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Intrinsically disordered proteins (IDPs) constitute ac lass of physiologically active proteins that lack stable secondary and tertiary structures. [1] Theh ighly dynamic nature of these proteins endows them with an inherent ability to interact simultaneously with multiple binding partners in the cellular environment. [2] IDPs thus frequently constitute important hubs in protein interaction networks.T he malfunction of IDPs often leads to severe diseases associated with deregulation of the cellular machinery. [3] Since intrinsically disordered proteins or regions constitute approximately 30 %o f the human proteome, [4] understanding their functionality and structure-function relationships is clearly desirable,especially with aview to developing novel therapeutic strategies for the treatment and prevention of diseases related to IDP malfunction. [5] Thei nherent dynamics and flexibility of IDPs explain their astonishingly rich interactome.N uclear magnetic resonance (NMR) spectroscopy has developed into akey method for the study of IDPs. [6] Multidimensional techniques and high-field NMR spectrometers give access to residue-resolved dynamics of IDPs at ambient temperature and low pH. [START_REF] Zawadzka-Kazimierczuk | [END_REF] However,u nder physiological conditions,t he spectra typi-cally suffer from strong signal overlap and broadening,t hus leading to peak intensities below the detection threshold. [START_REF] Rule | Fundamentals of Protein NMR Spectroscopy[END_REF] To the best of our knowledge,only one study has been published so far that employs 1 H-15 Ncorrelation spectra of IDPs under physiological conditions at pH 7.4 and 37 8 8C. [START_REF] Theillet | [END_REF] These limitations in the study of IDPs can be overcome by using hyperpolarized HDO [10] produced through dissolution dynamic nuclear polarization (D-DNP). [11] Because exchange between hyperpolarized HDO and amide H N protons only enhances al imited set of solvent-exposed residues under near-physiological conditions, [START_REF] Rule | Fundamentals of Protein NMR Spectroscopy[END_REF] the 1 H-15 Ncorrelation spectra are sparse and can be assigned despite the poor dispersion of their chemical shifts. [12] Such sparse spectra are reminiscent of "spectral dilution" techniques that rely on 13 Cl abelling of selected amino acids. [13] Felli and co-workers have advocated the use of 13 Cd irect detection techniques that allow the observation of IDPs under physiological conditions in 13 C-15 N correlation spectra but do not show any proton signals,which are the object of our work. [14] Osteopontin (OPN,Figure 1a)isacancer-and metastasisassociated IDP that can interact with heparin, an analogue of the natural ligand hyaluronic acid (HA). [15] By using hyperpolarized HDO to selectively observe residues that undergo fast exchange with the solvent, it is possible to follow the structural and dynamical adaptions of OPN induced by binding to heparin at pH 7.4 and 37 8 8C.

To hyperpolarize water, we employ dissolution DNP (D-DNP). [16] Av olume of 100 mLo fa20 mm solution of 4hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) in H 2 O, mixed 1:1(v/v) with glycerol as aglass-forming solvent, is frozen at 1.2 Ki nam agnetic field of 6.7 T. Microwave irradiation near 188.2 GHz on resonance with the paramagnetic centers leads to hyperpolarization P( 1 H) = 89 %i n the glassy solid. [10a] The2 00 mLh yperpolarized solid are rapidly dissolved by ab urst of 5mL( 25-fold dilution) preheated D 2 O( 180 8 8C, 10.5 bar) and transported in approximately 6sthrough am agnetic tunnel to as uitably buffered protein solution that is waiting in a5mm NMR sample tube in ah igh-resolution 800 MHz NMR spectrometer.T he protein solution was adjusted to pH 8b efore dissolution, so that anear-physiological pH 7.5 is reached after dilution. The temperature of the sample was approximately 308 K( 35 8 8C) after mixing.O ur approach is summarized in Figure 1b. [17] Themost exposed amide (H N )protons of the protein rapidly exchange with the hyperpolarized HDO (after 40-fold dilution of H 2 Oi nD 2 O, most solvent protons are found in the form of HDO), while non-exposed residues exchange slower.A fter ad elay of 8s to allow turbulence to settle, ab and-selective optimized-flip-angle short-transient hetero-nuclear multiple-quantum correlation ( 15 N-1 HS OFAST-HMQC) spectrum [18] was recorded in 19.2 s(see the Supporting Information).

Frydman and co-workers [19] have reported similar experiments,a lthough their 1 H-15 Nc orrelation spectra do not feature any resolved resonances of individual amino acids that would be amenable to assignment. By contrast, we show that it is possible to monitor the folding and unfolding of individual residues of an IDP induced by the presence of ligands like heparin under near-physiological conditions. After dissolution, the TEMPOL concentration drops below 0.25 mm.T he lifetime of the HDO proton hyperpolarization is T 1 ( 1 H) = 29 s, which is close to the value of HDO without TEMPOL.

