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ABSTRACT: This study demonstrates the usefulness derived from relying on hyperpolarized water obtained by dissolu-
tion DNP, for site-resolved biophysical NMR studies of intrinsically disordered proteins. Thanks to the facile amide-
solvent exchange experienced by protons in these proteins, 2D NMR experiments that like HMQC rely on the polarization
of the amide protons, can be enhanced using hyperpolarized water by several orders of magnitude over their conventional
counterparts. Optimizations of the DNP procedure and of the subsequent injection into the protein sample are necessary
to achieve these gains while preserving state-of-the-art resolution; procedures enabling this transfer of the hyperpolarized
water and the achievement of foamless hyperpolarized protein solutions, are here demonstrated. These protocols are em-
ployed to collect 2D "N-"H HMQC NMR spectra of a-synuclein, showing residue-specific enhancements =100x over their
thermal counterparts. These enhancements, however, vary considerably throughout the residues; the biophysics underly-
ing this residue-specific behavior upon injection of hyperpolarized water is theoretically examined; the information that it

carries is compared with results arising from alternative methods, and its overall potential is discussed.

Introduction

Nuclear magnetic resonance (NMR) plays a fundamen-
tal role in elucidating the structure and dynamics of pro-
teins in general, and of unstructured systems in particu-
lar. While certain proteins have a well-defined 3D struc-
ture that is closely related to their function™ and which
can be measured by a variety of crystallographic, micro-
scopic or spectroscopic means,”® many others are intrin-
sically unstructured or possess significant unfolded do-
mains under physiological conditions. These intrinsically
disordered proteins (IDPs) adopt preferred conformation-
al structures transiently and mostly upon performing
functions,” and they are notoriously challenging to crys-
tallize or tackle by cryogenic microscopy. IDPs are also
notable for exploring a wide range of conformations, in-
cluding some that are functional and others leading to a
progressive aggregation that is associated to disease.”™ o-
synuclein is an example of such disordered polypeptide,
which can undergo a fibrilar accumulation in the brain
associated with the onset of Parkinson's Disease.**
While monomeric o-synuclein does not exhibit a well-
defined long range 3D structure>*® it will, under different
solution conditions (e.g. pH) and/or in association with
lipid micelles, exhibit a certain level of non-random or-
der® In recent years the importance of these transient
structures has been realized, thanks in a large extent to
the unique window that NMR offers to study these pro-
teins in native, physiologically relevant environments.”*>"
4® Despite this potential, NMR suffers from well-known

sensitivity issues that limit the concentrations it can
study, the dynamic aggregation processes it can discern,
and the misfolded intermediates it can characterize. The
resolution arising in the NMR of unstructured regions is
also compromised, by the poorer chemical shift disper-
sion associated with IDPs’ nearly random coil structures.
Improving the signal-to-noise ratio (SNR) while preserv-
ing whatever resolution can be obtained via multi-
dimensional NMR, are thus important goals in furthering
the study of IDPs.

Recent developments have shown that the sensitivity of
solution-phase NMR can be dramatically enhanced by
high-field dissolution dynamic nuclear polarization
(dDNP).*”>" Dissolution DNP works by transferring the
nearly full alignment that an electron spin will achieve
under cryogenic high-magnetic-field conditions to the
surrounding nuclei,” and then suddenly melting and
transferring the ensuing mix to a solution NMR setting
for observation. If the transfer is executed within a time-
scale shorter than the nuclear relaxation time T,, the cry-
ogenic polarization achieved by nuclei in the solid state
will be preserved through the transfer, and result in a so-
lution-phase “super-spectrum” with NMR signals that are
3-4 orders-of-magnitude stronger than their conventional
counterparts.*”**>” While this strategy is intensively used
in the hyperpolarization of small metabolites for in vivo
research and diagnosis,>® its applicability to larger bio-
molecules is compromised by the latter’s fast relaxation.
Even IDPs and flexible polypeptides loose much of their
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magnetizations as they traverse the low field regions be-
tween the DNP and NMR Inagnets,6l’62 while the T;s of
more rigid structures can drop into the ms range. Previ-
ous studies have shown that hyperpolarizing water can
open a potential solution to this problem:** water pro-
tons can be hyperpolarized into the tens of percent, and if
suitably handled their relaxation times can reach into the
10s of seconds even in the low inter-magnet field. Moreo-
ver water protons, being labile, can spontaneously ex-
change with groups in biomolecules —for instance with
amide groups in IDPs. If a direct excitation of the water
spins is avoided, hyperpolarized amide protons can then
be available for long enough to enable the acquisition of
multi-dimensional NMR correlations. Olsen et al have
shown the potential of this “HyperW” approach to tackle
the NMR of aminoacids liable to fast hydrogen exchange
of their backbone protons;” Chappuis et al®® and Kur-
zbach et al” applied related approaches within similar
biomolecular NMR settings. This latter study demonstrat-
ed the potential of such an approach in providing signal
enhancement on the IDP osteopontin, as well as its use-
fulness in understanding the implications of ligand bind-
ing on the protein flexibility. Although significant en-
hancements were here observed, the signal resolution -
and hence residue-specific information- was in this case
limited. We demonstrate here that this is not necessarily
the case in protein-oriented HyperW applications.

