution of 2.1 mM NaPO4 (prepared by mixing 100 mM

Na3PO4 (Acros Organics 389810010; MW 163.94 g/mol) and 100 mM H3PO4 (Fisher

85 % o-Phosphoric Acid A242; FW 97.99 g/mol) for a final concentration of 100 mM

and pH 7.7) and 263 mM KCl (from dry Sigma-Aldrich salt, P3911; MW 74.55 g/mol)

was prepared with pH adjusted to 7.6 by adding 0.2 M NaOH (EMD, SX0590; FW

40.0 g/mol). 25 mL of 100 mM CaCl2 dihydrate (Fisher Scientific CaCl2*2H2O, C79;

FW 147.01 g/mol) was subsequently added and the sample was vortex mixed for a final

volume of 500 mL (5 mM CaCl2, 2 mM NaPO4, and 250 mM KCl). The solution was

left for 5 minutes to allow for prenucleation cluster formation and initiation of initial

binding events. 15 mL of 0.2 M NaOH was then added to increase pH of solution and
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crash out ACP. A Buchner funnel under vacuum with filter paper was used to capture

precipitate and washed with milliQ water. The resulting ACP paste was removed from

the filter paper and lyophilized for 72 hours to form dried powder and stored at -4 °C. HAp

and ACP powder were analyzed by X-Ray diffraction to ensure phase identification in

Fig. B2. Adenosine 5’-triphosphate disodium salt hydrate (A2382; Anhydrous Basis FW

551.14 g/mol) was commercially obtained from Sigma-Aldrich and used without further

processing (see Fig. B4 for crystallinity). Various ATP powders were analyzed by solid

state NMR to ensure phase identification in Fig. B4. All powder room temperature

samples were finely ground and packed into a 3.2 mm thin walled ZrO2 rotor.

For vitrification, all samples utilizing glycerol glassing agent (Aldrich, 447498) were

prepared with 6:3:1 volume parts glycerol-d8, D2O, H2O with a final concentration of 10

mM (or 6.67 mM for mSBF) AMUPol (Cortechnet, C010P005) (DNP juice). HAp was

prepared by first dissolving the aforementioned purchased powder in D2O and H2O, cor-

recting the pH to 7.13 with 1 M HCl, and aggressive stirring and sonication for one hour.

AMUPol was then dissolved (sample added to pre-measured AMUPoL), glycerol-d8 was

added, and the sample was vitrified with liquid nitrogen (LN2) for a final approximate

concentration of 40 mM HAp in DNP juice. Amorphous calcium phosphate was prepared

for vitrification by immediate synthesis via mixing stocks for an interim solution concen-

tration of 20 mM NaH2PO4, 250 mM KCl, and 50 mM CaCl2 (same suppliers used to

purify powdered ACP) in D2O and H2O at pH 7. AMUPol was then immediately dis-

solved (sample added to pre-measured AMUPoL), glycerol-d8 added, and LN2 vitrified

as quickly as possible (on the scale of minutes). We must note that ACP formed at lower

calcium and phosphate concentrations (5 and 2 mM respectively in interim solution mix-

ture) is partially dissolved by glycerol, verified by DLS, solution NMR, and ssNMR not

shown in this paper. ATP preparation is described in the main paper Fig. 3.3C caption.

DMSO-d6 stock was purchased from Cambridge Isotope Laboratories, Inc., DLM-10.
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We must note that DMSO samples must be vitrified immediately otherwise there is a

high affinity for phase separation and ATP aggregation, verified by DLS (not shown).

