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5.1 Abstract 

We report here the rapid and sensitive recording of solution-state NMR data for unfolded 

proteins using tunable extrinsic relaxation enhancement. Due to the short electron-spin 

relaxation times of nickel(II), the neutral organometallic complex Ni(DO2A) was found to 

be particularly suitable for this purpose. Addition of 30 mM of the chelate caused the 

average proton relaxation rate for the intrinsically disordered protein α-synuclein to 

increase from 1.76 s-1 to 5.46 s-1 with negligible line broadening or other changes to the 

NMR spectrum. This result is in stark contrast to the use of the neutral Gd-DTPA-BMA 

chelate, which caused significant line broadening and concomitant signal loss. The 

observations are rationalized by consideration of the theory for 'outer-sphere' electron-

nuclear dipolar relaxation. With Ni(DO2A), a high-quality 3D HNCO spectrum of α-

synuclein was recorded in as little as 15 minutes, using projection-reconstruction 

techniques. Our data show that the neutral paramagnetic agent Ni(DO2A) is accessible to 

the entire disordered polypeptide chain, which offers a significant advantage over its 

application to folded proteins. 
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5.2 Introduction 

 

Over the last decade, intrinsically disordered proteins (IDPs) have attracted great interests 

due to their significant abundance in eukaryotic proteomes, with over 40% of human 

proteins containing long disordered regions, or being completely void of structure under 

native conditions (Tompa, 2002; Uversky, 2002). It is becoming increasingly recognized 

that IDPs play pivotal roles in cellular processes such as molecular recognition, 

transcription, and replication, and, moreover, are implicated in the development of 

numerous human pathologies, such as neurodegenerative and cardiovascular diseases and 

cancer (Bullock and Fersht, 2001; Dobson, 2003; Uversky et al., 2008). 

 

Without question, nuclear magnetic resonance (NMR) spectroscopy is the most suitable 

technique to obtain insight into the details of protein conformational disorder at atomic 

resolution. However, due to the inherent lack of persistent differences in the nuclear 

magnetic environments, NMR spectra of IDPs are highly congested. As a consequence, 

overlap makes the resonance assignment for these proteins very challenging. To complete 

the unambiguous resonance assignment for unfolded proteins, high-dimensional spectra 

are needed, which adequately sample the time evolution of all nuclear precession 

frequencies. Unfortunately, these spectra generally require long recording times, which 

demands excellent time-stability of the protein samples without aggregation, a requirement 

that is not always met for IDPs.  Therefore, it is of great interest to speed up the NMR 

recording time for IDPs.  

 

There are several ways proposed in the literature to meet this goal (Kupce and Freeman, 

2004; Marion, 2005; Schanda et al., 2006). First, sparse but optimally selected data points 

can be recorded to increase the signal-to-noise (SNR) per unit time(Eghbalnia et al., 2005; 

Jaravine et al., 2006). Second, as demonstrated by Kupce and Freeman (Kupce and 

Freeman, 2004), for example, by collecting 2D spectra at different projection angles  
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and the use of subsequent reconstruction algorithms (Coggins and Zhou, 2008), a complete 

high-dimensional NMR spectrum can be obtained. An alternative approach to speed up the 

recording of NMR experiments is by shortening the T1 relaxation time, which 

consequently can be used to reduce the inter-scan delay (recycle delay) between 

consecutive scans, while maintaining the same overall sensitivity. Because relaxation 

times in flexible molecules can be long (about one second), recycle delays can easily 

consume 80% of the NMR recording time. Several groups showed that an application of 

selective 1H pulses can achieve an efficient spin-lattice T1 relaxation (Diercks et al., 2005; 

Pervushin et al., 2002; Schanda et al., 2006).   

 

We consider here another, yet more simple and tunable way to reduce the nuclear T1 

relaxation times for IDPs, making use of solvent paramagnetic relaxation enhancement 

(PRE). In this case, a concentration-dependent relaxation contribution is introduced by 

adding paramagnetic solutes.  In this study, we investigate the effect of solvent PRE 

Ni(DO2A) and Gd-DTPA-BMA to NMR measurement of unfolded protein, a-synuclein. 

Our study shows that fast and sensitive of recording NMR data of unfolded proteins can be 

achieved by applying solvent PRE Ni(DO2A). 