Despite their potentially high sensitivity enhancements,
HyperW studies will be challenged by the sudden injec-
tions involved in these experiments, which often fail to
deliver suitable (=350-400 pL) and repeatable (+5%)
amounts of hyperpolarized water. Sudden injections onto
a protein solution, will also be affected by foaming prob-
lems. Either of these features will prevent the acquisition
of well-shimmed lines, thereby robbing the ensuing NMR
experiment of both SNR and resolution. In order to cope
with these limitations the present study introduces a
HyperW NMR experiment utilizing a pressurized liquid
transfer system based on a two-state valve operation,(’&69
that enables the execution of 2D protein acquisitions in
conventional smm cold-coil probes. Optimizations of the
sample/solvent and of the injection conditions can then
provide spectra with excellent resolution and sensitivity;
this is exploited to extract residue-specific biophysical ex-
change information from sensitivity-enhanced 2D
HyperW Heteronuclear Multiple-Quantum Coherence
(HMQC)”™ spectra of a-synuclein.

Materials and Methods

Dynamic Nuclear Polarization. Water was hyperpo-
larized using an Oxford Instrument Hypersense equipped
with a 3.35 T magnet. The system was modified by adding
to the Oxford-supplied E2M80 vacuum pump, an EH-500
Edwards booster capable of taking the operating pressure
to 1 torr. Polarization was thus typically done at ~1.05-1.30
K, instead of at 1.40-1.50 K as in the original instrument.
DNP was achieved by irradiating at ~94.1 GHz nitroxide
radicals —either TEMPO or 4-amino-TEMPO (4AT)- dis-
solved in ca. 100 pL solutions AND at the concentrations
indicated in the text. Optimized microwave power levels

and pumping time values were 8omW / 120min for
TEMPO, and 100mW / 18omin for 4AT. Following this ir-
radiation samples were dissolved with either a mixture of
99.9% D,O (Tzamal D-Chem Laboratories Ltd., IL) and
heptane (Sigma Aldrich, St. Louis, MO), or with pure
99.9% D,0. Approximately 300-500 pL (for smm tubes)
or 1500 pL (for 10 mm tubes) of the melted, hyperpolar-
ized samples were then transferred into the NMR using a
pre-heated (60°C) tubing line, and injected into 5 or 10
mm tubes containing the targeted biomolecules dissolved
in buffered D,O.

Sample Preparation. Spectra in Fig. 1 were measured
on a “N-labeled hydrolysate of an aldehyde reductase (40
kDa) sample. This protein was cloned into pET28_TEVH
and expressed in BL21 (DE3) bacteria using 4L of Mg min-
imal media supplemented with ®N-labeled ammonium
chloride. After extraction and purification the protein was
filtered, and incubated overnight with trypsin at 37°C in
order to digest it. The resulting polypeptide mix was then
concentrated on a Centricon with a 10 kDa molecular
weight cut off (Millipore). A ~smg/mL solution was pre-
pared by dissolving the resulting lyophilized powder in
99.9% D,O buffer (25 mM KH,PO,, 50 mM NaCl) whose
pD was adjusted to ~ 7 with NaOD. 150-200 pL aliquots of
this solution were inserted in a 5 mm NMR tube for their
subsequent analysis. The spectra in Fig. 2 were measured
on uniformly “N-labeled «-synuclein (140 residues, 14.6
kDa), prepared in 20 mM phosphate buffer at pH 6.0 as
previously described.”* EDTA and NaCl were added to
these solutions until reaching 0.05 and 80 mM final con-
centrations respectively, and subsequently the samples
were lyophilized. To make the 1.5 mM protein samples
used in the hyperpolarization experiments these lyophi-
lisates were reconstituted in 200pL of 99.9% D,O; the
buffer, EDTA and NaCl concentrations in these samples
were 60, 0.15 and 240 mM, respectively. 150-170puL aliquots
of these solutions were inserted in a 5mm NMR tube for
their subsequent analysis. Following the hyperpolarized
water injection, the sample was thus diluted back to 0.5
mM protein, 20 mM buffer, 0.o5mM NaCl and 8omM
EDTA. Further sample preparation details are given in the
figure captions.