Monophosphate control sample was prepared from the same phosphate stock preparation

procedure as that used for ACP synthesis, with an interim solution concentration of 100

mM NaH2PO4 pH 7 in H2O. This interim stock was then diluted with 3 parts D2O to

one part H2O, for a concentration of 25 mM. AMUPoL was then dissolved via vortex

mixing (sample added to pre-measured AMUPoL), and 6 parts by volume glycerol-d8 was

added, for a final concentration of 2 mM NaH2PO4 in DNP juice. Solution NMR and

dynamic light scattering were preformed on these dissolved/suspended samples before

the addition of AMUPol and glycerol-d8 to confirm size and phase state (Fig. B3). All

vitrified samples were packed in a 3.2 mm regular walled sapphire rotor using a Teflon

or silicon plug to prevent leakage and plunged in liquid nitrogen.

Studies completed by Epasto, et al.[152], inspired by Oyane et al.[150, 151] were

replicated and modified for our procedure. The modified simulated body fluid (mSBF)

sample was prepared by weighing each salt onto a piece of weigh paper before being

transferred into a 10 mL vial, all at room temperature. The salts were each measured

into this single shared container (including HEPES), with all salt weights listed in Table

SS1 below, however CaCl2 was weighed last and stored separately for subsequent timed

addition. Prior to adding the calcium, 3.95 mL of H2O, 500 µL of 0.2 M NaOH, and 500

µL of D2O were added, in that order. The solution was vortex mixed for approximately

10 seconds after adding each aforementioned solutions. CaCl2 was then added to the

mSBF (increasing the pH), and the solution was vortex mixed again. The solution was

pH corrected with approximately 200-300 µL of 1 M NaOH to pH 7.41, and was typically

corrected from an initial pH of 7.2-7.3. Milli-Q H2O was added to correct the complete

solution volume to 5 mL, and the sample was vortex mixed a final time. Finally, 500

µL of mSBF was transferred to a labeled and washed NMR tube, and placed into the
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UCSB (g) Manufacturer Mol. Wt. (g/mol)

NaCl 0.027 Sigma 58.44
NaHCO3 0.00252 Sigma 84.01
Na2CO3 0.00213 Fisher 105.99
KCl 0.001125 Fisher 74.55

K2HPO4 0.00115 Fisher 174.18
MgCl2×6H2O 0.001555 Fisher 203.3

HEPES 0.08946 Sigma 238.3
Na2SO4 0.00176 EMD 110.99

Milli-Q H2O (liquid) 4 mL
0.2 M NaOH (liquid) 0.5 mL Fisher 39.997

D2O (liquid) 0.5 mL
CaCl2 0.00036 Fisher 110.98

Table S1: The respective amounts of material by mass (if dry) or by volume (if stock
solution) for each component of mSBF in the order they were added starting from the
top. The rightmost columns provide the manufacturer information for each chemical.

solution NMR spectrometer at 25° C, with an interim solution total concentration of

1.32 mM and 0.6487 mM phosphate and calcium respectively. After four hours once the

solution 31P signal was sufficiently and stably splitting into two peaks, we took 20 µL

of this mSBF stock solution (in 90 % H2O and 10 D2O % by volume) and added it to

premeasured 23.08 mM AMUPol (6.67 mM final concentration) already dissolved in 52

µL of D2O. 108 µL of glycerol-d8 was then added and the sample was vortex mixed,

packed into a 3.2 mm sapphire rotor, and plunged in liquid nitrogen for ssNMR analysis.

The final concentrations in this vitrified sample were 0.147 mM phosphate and 0.072

mM calcium. A 1D 1H to 31P CP solid state spectra was taken the day of, and then the

sample was stored in a -80° C freezer for two years until analyzed again and spin counting

experiments were performed.
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B.2 Instrumentation and Methods

NMR Experiments

Solid state NMR experiments were performed on a Bruker ASCEND DNP-NMR

spectrometer (9.4T T) equipped with a 25 W gyrotron microwave source (operating

at 263 GHz microwave frequency) and employing a 3.2 mm MAS DNP-NMR triple

resonance broadband X/Y/H probe (Bruker) with a 50 ohm resistor on Y channel to

complete the circuit. Fig. B1 on the following pages summarizes the experimental design

for spin counting experiments. T2 values were measured by the Carr-Purcell-Meibom-Gill

(CPMG) sequence while employing continuous 1H decoupling. Under DNP conditions,

all experiments were completed using cross polarization from 1H to 31P with sufficient

contact time. At room temperature, both direct 31P and cross polarization rendered the

same results for all powdered samples.