Thea verage relaxation time T 1 ( 1 H N )o famide protons in OPN is on the order of 1s , [20] but the proton polarization is replenished by exchange as long as the HDO (which is approximately in 100-fold excess with respect to the protein) remains hyperpolarized. Theproton signals must be detected before the polarization becomes too weak.

Figure 2a shows aSOFAST-HMQC using hyperpolarized HDO (red) obtained in less than 30 scompared with aregular SOFAST-HMQC spectrum (black) of the same sample obtained in thermal equilibrium over 18 h. Note that the peaks of the regular SOFAST-HMQC are very broad, as expected at pH 7.5 and 35 8 8C. [START_REF] Rule | Fundamentals of Protein NMR Spectroscopy[END_REF] IDPs generally give rise to poorly dispersed peaks,and the signals are further broadened by fast proton exchange under our experimental conditions. [21] Relaxation of the amide protons (H N )ofOPN by TEMPOL is negligible. [22] In the red hyperpolarized spectrum in Figure 2a,weonly see enhanced signals for the most labile H N protons,which can exchange rapidly with HDO. [START_REF] Rule | Fundamentals of Protein NMR Spectroscopy[END_REF] Thee xchange rates are estimated to be between 30-140 s À1 at 35 8 8C.

Thep robability that ah yperpolarized proton exchanges with OPN is at best 1/40 owing to the dilution of hyperpolarized protons with non-polarized protons and deuterons. Thus,f or an exchange rate of 30 s À1 and ar ecovery delay of 0.3 s( which was optimized empirically for our experiments), the probability to detect ahyperpolarized H N amide proton is only about 25 %. This probability rises for exchange rates near 140 s À1 .T hus,o nly rapidly exchanging protons have as ufficiently high probability to be detected, as displayed in Figure 2a.

Only residues that can exchange efficiently with the solvent on this time scale will be visible in our experiments, while residues that exchange more slowly will not be observed. Thes pectrum appears as if observed through ahyperpolarized exchange filter that suppresses 1 H-15 Ncross peaks for protons that slowly exchange with the solvent. Additionally,m any peaks appear in the hyperpolarized SOFAST HMQC that cannot be observed through other methods owing to weak signal intensity at pH 7.5 and 35 8 8C. Thus,e xchange with the hyperpolarized HDO boosts the magnetization of fast exchanging residues above the detection limit.

In Figure 2b,a ne xpansion of the serine and threonine region is shown. Our method not only has the advantage that the signals are amplified, but also that the enhancement is selective.T he signals can therefore be assigned to their respective residues,which is not possible in aconventional 2D correlation spectrum because of extensive signal overlap (Figure 2b,b lack). Figure 2c shows the "bulk" signal of our hyperpolarized exchange filtered spectrum. Figure 2d and Figure S1 in the Supporting Information show overlays of OPN spectra, either enhanced by hyperpolarized HDO at pH 7.5 and 35 8 8C, or detected in thermal equilibrium at pH 6.5 and 25 8 8C, where the NMR signals are strongest in the absence of hyperpolarization. [15b] In high-resolution spectra obtained without hyperpolarization, many signals disappear when going from NMR-optimized to near-physiological conditions, that is,f rom pH 6.5 and 25 8 8Ct o7 .5 and 35 8 8C. These signals can be recovered through exchange with hyperpolarized water. Thus,afurther advantage of our D-DNP technique is the observation of signals that are broadened beyond detection in conventional methods,a lthough the resolution in hyperpolarized HMQC spectra suffers from rapid accumulation (< 30 s) after dissolution. Notwithstanding significant signal overlap,s ome peaks can still be assigned unambiguously.E ven the N-terminal amino acids can be observed, which is normally impossible owing to fast solvent exchange.H ere,h owever,f or the very same reason, they become observable.Our method is therefore ideal for studying systems that cannot be studied otherwise owing to excessively fast exchange-a frequent obstacle is turned into an advantage in this method. Note that the highest enhancement factors that were achieved for OPN were about 40 for the overall spectrum and 58 for the most intense peaks with respect to thermal equilibrium. Figure 2e shows ac omparison between the signal intensities of OPN in ah yperpolarized exchangefiltered spectrum and ac onventional spectrum in thermal equilibrium. Frydman and co-workers reported enhancement factors up to 330 at pH 7and 60 8 8Cfor denatured Tr ypsin (247 amino acids,l ike OPN). Thee nhancement factors should be compared with caution since the experimental conditions were quite different. Frydman and co-workers used am uch faster injection system (1-3 s) and employed radical-separation techniques.D espite these differences,w em ay conclude that while we aim for physiological conditions that should be favorable for system-oriented studies,s tronger signal enhancements may be obtained at other temperatures and pH. Furthermore,ithas to be taken into account that in OPN, the compacted core features reduced exchange rates so that many cross peaks are not enhanced by hyperpolarized HDO,w hile in entirely denatured proteins like that of Frydman and co-workers,a ll residues can be enhanced homogeneously.