Injection Setup. Hypersense water dissolutions into 5
mm setups are unreliable when using the original equip-
ment: they do not deliver reproducible volumes, and are
nearly always accompanied by the introduction of bub-
bles that prevent the acquisition of high-resolution spec-
tra. Furthermore, ca. 1/3 of all water-based injections fail
altogether to fill the coil’s region of interest. These fea-
tures have prompted at least two reports introducing al-
ternative modes of injection DNP-enhanced solutions in-
to 5 mm setups.®**” Both of these methods rely on
Hilty’s proposition to employ a two-state valve system,
controlling the filling of the NMR tube using a three-port
accessory involving both forward and backward gas pres-
sures. In order to perform as expected, both of these gas
inlets must exceed normal atmospheric pressure, and op-
erate under a programmable unit controlling events in
real time and obtaining its feedback from an optical sen-
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sor. The rationale of this approach is that (i) by control-
ling the beginning and end of the NMR tube filling proce-
dure actively and independently of the polarizer, the pro-
cess can be repeatedly standardized, and (ii) that by en-
suring that the final sample under observation is pressur-
ized, the formation of post-dissolution bubbles is mini-
mized. As part of the present study a similar sample filling
was adopted, using the design and Arduino -based soft-
ware control described by Katsikis et al.”® Figure S1 (Sup-
porting Information) illustrates the system and describes
the main features of the design that was used.

Optimization of sample conditions and injection.
Care was taken in the joint optimization of the sample,
solvent and injection setup. Using heptane as a co-
dissolution solvent provided long-lived H,O proton polar-
izations and high enhancements in a 10 mm NMR tube,
thanks to the efficient extraction of the nitroxide
radical.** The pressurized liquid transfer system described
in Fig. S1 also enables the bubble-free, robust injection of
hyperpolarized water/heptane into a 5 mm NMR tube, yet
the resulting lines are broad due to an imperfect phase
separation between the heptane and the aqueous phase.
Since protein studies demanded spectra with good resolu-
tion, the use of organic solvents was discontinued and in-
jections were done using pure D,O as the dissolution sol-
vent. Figure 1A shows the optimizations made in order to
accommodate the fact that the radical is no longer ex-
tracted to an organic phase. These included switching the
nitroxide radical from TEMPO to 4AT, using glycerol in-
stead of DMSO-d4 as glassing agent, and reducing the
radical concentration to 10mM (at the expense of a longer
polarization time) so as to increase the post-dissolution
relaxation time T,. Reducing the polarization temperature
to a minimum also played a role in achieving better signal
enhancements.

NMR Spectroscopy. NMR experiments were conduct-
ed using either a 1omm direct-detect probe, or smm “in-
verse” NMR probes. The 10 mm direct-detect probe was a
Bruker “QNP” probe interfaced to a Varian iNova con-
sole and 1.7 T Magnex magnet. The smm probes included
a liquid-nitrogen-cooled “Prodigy” probe in a 141 T
Bruker magnet interfaced to a Bruker Avance 11" console;
and a room temperature “HCN™ probe in an 1.7 T Mag-
nex magnet interfaced to a Varian iNova console. These
experiments included 1D and 2D NMR acquisitions, which
were triggered upon injecting the hyperpolarized water
sample into the NMR tubes waiting with their samples
inside the magnet bore. For evaluating the water 'H polar-
ization (Fig. 1A), 1D NMR spectra were collected using a
small (~ 1°) flip-angle excitation. Integrated H,O peak in-
tensities were then fitted to an exponential decay with an
apparent T, decay, and extrapolated based on fittings to

Analytical Chemistry

the time of the water injection. This extrapolated intensi-
ty was normalized by the thermal equilibrium value, and
plotted as percent polarization of the protons. 2D
HyperW NMR spectra were acquired using the 'H-°N
HMQC sequence given in Fig. Sz of the Supporting In-
formation.” This sequence excites and echoes the down-
field amide region selectively,”” in order to maximize the
signal from the hyperpolarized exchangeable sites while
minimizing water depolarization. Ancillary CLEANEX
experiments’ were collected on the 141T Bruker NMR
spectrometer and probe at 50°C.