 

5.3 Material and methods 

5.3.1 Sample preparation 

5.3.1.1 Paramagnetic agent Ni(DO2A)  

An organic compound of 1,4,7,10-tetraazacyclododecane and-1,7-(bis acetic acid) (DO2A) 

was prepared according to [Jurrian Huskens, 1997]. A complex Ni(DO2A) was formed by 

mixing NiSO4 into DO2A (5% in excess). NiSO4.6H20 (0.125 mmol) and DO2A (0.1316 

mmol) were dissolved in water (total volume 1 mL). An OH-form anion exchange resin 

(Dowex 1 x 8-100) was added in small portions into this mixture by shaking. The pH of 

solution was adjusted until pH 7 and turned into a purple solution. This solution was stored 

at room temperature overnight and then filtered to remove the anion exchange resin. The 

Ni(DO2A) solution was freeze-dried to give  a 22.4 mg (0.0649 mmol)of a desalted-

Ni(DO2A) [Cai, 2005]. 
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5.3.1.2 [13C, 15N] αααα-synuclein. 

[13C,15N] a-synuclein protein samples within 20mM tris buffer pH 8.0  and 100mM NaCl 

were kind gifts from Dr. Gertjan Veldhuis. The buffer sample was exchanged  

with20 mM phosphate buffer pH 7.4 and ,100 mM NaCl and 0.02% azide. NMR samples 

contained 0.2 mM  doubly labeled [13C, 15N] a-synuclein, 20 mM phosphate buffer pH 7.4, 

100mM NaCl, 0.02% azide, 10% D2O and 0.15 mM DSS  

 

5.3.2 NMR experiments.  

All experiments were carried out on a Varian Unity INOVA 600 MHz spectrometers 

equipped with pulsed field gradient probes. A standard inversion recovery experiment of 

proton water T1 relaxation was measured upon the titration of several concentrations of 

Ni(DO2A) into water in which the final concentrations of every titration point were 0.5, 

1.0, 1.5, 2, 5, 10 and 20 mM.  Proton and nitrogen relaxation experiments of intrisically 

disordered protein alpha synuclein (14,4 kDa)  (the protein, alpha synuclein was a gift 

from Gertjan Veldhuis) were recorded at 283 K. The protein NMR sample contained ~ 0.2 

mM [13C,15N]- enriched α-synuclein, 20 mM buffer phosphate pH 7.4, 100mM NaCl, 

0.02% azide, 0.1 mM DSS and  7% D2O.This NMR sample was titrated by adding 1M 

Ni(DO2A) in which the final concentrations of Ni(DO2A) in NMR solution were 0, 

5,10,15,20 and 30 mM.  The concentrated 1M Ni(DO2A) sample was shaken (vortex) and 

small amount of Ni(DO2A) was taken using a analytical calibrated pipette (eppendorf) and 

put into a small tube of eppendorf.  Some protein NMR sample were pipetted using a long-

stretch-glass pipette and put into the same tube of eppendorf with Ni(DO2A). The 

Ni(DO2A) and protein NMR sample were mixed gently by pipetting up and down  several 

times. The mixture was then carefully put back into the NMR tube using the same a long-

stretch-glass pipette.  

 

5.3.2.1 1H T1 relaxation 

1H T1 relaxations of 3 titration points (0, 15, 30 mM Ni(DO2A)) were measured using a 

proton saturation recovery with a standard sensitivity-enhanced 2D 15N-1H HSQC pulse 

sequence (kay). This experiment was achieved using 120 degree of proton pulses repeated 
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300 times (Markley et al 1971). All spectra were recorded with  number of increment in 

indirect domain was 160 and number of scans was 24. The spectral widths of 8000 Hz and 

1650 Hz were employed in F1 and F2 respectively.  The water signal was suppressed by 

applying water flip back sequence in the pulse sequence (). The small step titration points 

(0, 5, 10 and 15 mM Ni(DO2A)) were measured using a standard sensitivity-enhanced of 

1D 1H- HSQC pulse sequence to have a rough estimation. The 2D and 1D experimental 

data of average proton T1 relaxation were consistent. To obtain T1 values, the spectra 

were recorded withdifferent delay T (shown in Table 1). 

 

5.3.2.2 15NT1 relaxation 

15N T1 relaxations of 3 titration points (0, 15, 30 mM Ni(DO2A)) were measured using a 

standard 2D 15N-1H of 15N T1 enhanced sensitivity pulse sequences employing pulsed field 

gradients (Farrow, biochemistry, 1994). The spectral width of 1650 Hz and 8000 Hz were 

applied  in F1 and F2 domain respectively. The spectra were recorded with 8 scans and 

160 number of increments. The water signal was suppressed by employing the water flip-

back strategy. 