Solution NMR relaxation experiments were performed on a Bruker Avance NEO 500

MHz spectrometer with a CryoProbe Prodigy BBO probe, using Wilmad-LabGlass 5

mm Thin Wall Precision NMR tubes. 1D experiments were completed with 64 scans, a

relaxation delay of 5 s, a 45° 31P pulse of 6 us at 40 W, and an acquisition time of 1-2

s. T2 values were measured by CPMG and T1 by inversion recovery, with a relaxation

delay of 10 s and 90° 31P pulse of 12 us at 40 W, and an acquisition time of 1 s..

Data Processing

All NMR integrals taken for T2 and spin counting analysis were processed using a

custom Python Jupyter Notebook code. Leftshift, line broadening, baseline correction,

and custom integrals were applied for all FID’s of a given data set. MQCO profiles were

very susceptible to phasing and leftshift accuracy. Each FID was analyzed separately to
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ensure data was cohesive.

Scattering Experiments

X-ray scattering experiments were completed on a comercial Panalytical Empyrean

Powder Diffractometer. Dynamic light scattering was conducted with a BI-200SM Go-

niometer System with a TurboCorr correlator (Brookhaven Instruments) and a Cobolt

Samba 500 mW laser at 532 nm (HÜBNER Photonics). DLS measurements were carried

out at a 90° scattering angle with 200 correlation channels ranging from 100 ns to 100

ms and sampling rates of 100 ns, 5 ms, and 50 ms, depending on the channel delay. All

samples were filtered through a 0.2 µm pore size filter to remove dust contaminants.

EPR

DEER signal was collected for 12-24 hours until an optimal SNR was achieved. All

DEER time traces were transformed into distance distributions using DeerLab software

package for Python. The time traces were phase corrected and truncated by 300 ns

to remove possible ”2+1”-artifact. One-step analysis was done using the DeerLab fit

function with the following models: ex-4deer model with t1, t2, and pulse length set

to experiment parameters, bg strexp model with the stretch parameter freeze to 3 (for

soluble protein) and bg homfractal model with the fractal dimensionality set to fit be-

tween 1 to 3 (for fibril samples), and dipolar model using Tikhonov regularization. The

uncertainty analysis was done using bootstrapping method with 100 samples. The time

domain fitting results are presented both as fitting to the primary data and the distance

distribution fits are presented with 95 % confidence intervals. Samples were corrected

using spectra collected of the singly labeled species (SLS1/2-314C) to account for the

shift in geometrical dimensions. The DEER experiments were performed with a pulsed
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Q-band Bruker E580 Elexsys spectrometer, equipped with a Bruker QT-II resonator and

a 300 W TWT amplifier with an output power of 20 mW for the recorded data (Applied

Systems Engineering, Model 177 Ka). The temperature of the cavity was maintained

at 65 K using a Bruker/ColdEdge FlexLine Cryostat (Model ER 4118HV-CF100). The

bridge is equipped with an Arbitrary Wave Generator to create shaped pulses for in-

creased sensitivity. The samples were made in D2O buffers with 40 % (v/v) deuterated

glycerol (used as the cryoprotectant). To perform an experiment, approximately 40 µ L

of sample is added to a 3 mm OD, 2 mm ID quartz capillary and flash frozen in liquid

nitrogen to preserve sample conformations. The following 4-pulsed DEER sequence was

applied to all samples: πobs/2 – τ1 – πobs – (t- πpump) – (τ2-t) – πobs – τ2 – echo. V(t)

is recorded as the integral of the refocused echo as a function of time delay, t, between

the Hahn echo and pump pulse. Rectangular observe pulses and chirp pump pulse were

used with the following pulse durations: π obs/2= 20 ns, π obs= 40 ns, π pump= 100 ns.