Results and Discussion

Resolution in optimized 'H-*N HyperW HMQC
NMR. Recent studies’*”” have discussed the advantages of
using an organic phase as co-dissolution solvent in
HyperW experiments. The addition of an immiscible
phase like heptane results in a fast and efficient extraction
of the nitroxide radical away from the aqueous phase over
the course of the DNP->NMR transfer, as well as in a re-
duction in the dilution experienced by the relatively small
(s150pL) water/glassing-agent pellet that is hyperpolar-
ized. These factors have the dual effect of lengthening the
lifetimes of the proton polarizations, and concentrating
the hyperpolarized H,O in the limited region that is
sensed by the NMR coil. While these effects perform un-
ambiguously better than water-based dissolutions when
relying on 1omm NMR systems (Fig. 1A), the real-time
separation of the aqueous and organic phases was found
to be unreliable in the confined smm setups normally
used for protein NMR. A pressurized liquid transfer sys-
tem like the one shown in the Supporting Figure $1*® can
overcome this problem, and enable the robust injection of
a hyperpolarized aqueous phase into a smm NMR tube.
However, when implemented on a protein, the resulting
approach still led to lines that were unacceptably broad
(Figs. 1B, 1D) as a result of residual heptane leading to mi-
crobubbles in the final protein solution. Furthermore,
although yielding the highest polarizations, DMSO-ds and
TEMPO were also found conducive to the generation of
microbubbles. To address these issues a wide variety of
conditions were explored, leading eventually to an opti-
mum involving relatively low concentrations (1omM) of 4-
amino TEMPO (4AT) as polarizing radical, a small glycer-
ol proportion (15%) as glassing agent, pure D,O as the dis-
solution solvent and 50°C as the dissolution temperature.
The latter two dissolution choices were selected on the
basis of maximizing the relaxation time of the hyperpolar-
ized water; operating at lower temperatures still provided
sizable enhancements of the proteins -at least for the dis-
ordered systems investigated in this study. Further details
on the experiments can be found in the Supporting In-
formation.
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Figure 1. (A) Summary of sample and solvent optimizations explored for HyperW’s enhancement of NMR on IDPs in two differ-
ent setups: a 14.1T NMR equipped with a smm cold probe (circles), and an 11.7T NMR equipped with a room temperature 1omm
probe suitable for optimized water/heptane injections (triangles). Shown in both cases are the initial polarizations measured by
NMR upon injection (in blue, calibrated in each case by the samples’ thermal counterparts) and the relaxation times T, (in red)
measured for the H,O protons -aligned along the vertical axis for the different samples. The indicated % values refer to the
amount of glassing agent (DMSO or glycerol) co-added to the water prior to the DNP; also indicated is the nitroxide radical used
(TEMPO or 4-amino TEMPO, 4AT) and its concentration, whether degassing was or wasn'’t used, as well as error bars arising
from repeated injections. Notice the systematic increases in polarization and in T, afforded by the use of an organic co-
dissolution solvent and by degassing. (B-E) 2D HyperW-enhanced 'H-"N HMQC spectra (B,C) and selected 1D slices (D,E) illus-
trating the resolution penalties associated with an organic solvent extraction when injecting into smm systems. The sequence
used (Supporting Fig. S2) relied on an amide-specific approach’” whereby the targeted downfield region is excited using selec-
tive 9o° pulses that continuously monitor repolarized signals arising from a protein’s exchanging sites, while avoiding pulsing on
the water peak so as to minimize the latter’s depolarization.®® Samples involved in all cases a trypsin hydrolysate of *N-labeled
aldehyde reductase dissolved in 200 pL (B) or 150 pL (C) of buffered D,O and pre-shimmed, to which accurate 300 pL aliquots of
hyperpolarized water were added using an Arduino-based injection system.” In (B,D) a solvent mixture of D,O and heptane
were used to melt and inject the 150 pL aliquot of hyperpolarized water (arising from 25 mM TEMPO in 50/50 H,0/DMSO-dg);
in (C,E) pure D,O was used to melt and inject 150 pL of water (arising from irradiating 15 mM 4-amino TEMPO in 60/40
H,O/glycerol). Average per-scan sensitivity enhancements were ~330x (B) and ~60x (C). Blue and green horizontal lines repre-
sent 1D slices through the 2D spectra at N chemical shifts of 121.5 ppm (blue) and 124.5 ppm (green); notice the systematically
larger line widths arising due to residual heptane microbubbles for each slice in (D). All samples were polarized in an Oxford In-
struments Hypersense® polarizer equipped with a booster vacuum pump, at 1.3 K (B,D) or 1.12 K (C,E). NMR measurements were
performed at 50°C using smm “inverse” NMR probes: a liquid-nitrogen-cooled “Prodigy®” for the 600 MHz experiments (C,E)
and a room temperature “HCN®” probe for the 500 MHz (B,D) ones. All spectra were recorded using 128 complex ¢, increments
and two phase-cycled scans per t,. Total acquisition times were 58 s for the HyperW spectrum in (B) (repetition delay of 0.113s)
and 73 s for the HyperW spectrum in (C) (repetition delay of 0.073 s). See Materials and Methods and Supporting Information
(including Figs. S1 and S2) for additional information.

As evidenced by Fig. 1A, relinquishing the use of DMSO presenting enhancements that are ca. 80% lower than
and of the extracting organic phase yields lower polariza- their aqueous/organic counterparts (as measured by
tions and shorter T;s in the post-dissolution sample. By comparing their overall amide’s peak volumes), injections
preventing bubble formation, however, these choices lead based solely on D,O result in ca. three-fold narrower lines
to systematically better NMR line shapes. This is exempli- (Figs. 1C and 1E), and thereby in much better resolved 2D
fied in Figs. 1B-1E, with a series of 2D HyperW 'H-"N spectra.