 

5.3.2.3 1H and 15N line width 

1H and 15N line width were measured using CPMG refo dipsi 15N-1H HSQC pulse 

sequence (Kay et al., 1992). This pulse sequence employed CPMG block with the νCPMG  is  

to ensure that there was no extra line width broadening due to improper shimming. To 

guarantee that we recorded only pure nitrogen line width, the refocused INEPT was 

applied in this sequence before t1 evolution period to have nitrogen in phase magnetization. 

The broadband decoupling dipsi3 was employed during t1 evolution period. The water flip 

back strategy was utilized in the sequence to suppress water signal.   

 

5.3.3 Data processing and analysis 

The spectra were processed using NMRPipe [Delaglio et al, 1995] and analysed using 

SPARKY [Goddard and Kneller, 2004]. The T1 values were obtained by plotting the 

intensity of 65 isolated peaks. The data were processed using Mathematica (wolfram).  
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To determine the proton and nitrogen line width, no window function were applied and 

every spectrum were processed in the same NMRPipe script.     

Table 5.1. Delay T of 1H and 15N T1 experiments in different concentrations of Ni(DO2A).  

Concentration of 

Ni(DO2A) (mM) 

Type of experiment Delay T (ms) 

0  

0 

0 

 

5 

10 

15 

15 

 

15 

 

30 

 

30 

1D of 1H T1 relaxation 

2D of 1H T1 relaxation 

2D of 15N T1 relaxation 

 

1D of 1H T1 relaxation 

1D of 1H T1 relaxation 

1D of 1H T1 relaxation 

2D of 1H T1 relaxation 

(based on HN-NH plane) 

2D of 15N T1 relaxation 

(based on HN-NH plane) 

2D of 1H T1 relaxation 

 

2D of 15N T1 relaxation 

200, 400, 600, 800, 1000 

200, 400, 400, 600, 800, 1000, 1200, 1600  

100, 200, 300, 300, 500, 500, 700, 700, 1000, 

1400 

200, 400, 600, 800, 1000 

200, 400, 600, 800, 1000 

200, 400, 600, 800, 1000 

100, 200, 200, 300, 400, 500, 600, 700, 800, 

1400 

100, 100, 200, 200, 300, 300, 400, 500, 500, 

600, 700, 900 

100, 100, 200, 300, 400, 500, 600, 700, 800, 

1000 

100, 100, 200, 200, 300, 

 300, 400, 500, 500, 600, 700, 900 

 

5.4 Results and Discussions 

Previously, it was shown that 1 mM Gd3+ can reduce water proton T1 from 3 s to 0.3 s 

(Hiller et al., 2005), and that the addition of a few mM of neutral Gd3+ complexes can be 

used to affect the spin relaxation of folded proteins (Eletsky et al., 2003; Madl et al., 2009; 

Pintacuda and Otting, 2002). Since IDPs are flexible molecules with significant chain 

dynamics and little or no stable structure, we anticipated that the neutral Gd3+-chelate 

gadodiamide (gadolinium diethylene triamine pentaacetic acid-bismethylamide; Gd-

DTPA-BMA; Omniscan™) would increase the amide proton T1 relaxation times in a 
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manner that would be observable for the entire protein, and could thus be used to increase 

the speed of acquisition of NMR spectra and/or increase the SNR per unit measurement 

time. Indeed, it was observed that upon addition of 2 mM of the widely used MRI-contrast 

solution Omniscan™ to human α-synuclein, the proton T1 was reduced by about a factor of 

three. Unfortunately, the addition of Gd-DTPA-BMA also caused significant line 

broadening (see Fig. 1). Application of Omniscan™ to the intrinsically disordered 

cytoplasmic domain of human neuroligin-3 (Wood et al., 2011) yielded very similar 

observations (data not shown).  

 

Figure 5.1. 2D 15N-1H HSQC spectra of the intrinsically disordered protein human αααα-

synuclein without (left) and with (right) 2 mM Gd[DTPA-BMA]. A trace at 120 ppm 

is shown (indicated by arrow) to gauge the signal-to-noise in both spectra. 