The chirp pump pulse was applied with a frequency width of 60 MHz to excite a distinct

spin population, referred to as B spins, while the observe pulse was set 33 G up field

from the center of the pump frequency range to probe another distinct spin population,

A spins. τ1 was set to 180 ns and τ2 was set according to the SNR profile of the dipolar

signal. The data was acquired with resolution of 16 ns, 16-step phase cycling, and signal

averaged until desirable SNR.
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Figure B.1: R218 pulse sequence. In A) ii), 1H to 31P cross polarization (CP) and
subsequent excitation and reconversion experimental blocks can be seen. The most
sensitive parameter to optimization is the power level for the R218 recoupling block
(plw11 in Supporting Information Listing 1 and 2 [35]). The experimental index must
be set sufficiently large to encompass all MQCOs present. In green, additional 90
degree pulses are added to shift from even to odd quantum coherences [39]. Exact
phases and pulse lengths can be seen in ii) and the relationship between signal intensity
and phase increment can be seen simplified in Hughes and extended in Boutis [39][175].
Time evolution of MQCOs can be seen in B). It should be noted that the sample T2

relaxation should be equal to or longer than the mixing time (where mixing time is
double the excitation time reported). For our experiments, we additionally added
presaturation on both channels to mitigate long D1 issues.
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Figure B.2: X-Ray Diffraction results for HAp and ACP powdered samples. HAp
fitting was matched to HighScore database with 98% accuracy. ACP was found to be
consistent with literature [176] and found to be broader than HAp, as is expected for
a glassy amorphous sample.
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Figure B.3: Autocorelation function using dynamic light scattering (DLS) at 532.00
nm to check the size of suspended HAp and ACP and dissolved monophosphate in
D2O and H2O and solution NMR 1D 31P spectra before addition of AMUPol and
glycerol-d8 for vitrification. Size and polydispersity were found by using the method
of cumulants for DLS measurements. All 31P solution NMR chemical shifts are innate
(not chemical shift corrected). In A), HAp was found to be 595.40 nm in diameter
with a polydispersity of 0.111 after a 10x dilution. In B), ACP was found to be
5472.72 nm in diameter with a polydispersity of 0.188 after a 200x dilution. DLS is
sensitive to the largest species in solution and ACP is known to occupy a large range of
sizes, so the polydispersity here is only a measure of the polydispersity of the micron
sized ACP, not the full populations. In C), 1M monophosphate pH 7 control sample
was found to be approximately 0 nm in diameter, however the high noise level makes
it difficult to extract an accurate size and polydispersity. Different concentrations,
experimental parameters, and amount of time collecting has been studied by Joshua
Straub (in progress), which shows maximum size of 0.5 nm for monophosphate in
water when there is less noise. In D), 1D solution spectra of ATP (pink), ACP (blue),
HAp colloidal dispersion (purple), and 2 mM monophosphate control pH 7 (orange)
are seen, dissolved in 90 % water and 10 % D2O. HAp sample shown here in purple is
arrested at 20-50 nm in size via colloidal dispersion (Thermo Scientific, J66691AC),
as our HAp sample used elsewhere in this study is too large to be seen in traditional
solution NMR idly. The broadness of ACP can be attributed to their well studied large
polydispersity. All spectra exhibit arbitrary scaling for viewing ease as we are only
interested in confirming phosphate state by relative line-broadening, which follows the
expected trends.
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Figure B.4: ATP Crystallinity Comparisons in solid state NMR (Raw chemical shifts).
Blue = Normal (used in experiments, Sigma A2382) ATP of unknown crystallinity.
Red = random sourced ATP of unknown crystallinity (Sigma-Aldrich A7699). Green
= crystalline ATP (Sigma-Aldrich A3377). It can be seen that the blue signal which
was used for spin counting experiments is comparatively sharp with the known crys-
talline green signal.
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A) B)

C)