HMQC spectra of a trypsin hydrolysate of "N-labeled al- Figure 2 (red) shows representative results arising from
dehyde reductase possessing a 3 kDa average molecular a 2D HyperW 'H-N HMQC experiment performed on
weight. When performing such experiment using a mix- ®N-labeled a-synuclein. For this IDP an average per-scan
ture of D,O and heptane as dissolution mixture an aver- sensitivity enhancement of 6ox is observed over the
age per-scan sensitivity enhancement of 330x is observed thermal counterpart when measured at 6oo MHz using
for the amide resonances (Fig. 1B); this is substantially D,O as dissolution solvent. This is less than half of the
lower than the ca. 3,000x-fold signal enhancement sensitivity enhancement observed upon using a mixed-
achieved under the same conditions for the water pro- phase solvent for the dissolution, which amounted to 150x
tons, yet still represents a substantial SNR increase. 1D at 500 MHz (corresponding to a 125x enhancement at 600
slices extracted through the data, however, have peaks MHz). There is, however, a remarkable improvement in

that are 100s Hz wide (Fig. 1D). On the other hand, while
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resolution as a result of the optimizations described earli-
er, leading to a spectrum whose peaks closely resemble a
thermal HMQC counterpart acquired on the same solu-
tion under conventional conditions (Fig. 2, blue). As-
signment of a majority of peaks in the hyperpolarized 2D
spectrum is thus possible based on literature data.>>”® The
resulting assignments, extrapolated to 50°C after taking
into account chemical shift changes with temperature, are
annotated in Fig. 2.
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Figure 2. Comparisons between 2D HyperW (red) and con-
ventional (blue) 'H-°N HMQC spectra measured on "N-o-
synuclein under two different dissolution conditions. (A) Su-
per-heated buffered D,O was used to dissolve an 85/15 wa-
ter/glycerol pellet containing 1omM 4-amino TEMPO. (B)
Super-heated buffered D,O and heptane were used to dis-
solve a pellet of 2smM TEMPO in 50/50 H,O/DMSO-ds. In
both cases ~300pL of the resulting hyperpolarized water so-
lutions were injected into a smm NMR tube containing 150pL
(A) or 170pL (B) of a 1.5mM “N-a-synuclein solution. Notice
the good spectral resolution of the HyperW data in (A), ena-
bling the partial assignment of the various residues (indicat-
ed by single-letter amino acid codes) on the basis of assign-
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ments reported in the Biological Magnetic Resonance Data
Bank (BMRB 6968)”° and of results by Croke et al.*> Assign-
ments for resonances which were not enhanced and do not
appear in the HyperW spectrum are marked in green. All
spectra were recorded at 50°C using 128 complex t, incre-
ments and two phase-cycled scans per t,, and enhancements
are reported as SNR/Vscan. Additional experimental param-
eters: (A) 141T Prodigy®-equipped NMR; total acquisition
time of 73s for the HyperW spectrum (repetition delay of
0.037s) and uh 23min for the thermal spectrum (256 scans
per t, increment and a repetition delay of 1s). (B) 1.7T HCN®-
equipped NMR; total acquisition time of 108s for the HyperW
spectrum (repetition delay of o.1s) and sh 34min for the
thermal spectrum (128 scans per t, increment and a repeti-
tion delay of 0.5 s). See the Materials and Methods and the
Supporting Information sections for additional details.

Amide exchange rates and the 'H-°N HyperW
HMQC signal enhancement. Despite the significant
sensitivity enhancements exhibited by many resonances,
some of the peaks in the thermal equilibrium HMQC
spectrum do not show up at all in a hyperpolarized coun-
terpart measured at the same temperature. In fact sensi-
tivity enhancements throughout the HyperW HMQC
spectrum vary widely, with generally lower enhancements
noticeable for residues close to the C-terminal region (Fig.
3). Heterogeneities in the HyperW enhancement are to be
expected because of the presence of site-specific amide-
water exchange rates. To estimate how the HyperW sig-
nal enhancements will be affected by these exchanges, we
computed the water and amide magnetizations <H,O>,,
<Hy>, expected to arise in a H,0 = Hy process character-
ized by a forward reaction rate (proton transfers from
H,O to Hy) ky,0, and a backward reaction rate kyy. These
exchange rates are in fact related to each other by the wa-
ter and protein molar fraction ratios X

kyn = f- kHZO

_ XHy0
= Xriy H,0 ().

Figure 3. Summary of the per-scan sensitivity enhancements
experienced by different a-synuclein residues (denoted by
their letter/number code) in HyperW HMQC NMR. Light
grey beads correspond to residues which could not be as-
signed or whose enhancement could not be calculated. Alt-
hough the enhancements represent gains in SNR, very simi-
lar values characterized the signal/scan increases for each
residue, as measured in changes of their absolute intensities.
The C-terminus circled in green is rich in residues that do
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not benefit from the injection of hyperpolarized water, as
they do not appear in the HyperW spectrum (marked in
green fonts in Fig. 2).