In the complex of OPN bound to heparin, the binding site [15b, 20] is located between residues 145-165 of OPN (Figure 1a). Between residues 100 and 145, ac ompensatory site is located that masks the binding site in the apo-state (i.e., in the absence of heparin), but is exposed to the solvent in the holo-state (i.e., when OPN is bound to heparin). [20] This feature,w hich compensates for entropy loss,i sr etained at near-physiological pH and temperature.

Figure 3a shows the Gly region of the hyperpolarized exchange filtered (red, 30 s) and normal (gray,o btained by time-averaging for 18 h) SOFAST HMQC spectra in the presence of heparin. Clearly, hyperpolarization allows the assignment of signals that are invisible in the normal spectrum owing to strong signal broadening. Most importantly,t he glycine residues are not observable in the absence of heparin. Figure 3b shows how the H N exchange rates are affected when heparin binds to OPN. This leads to distinct effects in the glycine region. For exchange rates that increase upon binding,w eo bserve that new cross-peaks emerge (green arrows in Figure 3d). In contrast, the only glycine that was observable in the apo-form becomes weaker owing to ad ecreased exchange rate in the holo-form (red arrow in Figure 3d). All visible glycine residues lie in the region between residues 100 and 180. They are more exposed to the solvent in the holo-form than in the apo-form. [20] This exposure accelerates exchange with hyperpolarized HDO,t hereby rendering them amenable to detection. Only one glycine signal disappears upon heparin binding.I ti sl ocated within the binding interface between residues 140-165, which display reduced exchange rates.

Figure 3c shows chemical-shift perturbations along the primary sequence of OPN observed by hyperpolarized exchange spectroscopy.These chemical shifts are in excellent agreement with earlier studies and highlight both the heparin binding site and the compensatory site. [20,23] Hyperpolarized HDO thus provides ar eliable method to monitor conformational changes in IDPs. 
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 1 Figure 1. a) Sketch of the functionala rchitecture of quail osteopontin (OPN). Full-length OPN consists of 267 amino acids. The metastasisassociated construct studied here comprises the 220 C-terminal residues (47-267) of the primary sequence. The heparin interaction epitope is located between residues 100 and 165. The heparin binding site comprises residues 145-165. The compensatory residues 100-145 become more mobile when bound to heparin. b) Amixture of H 2 O and glycerol containing 10 mm TEMPOL is hyperpolarized at 1.2 Ka nd 6.7 T, dissolved with a20-fold excess of superheated D 2 O, and transferred to an 18.8 T(800 MHz) spectrometerw here it is mixed with asolution of OPN that is waiting in the NMR tube (ca. pH 7.5 and 308 Kafter mixing.) Strong signals in the 1 H-15 Ncorrelation spectra arise for rapidly exchanging protons (H N )inOPN, while slowly exchanging residues remain below the detection threshold.

Figure 2 .

 2 Figure 2. a) Red: 1 H-15 Ncorrelation spectrum of OPN selectivelye nhanced by hyperpolarized HDO. Black:Aregular spectrum of the same sample after return to thermal equilibrium. b) Region showing resonances of serines selectively enhanced by hyperpolarized HDO. c) The bulk signal still allows the assignmento fsome cross peaks. d) Overlay of ah yperpolarized exchange filtered SOFAST HMQC at pH 7.5 and 35 8 8C(red), ahigh resolution HSQC with arecycling time of 1sand 256 complex increments in the indirect dimension at pH 7.5 and 35 8 8C( black), and the same HSQC with arecycling time of 1sat pH 6.5 and 25 8 8C(blue). Differencesi nchemical shifts between the red and the blue spectra stem from the different experimental conditions. Forthe overlay of the entire spectrum, see the Supporting Information.e )Comparison of the projection of the full 1 H-15 Nspectra of OPN onto the proton dimension,d etected with hyperpolarized water and SOFAST HMQC (red, see Figure 2c)inasingle accumulationa nd the exact same experimentd etectedw ith 256 accumulations(black) after return to thermal equilibriumofthe sample after dissolution.Inb oth cases the recycling delay was set to 0.3 s. The two projections are scaled by the ratio of the number of spectra averaged (hyperpolarized/ thermalized = 1:256) and the applied receiver gain (hyperpolarized/thermalized = 128:912). The signal enhancement due to hyperpolarized HDO was 40.

Figure 3 .

 3 Figure 3. a) Expanded Ser/Thr region of the regular correlation spectrum of apo-OPN (partly folded in the absence of heparin;gray) and the spectrum of apo-OPN boosted by hyperpolarized HDO (colored). b) Differential exchange rates Dk ex = k ex (holo)Àk ex (apo). The green arrows indicate Gly residues that only appear in 2D correlation spectra of the holo-state of OPN. The red arrow indicates the only glycine resonancec an be observed by means of hyperpolarized HDO in the apo-form. Its signal becomes weaker upon heparin binding. c) Chemical-shift perturbation (CSP) of resolved amino acid upon the binding of heparin to OPN.
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