HAp
ACP
ATP

ACP
HAp, 40 mM

ATP, 20 mM Ar Purged 
ATP, 20 mM Glycerol

ATP, 20 mM Glycerol + electric field
ATP, 20 mM DMSO

ATP, 40 mM Glycerol

γ α1 α2 α3       β1 β2

αE

D) Sodium Monophosphate
mSBF

Room Temperature Powders    100 K Vitrified Solutions                 
Sample CS (ppm) Sample CS (ppm)
HAp 3.14 HAp 3.14
ACP 3.228 ACP 3.228
ATP                                                                                                              ATP (20 mM, in DMSO)                                   

Beta E -23.22
Beta 2 -21.66 Beta 2 -21.3
Beta 1 -18.72 Beta 1 -19.09

Alpha 3 -13.71 Alpha 3 -13.9
Alpha 2 -10.84 Alpha 2 -10.63
Alpha 1 -8.78 Alpha 1 -9.1
Alpha E -7.96 Alpha E -8.18
Gamma -7.04 Gamma -7.52

Monophosphate 2.86 Monophosphate -1.17
ATP (40 mM, in glycerol)                           

Beta's -21.5
Gamma + Alpha -10.07
Monophosphate -0.6358

ATP (20 mM, in glycerol, Ar Purged)                 
Beta's -20.95

Alpha 1 -9.79
Gamma -6.55

Monophosphate 3.96
ATP (20 mM, in glycerol)                                   

Beta's -21.23
Alpha 1 -10.08
Gamma -6.55

Monophosphate 3.59
ATP (20 mM, in glycerol, electric field exposed)

Beta's -21.19
Alpha 1 -9.71
Gamma -6.65

Monophosphate 3.98
Sodium Monophosphate 1.92
mSBF                                               

Left Peak 3.1
Middle Peak (Left) -6.7

Middle Peak (Right) -10.3
Right Peak -19.7

Figure B.5: Solid state NMR chemical shifts (CS) of powdered and vitrified samples.
All CS’s were corrected to a standard phosphoric acid direct 31P NMR chemical shift,
however samples were analyzed over the course of 1.5 years with magnetic field drift
that can not be fully accounted for; the average drift was -0.044 ppm per month
based on powdered HAp and therefore CS error is approximately 0.79 ppm. All
spectra shown are with innate scaling and similar line broadening of 50 or 100 Hz,
however they were collected with varying dwell times (DW). In part A, each individual
phosphorous environment is identified per sample in ppm. In part B, an overlay of all
powdered samples (Fig. 3.1 and 3.2) at 16 scans can be shown with identification of
ATP environments (See S6). In C, an overlay of all vitrified solutions (Fig. 3.1 and
3.2) at 16 scans can be seen. In D, an overlay of sodium monophosphate in DNP juice
at 64 scans and DW of 2 µs (Fig. B10, II) with mSBF in DNP juice at 1024 scans and
DW of 5 µs (Fig. 3.3) can be seen with the same line broadening of 100 Hz. These
two spectra were taken within a month of each other for relative CS comparison.
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γ
αE α1

α2 α3
β1 β2 βE

Figure B.6: SPC-5 DQ-SQ 2D NMR spectra of ATP at 100 K dissolved in DNP
juice with DMSO glassing agent, referenced to phosphoric acid. 30 composite SPC-5
cycles (12 rotor periods) were used for excitation and reconversion. DQ-SQ signal is
shown in light profile and 1D CP spectra is shown in dark solid line. Phosphate sites
are identified and labeled based on connectivity and agree with literature[177], most
similar to ATP dihydrate. The left ATP peak, identified as monophosphate (Fig.
B10) shows no self correlations; this is in agreement with Q1 sites (no P-O-X bonds)
being more downfield (leftshifted)[156].
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Figure B.7: DQ Efficiency Simulations varying CSA. These simulations were carried
out with SIMPSON for a single spin pair of two 31P nuclei with a distance of 2.5 Å
(1500 Hz) of dipolar coupling strength. MAS frequency of 10 kHz was used.