Basic Bloch-McConnell arguments for these aqueous
and exchangeable amide proton reservoirs lead to”

d ((Hy0),()\ _ (~Tu,0  kun \ ((H,0),(t)
i (Hy), (0) )= ( >< (Hy), () )+
(H20)z(eq)
/120
(HN)z(eq) (2)

Hy
Tl

kHZO —THNn

1

1
where 1,0 = 70 + Kyo;  Tun = TN + kyn
1 1

(H,0),(eq) and (Hy),(eq) are the water and protein mag-
netizations at thermal equilibrium; and TIHZO and TIHN are
the water and amide site spin-lattice relaxation times, re-
spectively. Complementing Eq. (2)’s time-dependence,
the evolution of (Hy),(t) was artificially set to zero every
repetition time t = n'TR to account for the depletion of
protein magnetization arising due to the selective excita-
tion pulses applied. Equation (2) plus this reset condition
were used for analyzing both the HyperW and the ther-
mal equilibrium (TE) experiments that were carried out,
which were recorded on the same samples under identical
conditions —-apart from their initial water polarization. In
the hyperpolarized experiments the initial water magneti-
zation was (H,0),(0) = £ (H,0),(eq), where ¢ is the en-
hancement factor over the thermal equilibrium polariza-
tion; for simplicity the initial polarization for the amide
protons in the protein was assumed in this case to be
(Hy),(0) = 0. In the thermal equilibrium experiments the
initial magnetizations were assumed to be (H,0),(0) =
(H,0),(eq) =~ f and (Hy),(0) = 1. For both cases (hy-
perpolarized and thermal) the equilibrium polarization
was also scaled according to the concentrations:

(H,0),(eq) =f = );HZO; (Hy),(eq) = 1. Notice that this
Hy
rescaling respects the exchange rates as introduced in Eq.

(1), and that with it the inhomogeneous terms in Eq. (2)

f 1 .
reduce to 70 and T respectively.
1

Ty

In order to translate the magnetizations that will be
predicted by these equations into observable signals, we
further considered that in the full 2D HyperW 'H-*N
HMQC experiment these will have to be converted into a
'H coherence that transfers to and from the amide nitro-
gens:

pulse P J t
<HN)Z — (HN>x ﬂ <15N>x _1> <1SN)x,y(t1)
]H—>N (Hy)yy(detect) (3.

Besides T,-derived losses that for simplicity were ig-
nored, the efficiency of these coherence trans-

fers/encodings will also depend on the inverse Hy - H,0
rate constant kyy: indeed, rapid exchanges of the amide
proton with the solvent will preclude an efficient coher-
ence transfer to the ®N via J-couplings, and/or will con-
tribute to the dephasing of the MQ state represented by
(**N), evolving during t,. This will lead to an overall ex-
ponential signal decay, which for a given t, increment n
can be expressed as (see Fig. S2):

tacg(n) = P90, + ﬁ +2- P90, + t,(n) + P180,
(4).

Accordingly, we express the average signal per scan af-
ter a total of N, increments t, as:

S(TR, kyy) = NLI(ZZi1<HN)z(nTRI kpn) - e_kHN'tacq(n)) (5)

where we stress the potential dependence of the amide
magnetization on the time ¢ that each t,(n) increment will
have associated since the injection of the hyperpolarized
solvent.

It follows that in HyperW experiments the H,0 = Hy
exchange will have two opposing effects on the maximum
achievable signal: on one hand an increase in the
kun = fkpu,o rates will increase the HMQC signal intensi-
ty by virtue of a more complete transfer of the hyperpo-
larized water protons to the amides, and on the other it
will decrease it by virtue of losses during the
'Hy>"N->'Hy process. Accordingly, the kyy dependence
will be non-monotonic. Also non-monotonic may be the
dependence of the HyperW enhancement on TR: very
short TRs will lead to an incomplete repolarization of the
amide groups, whereas long TRs will lead to a decay of the
water polarization before the desired number of N, in-
crements has been collected. Figures 4A and 4B highlight
some of these aspects, by focusing on the average en-
hancements per scan predicted by numerical computa-
tions of Eq. (5), as a function of kyy and TR. Figures 4C
and 4D complement these calculations by focusing on the
relative HyperW’s enhancements over thermal equilibri-
um counterparts on a per scan basis. These were comput-
ed for a set of kyy and TR values based on Eq. (5) as:
SHyp(TRkHN)

Enhancement =
STe(TRTEKHN)

(6)

where we stress that experiments were not run using
identical repetition times. Notice that whereas for very
fast exchange rates the enhancements plateau at values
depending on the chosen TR (Fig. 4D), the absolute mag-
nitudes of the signals at these very fast exchange rates will
already be extremely small (Fig. 4A). By contrast, for the
experimentally relevant exchange regime (Fig. 4C), the
enhancement increases monotonically with kgy;.
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Figure 4. Absolute average per scan signal intensities (A,B) and relative HyperW/thermal enhancement per scan (C,D) predicted
by Egs. (1)-(s5), for a protein residue subject to the 2D 'H-"N HMQC sequence depicted in Fig. S2 (Supporting Information). Cal-
culations were repeated for thermal (e=1) and hyperpolarized (e=600) water scenarios (notice the different scales in (A) and (B))
as a function of exchange rate ky;y and for a series of repetition times. Additional assumptions included T,"*° = 155 (slightly
shorter than the experimentally measured 20s value to account imperfections in our selective go and 180 proton pulses), T, =
18, [H,0]=2.2M (to account for a dilution to 2% after dissolution), [protein]=1mM, 2 and 256 scans per increment for the hy-
perpolarized and thermal experiments (an additional 4 dummy-scans where used in the thermal case), and N, =128 increments
for both cases. Enhancements in (C,D) were calculated by taking the ratio of the HyperW signals and a thermal equilibrium sig-
nal recorded with a fixed TRy = 2.25 s, and are plotted both for experimentally relevant rates kyy <100 s™ (A) as well for unrealis-
tically fast rates (B). The ratios corresponding to the experimentally used TRs (0.32 and 2.25 s for HyperW and thermal, respec-
tively) were used in Fig. 5 to extract the exchange rates compared against the CLEANEX experiments.