 

To understand the origin of the line broadening in the presence of paramagnetic Gd3+-

chelate in solution, we briefly consider the theory of solvent PRE caused by random 
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collisions of paramagnetic ions and dissolved protein molecules (Bertini and Luchinat, 

1992; Cai et al., 2006; Caravan, 2009; Eletsky et al., 2003; Peters et al., 1996). In the 

presence of a dissolved paramagnetic agent, the longitudinal and transverse relaxation 

rates contain both paramagnetic (R1p and R2p) and diamagnetic (R1d and R2d) contributions: 

      

                                         (1) 

                                         (2) 

 

Assuming that the interaction between the unpaired electron and nuclear spin is purely 

dipolar, the paramagnetic relaxation enhancement terms in the bound state are described 

by (Bertini and Luchinat, 1992; Bloembergen and Morgan, 1961; Solomon, 1955). We 

noted typing mistakes in equations (1) and (2) of Eletsky et al. (2003), but these are not of 

consequence when T1e = T2e, as implicitly assumed in the derivation by Peters (Peters et 

al., 1996): 

 

(3) 

 

 

(4) 

 

 

Here S is the electron spin quantum number of the paramagnetic ion, γI is the 

magnetogyric ratio of nucleus I, g is the electronic g factor, β is the Bohr magneton, ωI and 

ωS are the Larmor frequencies of the nuclei I and electrons, respectively, and r is the 

distance between the electron and nuclear spin. When the complex is long-lived compared 

to reorientational tumbling, the effective longitudinal (τc1) and transverse (τc2) nuclear 

correlation times are determined by the rotational correlation time (τr) of the nucleus-

electron vector and the electron relaxation times (T1e, resp. T2e) from the paramagnetic 

species, as follows: 

R1 = R1d + R1p
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                             (5) 

 

 

                             (6) 

 

Despite the flexible nature and lack of structure of IDPs, their peptide bonds do not 

reorient freely, but experience slow and potentially anisotropic tumbling on time scales of 

a nanoseconds. Since Gd3+ has electronic relaxation times (T1e and T2e) of about 10-8 – 10-6 

s, τc1 and τc2 are dominated by the rotational tumbling characteristics of the correlated 

complex of paramagnetic centre and polypeptide. In this limit, (wStr » 1), equations (3) and 

(4) can be simplified to: 

 

               (7) 

 

               (8) 

 

 

Equations (7) and (8) reveal that for paramagnetic nuclei with long electronic relaxation 

time (>10-8 s) the transverse PRE is larger than the longitudinal enhancement. Moreover, 

the transverse nuclear spin relaxation of nuclei with large magnetogyric ratio, such as 

protons, will be in the 'macromolecular limit' (wItr > 1), in which extensive line broadening 

is brought about by the leading term in Eq (8). This fits our observations very well, and we 

are led to conclude that Gd3+ complexes are unsuited to use as solvent PRE agents for 

proton-detected experiments, even for highly flexible IDPs. 

        

We, therefore, turned our attention to transition metal ions that demonstrate short 

electronic relaxation times. In what follows we investigate the use of Ni2+ for which  

T1e ≈ 10-13 – 10-10 s, such that effective correlation times become dominated by the 

electronic relaxation times (i.e., τc1 ≈ T1e and τc2 ≈ T2e). When T1e ≈ T2e and, in addition, 

1

τ c1

=
1

τ r

+
1

T1e

1

τ c 2

=
1

τ r

+
1

T2e

R1p =
2S(S +1)γ l

2
g

2β 2

15r 6

µ0

4π

 

 
 

 

 
 

2

×
3τ r

1+ ω I
2τ r

2

R2p =
S(S +1)γ l

2
g

2β 2

15r 6

µ0

4π

 

 
 

 

 
 

2

4τ r +
3τ r

1+ ω I
2τ r

2

 

 
 

 

 
 



Speed and sensitivity of NMR spectroscopy of IDPs using solvent PRE  Ni(DO2A) 

 

138 

 

wItc « 1 and wStc « 1, the longitudinal and transverse paramagnetic relaxation 

enhancements will become equal: 

 

      (9)                                                             

 

Since the nuclei in biological macromolecules generally have longitudinal relaxation times 

that significantly exceed their respective transverse relaxation times, solvent PRE can 

significantly shorten T1 relaxation with negligible effect on T2 relaxation. In such a 

situation, a large gain in SNR is possible in the fast-pulsing limit, with marginal increase in 

the spectral line widths. 

 

In the case of weak association of dilute molecules rapid exchange of the paramagnetic 

ligand between free and bound states takes place. In this case, the PRE is proportional to 

the bound fraction, and therefore dependent on concentration. In the case where the 

binding equilibrium lies far to the side of the unligated species, the NMR spectrum of the 

protein will not show any spectral changes, and the longitudinal and transverse PRE can 

also be expressed as: 

         (10) 

 

         (11) 

 

where c is the concentration of the paramagnetic agent in mM, and the relaxivities r1 and r2 

are defined as the experimental paramagnetic relaxation induced by 1 mM of the 

compound (Caravan, 2009). 