Figure B.8: Distance Simulations. Six spin simulations by SIMPSON program carried
out to generate the even spin counting profile and MQCOs. A linear arrangement of
six 31P spins with a distance of 2.5 Å and 10 kHz MAS was considered. No CSA was
included.
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Figure B.9: ATP Even SC Room Temperature. Integral area was defined over all
ATP peaks (alpha, gamma, and beta).
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Figure B.10: Monophosphate Even and Odd SC. I) Overlap of vitrified 2 mM sodium
monophosphate in glycerol, pH 7 control sample with vitrified 20 mM ATP in glyc-
erol, pH 10 1D 31P solid state NMR spectra. II) 2 mM (final concentration) sodium
monophosphate pH 7 standard sample even SC under vitrified conditions for two dif-
ferent excitation times and a relaxation delay of 5 s. III) ATP monophosphate break-
down (left peak from part I, same as 20 mM in glycerol pH 10 sample in main paper
Fig. 3.2C ) odd SC at (a) powdered room temperature and (b) vitrified conditions.
The observed profile shape is likely leakage from the overlapping gamma environment
chemical shift. The T2 relaxation time for this sample (Fig. B12) is sufficiently long
as to not cause premature MQCO decay (longer than the 8 ms excitation time / 16
ms mixing time). DMSO is still expected to be clustering monophosphate as observed
due to hydrophobic interactions, however no strong 2D connectivity is seen in Fig.
B6.
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Figure B.11: Different excitation times for SR218 pulse sequence for HAp powdered
sample at room temperature 10 kHz MAS. All taken with an experimental index of
32. Odd order coherences were removed for visual ease. The lower signal at shorter
MQCOs as you increase excitation time can be attributed to distribution of spins over
more spin states. The decay of higher MQCOs at longer excitation times is due to
relaxation effects.
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Figure B.12: T2 relaxation times for powdered and vitrified solution samples with
continuous 1H decoupling extracted by a custom python processing program. T2

shown for ATP was taken for all peaks except for monophosphate (shown separately).
T2 shown for mSBF was taken for all peaks, in addition to taken for only the middle
two peak environments (shown separately). When a sample exhibits two distinct T2

components; we only consider the larger component that changes between sample
preparation in the main paper. It should be noted that T2 had to be cut off at
50 ms due to continuous 1H decoupling in order not to burn the NMR probe. We
accidentally ran ACP at room temperature for 200 and 50 ms, where one can see that
50 ms can result in an artificially shorted extracted T2 relaxation time. In addition,
we processed the same data set of ACP in DNP juice with both a monoexponential
and biexponential fit, to showcase the difference in extracted values for a similarly
agreeable visual fit.
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Figure B.13: CSA extraction using DMfit software program. CSA-MAS model is
used for extracting the CSA parameters such as CSA (δ) (chemical shift aniosotropy),
CSA(η) is the asymmetry parameter of the CSA.
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Figure B.14: MQ-SC of mSBF at varying excitation times. Number of scans, relax-
ation delay, and number of points acquired varied per experiment, however all other
parameters were kept consistent.
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Figure B.15: A) Solution 31P NMR of 30 mM KH2PO4 with varying concentrations
of KCl in order to vary solution ionic strength. All samples were taken on the 500
MHz Bruker spectrometer, corrected to a pH of 5.2, and a phosphoric acid coaxial
insert internal standard was utilized to normalize chemical shifts across samples, as
seen by the right peak. B) Solution 31P NMR of 100 mM KH2PO4 at varying pH
values. All samples were taken on a 400 MHz Varian spectrometer and corrected
to a phosphoric acid external standard to normalize chemical shifts across samples.
Addition of a second phosphate P-O-P bond (pyrophosphate) shifts chemical shift by
approximately -10 ppm.
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[45] H. Schröder, L. Kurz, W. Müller, and B. Lorenz, Polyphosphate in bone,
Biochemistry (Moscow) 65 (2000), no. 3 296–303. PMID:10739471.