HyperW HMQC and hydrogen exchange in o-
synuclein. It follows that the rate of hydrogen exchange
will influence the extent to which hyperpolarized water
protons will transfer their magnetizations to the amide
groups of a protein. AmideSsolvent exchanges are also
known to affect peak intensities observed in conventional

2D heteronuclear correlations, due to their control of the
coherent J-driven polarization transfers occurring from
the amide proton to its bound ®N and back. For the par-
ticular case of a-synuclein, it has been shown® that HSQC
amide resonances associated to the C-terminal region -
corresponding to residues showing the weakest HyperW
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enhancements (Fig. 3)- are remarkably unaffected by in-
creases in temperature; these on the other hand, induce
noticeable signal losses for other amide resonances in the
'H-*N HSQC spectrum. While it had been argued that
this might reflect a peculiar conformational dynamics,*
recent work has shown that the C-terminal region is also
characterized by distinctly slow exchanges between its
amide protons and water.>® This has been attributed to
an electrostatic shielding of the amide groups from the
water, resulting from the large number of negatively
charged residues in a-synuclein’s C-terminus. As illustrat-
ed in Fig. 4, this reduction in kyy values could lead to
weaker HyperW signals, and smaller enhancements vs the
thermal counterparts. To gain further insight onto this
matter CLEANEX experiments,”® which provide a more
traditional alternative for measuring kpy rates, were rec-
orded under the same conditions and for the same solu-
tions as used in the dissolution DNP experiments. A
summary of these measurements for a-synuclein’s is pre-
sented in Figure 5A. Also shown in the same plots are the
rates kyy that according to the calculations deriving from
Egs. (1)-(5) and summarized in the graph of Fig. 5B -
calculated using best estimates for the experimental pa-
rameters— will arise from the observed HyperW en-
hancements. While not in perfect quantitative agree-
ment, there is clearly meaningful correlation between the
results arising from the ~minute-long HyperW experi-
ment, and those arising from the longer, sensitivity-
challenged CLEANEX strategy. In particular, both tech-
niques indicate that k;y exchange rates are ca. twice as
high for residues 1-100, as for 100-140. Thus, the HyperW
strategy not only provides well resolved NMR spectra of
IDPs with enhanced SNR, but also gives rapid insight into
the rates of the residues’ exchange rates with the solvent,
with an approach that is considerably different and in
many ways complementary to existing alternatives.

Conclusions

The strategy described in this work, exploiting hyperpo-
larized water that gets rapidly transferred in precise ali-
quots into a pressurized high-resolution NMR setting, en-
ables the acquisition of high-resolution 2D protein data
devoid from injection-related broadenings, while provid-
ing protein residues with an unprecedented sensitivity.
This in turn enables a nearly conventional 2D NMR analy-
sis, particularly for intrinsically disordered proteins in
which many amide residues will readily exchange with
the solvent. It also enables measurement of solvent ex-
change dynamics, without suffering from cross-relaxation
complications that may influence other techniques. On-
going experiments have also shown that the HyperW
strategy can help highlight “invisible”, lowly-populated
disordered protein states that exist in conformational ex-
change with more populated, ordered states;**® perhaps
owing to this behavior, we have also observed that resi-
dues in proteins which are usually considered as “well
folded” will also evidenced substantial enhancements in
HyperW NMR. Notably, some of these experiments pro-
vide substantial enhancements -even larger than those
hereby reported- even when conducted at lower, physio-

logically relevant temperatures. The origin of these fea-

O Hyperpolarized measurements at 50 °'C
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Figure 5. (A) Comparing the amide proton exchange rates
kyn arising for the different a-synuclein residues as extract-
ed from CLEANEX experiments” at 1417 (black squares),
and from HyperW experiments relying on the simulation
curve in (B) (blue circles). (B) Relative per-scan signal en-
hancement calculated as described in the Supporting In-
formation, as function of the exchange rate kyy. The curve
assumed all the conditions in the 2D HyperW 'H-®N