 

Because of its previous successful application to large folded proteins (Cai et al., 2006) we 

synthesized 50 mg of the neutral organometallic complex Ni(DO2A) (1,4,7,10-

tetraazacyclododecane-1,7-(bis acetic acid)), following published procedures (Cai et al., 

2006; Huskens et al., 1997). Addition of 30 mM Ni(DO2A) to 0.2 mM α-synuclein did not 

induce any visible changes to the NMR spectrum of the protein (Figure 5. 2) 

R1 = R1d + c .r1

R2 = R2d + c .r2

R1p ≈ R2 p =
20S(S +1)γ I

2
g

2β 2

15r6

µ0

4π
 

 
 

 

 
 

2

T1e
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Figure 5. 2. Overlay of 2D 15N-1H HSQC spectra of α-synuclein with (blue) and without (red) 

30 mM Ni(DO2A). 

 

However, measurement of the proton longitudinal relaxation rates (R1=1/T1) showed an 

average increase from 1.76 s-1± 0.01 to 5.46 ± 0.03 s-1 (Figure 5.3). Careful analysis of the 

spectral line widths showed an increase from 18.6 to 19.7 Hz in the proton dimension upon 

the addition of 30 mM Ni(DO2A), whereas the line width in the indirect dimension 

remained 14.2 Hz to within 0.1 Hz. 
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Figure 5.3. Average amide proton (squares) and nitrogen-15 (triangles) longitudinal 

relaxation rates (R1) for human α-synuclein. 

 
To verify that the nuclear spin relaxation rates for the IDP α-synuclein are indeed 

dominated by dipolar relaxation, we measured the amide proton and nitrogen longitudinal 

relaxation rates at 0, 15, and 30 mM Ni(DO2A). Figure 5.3 shows the relaxation rates as a 

function of the concentration of paramagnetic agent, averaged over all residues. The data 

demonstrate the expected linear increase with concentration, and are in line with the 

expectation that the effect for protons is (gH/gN)2 ≈ 100 times larger than the effect for 

nitrogen-15. In addition, applications that excite the proton polarization, but detect at 13C 

or 15N, benefit equally well from a gain in SNR in the case of rapid repetition. On the other 

hand, applications that employ the nuclear polarization of low-gamma nuclei require a 

much higher concentration of the paramagnetic agent to be added, but this is not 

problematic: The polar complex is very  

soluble, and furthermore demonstrates low conductivity, permitting its use also on 

cryogenic probes.  
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Next, we investigated if the neutral Ni2+-chelate indeed would non-specifically interact 

with the disordered protein, and, thereby, exert its PRE effect throughout the entire 

polypeptide sequence. Figure 5.4 shows indeed that the amide proton T1 values are evenly 

decreased as a function of residue number. Intriguingly, the relaxation times in the acidic 

C-terminal tail of α-synuclein are consistently larger, pointing to differences in the 

reorientational dynamics of proton-proton internuclear dipolar vectors in the two segments, 

and/or differences in the proton density distributions around the amide protons. This 

observation is consistent with other spectroscopic differences between the two domains 

(residues 1-100 and 101-140, respectively) in this protein (Cho et al., 2009). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5. 4. Proton T1 of intrinsically disordered α-synuclein in the absence (red) and 

presence of 15 mM (green) or 30 mM (blue) Ni(DO2A). 

 

To assess the benefit of using Ni(DO2A) for solvent PRE, we determined the total sum 

signal intensity in 2D 15N-1H HSQC spectra of a 0.2 mM α-synuclein NMR sample, in the 

absence or presence of 30 mM Ni(DO2A) as a function of the recycle delay (RD). RD is 

defined here as the time from the start of acquisition of the NMR signal in one experiment 

until the first excitation pulse for the next transient. This data is plotted in Figure 5.5(A). 
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Figure 5.5. (A) Total signal sum intensity in 2D 15N-1H HSQC spectra of α-synuclein with 

(squares) and without 30 mM NiDO2A) (circles). The lines are best fits to the saturation-

recovery equation M(t)=[1-exp(-t/T1)]M(∞∞∞∞). (B) Relative sensitivity gain for 2D 15N-1H HSQC 

spectrosopy of α-synuclein upon addition of 30 mM NiDO2A as a function of the recycle 

delay. 