[46] L. Wang and G. H. Nancollas, Calcium orthophosphates: Crystallization and
dissolution, Chemical Reviews 108 (2008), no. 11 4628–4669.
https://doi.org/10.1021/cr0782574.

[47] A. McLaughlin, P. Cullis, M. Hemminga, D. Hoult, G. Radda, G. Ritchie,
P. Seeley, and R. Richards, Application of 31P NMR to model and biological
membrane systems, FEBS Letters 57 (1975), no. 2 213–218.
https://doi.org/10.1016/0014-5793(75)80719-8.

[48] E. Burnell, P. Cullis, and B. de Kruijff, Effects of tumbling and lateral diffusion
on phosphatidylcholine model membrane 31P-NMR lineshapes, Biochimica et
Biophysica Acta (BBA) - Biomembranes 603 (1980), no. 1 63–69.
https://doi.org/10.1016/0005-2736(80)90391-0.

[49] Y. Su, W. F. DeGrado, and M. Hong, Orientation, dynamics, and lipid
interaction of an antimicrobial arylamide investigated by 19F and 31P solid-state
NMR spectroscopy, Journal of the American Chemical Society 132 (2010), no. 26
9197–9205. https://doi.org/10.1021/ja103658h.

[50] C. Ho, J. A. Magnuson, J. B. Wilson, N. S. Magnuson, and R. J. Kurland,
Phosphorus nuclear magnetic resonance studies of phosphoproteins and
phosphorylated molecules. II. Chemical nature of phosphorus atoms in α8-casein
B and phosvitin, Biochemistry 8 (1969), no. 5 2074–2082.
https://doi.org/10.1021/bi00833a044.

109

https://doi.org/10.1073/pnas.2206765120
https://doi.org/10.1146/annurev.bi.49.070180.004305
https://doi.org/10.1242/jeb.00426
https://doi.org/10.1007/BF02015413
https://doi.org/10.1021/cr0782574
https://doi.org/10.1016/0014-5793(75)80719-8
https://doi.org/10.1016/0005-2736(80)90391-0
https://doi.org/10.1021/ja103658h
https://doi.org/10.1021/bi00833a044


[51] M. H. J. Seifert, C. B. Breitenlechner, D. Bossemeyer, R. Huber, T. A. Holak,
and R. A. Engh, Phosphorylation and flexibility of cyclic-AMP-dependent protein
kinase (PKA) using 31P NMR spectroscopy, Biochemistry 41 (2002), no. 19
5968–5977. https://doi.org/10.1021/bi025509g.

[52] J. Ren, B. Yang, A. Sherry, and C. Malloy, Exchange kinetics by inversion
transfer: integrated analysis of the phosphorus metabolite kinetic exchanges in
resting human skeletal muscle at 7 T, Magnetic resonance in medicine 73 (2015),
no. 4 1359–1369. https://doi.org/10.1002/mrm.25256.

[53] M. Hupfer, R. Gtichter, and R. R. Ruegger, Polyphosphate in lake sediments: 31P
NMR spectroscopy as a tool for its identification, Limnology and Oceanography 40
(1995), no. 3 610–617.

[54] L. B. Staal, A. B. Petersen, C. A. JÃžrgensen, U. G. Nielsen, P. H. Nielsen, and
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Assessing the onset of calcium phosphate nucleation by hyperpolarized real-time
nmr, Anal Chem. 92 (2020), no. 11 7666–7673.
https://doi.org/10.1021/acs.analchem.0c00516.

[56] M. A. Swartz, P. J. Tubergen, C. D. Tatko, and R. A. Baker, Experimental
determination of pKa values and metal binding for biomolecular compounds using
31P NMR spectroscopy, Journal of Chemical Education 95 (2018), no. 1 182–185.
https://doi.org/10.1021/acs.jchemed.7b00508.
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