tures and their biophysical aspects are currently under
investigation. Also in progress are a number of additions
that could extend the analytical power of the approach
demonstrated in this work to solution-state protein NMR
spectroscopy. Aspects in need of improvements from the
DNP standpoint include increasing the volume and the
hyperpolarization of the water,* eliminating the polariz-
ing radical and -foremost of all- reducing the dilution ex-
perienced by the hyperpolarized water. Indeed, at the ca.
2-3% final H,O concentrations achieved in this study, a
significant penalty is being taken vis-a-vis experiments
conducted at similar concentrations in g9o/i0 H,O/D,0O
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solutions. Additional improvements to be added from the
NMR standpoint include relying on non-uniform sam-
pling schemes to speed up the 2D acquisitions,™*" het-
eronuclear detection, and extensions to higher dimen-
sionalities.”**”*® These and other efforts are under way.
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Supporting Information describing in further detail the ex-
perimental procedures and quantitative enhancement as-
pects of 2D HyperW HMQC NMR. The Supporting Infor-
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Figure 2. Comparisons between 2D HyperW (red) and conventional (blue) 1H-15N HMQC spectra measured
on 15N-a-synuclein under two different dissolution conditions. (A) Super-heated buffered D20 was used to
dissolve an 85/15 water/glycerol pellet containing 10mM 4-amino TEMPO. (B) Super-heated buffered D20
and heptane were used to dissolve a pellet of 25mM TEMPO in 50/50 H20/DMSO0O-d6. In both cases ~300uL
of the resulting hyperpolarized water solutions were injected into a 5mm NMR tube containing 150uL (A) or
170uL (B) of a 1.5mM 15N-a-synuclein solution. Notice the good spectral res-olution of the HyperW data in
(A), enabling the partial assignment of the various residues (indicated by single-letter amino acid codes) on
the basis of assignments reported in the Biological Magnetic Reso-nance Data Bank (BMRB 6968)28 and of
results by Croke et al.8 As-signments for resonances which were not enhanced and do not appear in the
HyperW spectrum are marked in green. All spectra were record-ed at 50°C using 128 complex t1 increments
and two phase-cycled scans per t1, and enhancements are reported as SNR/Vscan. Addition-al
experimental parameters: (A) 14.1T Prodigy®-equipped NMR; total acquisition time of 73s for the HyperW
spectrum (repetition delay of 0.037s) and 11h 23min for the thermal spectrum (256 scans per t1 in-crement
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and a repetition delay of 1s). (B) 11.7T HCN®-equipped NMR; total acquisition time of 108s for the HyperW
spectrum (repeti-tion delay of 0.1s) and 5h 34min for the thermal spectrum (128 scans per t1 increment
and a repetition delay of 0.5 s). See the Materials and Methods and the Supporting Information sections for
additional de-tails.
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Figure 3. Summary of the per-scan sensitivity enhancements experienced by different a-synuclein residues
(denoted by their letter/number code) in HyperW HMQC NMR. Light grey beads correspond to residues
which could not be assigned or whose enhancement could not be calculated. Although the enhancements
represent gains in SNR, very similar values characterized the signal/scan increases for each residue, as
measured in changes of their absolute intensities. The C-terminus circled in green is rich in residues that do
not benefit from the injection of hyperpolarized water, as they do not appear in the HyperW spectrum
(marked in green fonts in Fig. 2).
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Figure 4. Absolute average per scan signal intensities (A,B) and relative HyperW/thermal enhancement per
scan (C,D) predicted by Egs. (1)-(5), for a protein residue subject to the 2D 1H-15N HMQC sequence
depicted in Fig. S2 (Supporting Information). Calculations were repeated for thermal (¢=1) and
hyperpolarized (€=600) water scenarios (notice the different scales in (A) and (B)) as a function of exchange
rate kHN and for a series of repetition times. Additional assumptions included T1H20 = 15s (slightly shorter
than the experimentally measured 20s value to account imperfections in our selective 90 and 180 proton
pulses), TIHN = 1s, [H20]=2.2M (to account for a dilution to 2% after dissolution), [protein]=1mM, 2 and
256 scans per increment for the hyperpolarized and thermal experiments (an additional 4 dummy-scans
where used in the thermal case), and N1 =128 increments for both cases. Enhancements in (C,D) were
calculated by taking the ratio of the HyperW signals and a thermal equilibrium signal rec-orded with a fixed
TRTE = 2.25 s, and are plotted both for experimentally relevant rates kHN < 100 s-1 (A) as well for
unrealistically fast rates (B). The ratios corresponding to the experimentally used TRs (0.32 and 2.25 s for
HyperW and thermal, respectively) were used in Fig. 5 to extract the ex-change rates compared against the
CLEANEX experiments.
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Figure 5. (A) Comparing the amide proton exchange rates kHN arising for the different a-synuclein residues
46 as extracted from CLEANEX experiments26 at 14.1T (black squares), and from HyperW experi-ments relying
47 on the simulation curve in (B) (blue circles). (B) Rela-tive per-scan signal enhancement calculated as

48 described in the Sup-porting Information, as function of the exchange rate kHN. The curve assumed all the
49 conditions in the 2D HyperW 1H-15N HMQC exper-iments in Figs. 2A and 3; see Fig. S2 and Fig. 4 for
further details.
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