 

Subsequently, the sensitivity of the experiment is defined as the total sum intensity divided 

by the total experiment time. Taking the ratio of the sensitivity for the spectra recorded in 

the presence of 30 mM Ni(DO2A) relative to those recorded in the absence of the 

paramagnetic agent as a function of the relaxation delay yields the curve in Figure 5.5B. 

Clearly, for IDPs, solvent PRE from neutral complex with a paramagnetic centre with a 

very short relaxation time boosts the sensitivity of NMR spectroscopy that employs 

protons for starting magnetization. Because the solvent PRE is concentration-dependent, 

the resultant gain is fully tunable. In practice, however, the very rapid repetition of NMR 

experiments is often hampered by technical limitations, such as amplifier duty cycle safety 

precautions, or RF heating of the sample.In addition, the RD cannot be reduced to zero, as 

the FID needs to be recorded as well. In the applications presented below, 128 ms were 

used for acquisition of the FID and a short additional delay of 64 ms was employed before 

the next scan. Despite the high duty cycle, no heating was detected from low-power 15N 

decoupling during the acquisition period (ω1/2π = 0.5 kHz). Under these experimental 

conditions, the presence of Ni(DO2A) in the solution is expected to enhance the SNR by a 

factor two, or allows the total experiment time to be reduced by a factor four. 
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Finally, the utility of employing solvent PRE for IDPs is demonstrated by the rapid 

recording of 3D HNCO spectra for α-synuclein. The rapid acquisition of high-dimensional 

data sets is crucially important for IDPs due to their spectral congestion in 2D or even 3D 

spectra as a consequence of the limited amide proton spectral dispersion. In many 

instances the resolution of high-dimensional spectra may be compromised by the long 

acquisition time necessary to complete the independent time-incrementation of all indirect 

time domains. Due to the short RD (192 milliseconds) that could be used in the presence of 

30 mM Ni(DO2A), the 3D HNCO spectrum could be recorded with 40 × 40 complex 

points in the indirect 13C and 15N dimensions in 1 hour on a 200 mM protein sample, 

resulting in excellent resolution of the resulting 3D data set, without access to a more 

sensitive cryogenic probehead. Using tuneable PRE, we thus obtained twice the sensitivity 

for spectra recorded in the presence of the paramagnetic agent Ni(DO2A) (Figure 5.6(B)) 

compared to those obtained in its absence (Figure 5.6(A)). 

 

 

Figure 5.6.  NCO planes of 3D HNCO experiments recorded for α-synuclein, recorded with a 

recycle delay of 0.192 s, in the absence (A) and presence (B,C) of 30 mM Ni(DO2A). Spectrum 

(C) was produced by projection-reconstruction using the following 16 projection angles (in 

degrees): (0, ±±±±11.3, ±±±±21.8, ±±±±33.7, ±±±±45, ±±±±56.33, ±±±±68.2, ±±±±78.7, 90). 

 

As sensitivity was not a limiting factor, we could combine the paramagnetic relaxation 

enhancement effect from Ni(DO2A) with projection-reconstruction techniques, and 

recorded an addition 3D HNCO spectrum for α-synuclein, measuring data for 16 

projection angles. This procedure was sufficient to obtain a 3D spectrum that was equally 

well resolved, but could be obtained in as little as 15 minutes. 
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5.5 Conclusions 

In summary, we have shown that fast and sensitive recording of NMR data for intrinsically 

disordered proteins is possible using the paramagnetic relaxation enhancement of 

Ni(DO2A). The agent did not produce any observable spectral changes, and induced 

negligible line broadening in the concentration range desired for applications to proteins. 

Ni(DO2A) was observed to be accessible to the entire polypeptide sequence of the 

intrinsically disordered protein α-synuclein, offering significant advantages over its 

application to folded proteins. The combination of solvent paramagnetic relaxation 

enhancement with projection-reconstruction methods further reduced the NMR 

experimental time considerably, and a sensitive, resolved 3D HNCO spectrum of α-

synuclein was obtained in minutes for limited amount of protein sample using a room-

temperature probe. We believe that this methodology is generally useful for boosting the 

sensitivity and speed of NMR spectroscopy applied to intrinsically disordered proteins. 

Applications that may benefit in particular include studies of peptides that are only 

obtainable in low quantities, or investigations of proteins that have limited time stability 

due to degradation or aggregation. 
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