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ABSTRACT: Intrinsically disordered proteins (IDPs) constitute an important class of biomolecules with high flexibility. 
Atomic resolution studies for these molecules are essentially limited to NMR spectroscopy, which should be performed 
under physiological pH and temperature to populate relevant conformational ensembles. In this context, however, fun-
damental problems arise with established triple resonance NMR experiments: high solvent accessibility of IDPs promotes 
water-exchange, which disfavors classical amide 1H-detection, while 13C-detection suffers from significantly reduced sensi-

tivity. A favorable alternative, the conventional detection of non-exchangeable 1H so far resulted in broad signals with 

insufficient resolution and sensitivity. To overcome this we introduce here a selective H,C-correlating pure shift detec-
tion scheme, the SHACA-HSQC, using extensive hetero- and homo-nuclear decoupling applicable to aqueous samples (≥ 

90% H2O) and tested on small molecules and proteins. SHACA-HSQC spectra acquired on IDPs provide uncompromised 
resolution and sensitivity (up to 5-fold increased S/N compared to the standard 1H,13C-HSQC), as shown for resonance 

distinction and unambiguous assignment on the disordered transactivation domain of the tumorsuppressor p53, -

synuclein, and folded ubiquitin. The detection scheme can be implemented in any 1H-detected triple resonance experi-
ment, but may also form the basis for the detection of isotope-labeled markers in biological studies or compound librar-
ies.

INTRODUCTION 

To elucidate biological function, state-of-the-art pro-
tein characterization is the most relevant if performed at 
physiological conditions. Solution NMR spectroscopy 
offers residue and atomic level information and it is the 
only technique to directly obtain this detailed characteri-
zation for the class of highly flexible, intrinsically disor-
dered proteins (IDPs).1-3 IDPs generally lack a hydropho-
bic core and do not possess defined secondary or tertiary 
structure, but rather have the propensity to form transi-
ent active conformations.4 They are involved in many 
cellular processes (regulation, transcription, apoptosis) 
and intrinsic disorder is frequently detected in case of 
proteins associated with various human diseases.5-6 For a 
sound structural characterization it is indispensable to 

measure close to physiological conditions and with the 
highest possible sensitivity to identify full structural en-
sembles including potentially active, low-populated con-
formers. The established protein NMR methods based on 
amide proton (1HN) detection were developed for folded 
biomolecules. The large solvent-accessibility of IDPs un-
der physiological pH and temperature leads to undetecta-
ble signals due to the exchange of 1HN with water pro-
tons.7-8 In addition, important proline residues – abun-
dantly present in IDPs4, 9-10 – cannot be detected due to 
the lack of an HN proton. Thus, there is a need for differ-
ent approaches, and current methods specifically de-
signed for IDPs are based on 13C 11-15 or Hα detection,16-19 
with well-known disadvantages. 13C-detected experiments 
come with low sensitivity, thus limiting the applications 
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to the detection of major conformers. Common Hα-
detected experiments suffer from broad signal widths in 
both 1H and 13C dimensions, leading to low resolution and 
low sensitivity. Surprisingly, it turns out that the signal 
widths for highly flexible 13C,15N-labeled IDPs is almost 
exclusively caused by very large multiplets, while underly-
ing natural linewidths are generally narrow. Hence, our 
aim was to explore this property and to provide a widely 
applicable, extensively decoupled Hα-detected “pure 
shift” acquisition scheme with both vastly increased sensi-
tivity and resolution. With the resulting approach we 
hope to enable a deeper characterization of IDPs and 
folded proteins under physiological conditions in aqueous 
solution, enabling at the same time the detection of mi-
nor conformers present at low concentrations. Neverthe-
less, the scheme will also be of interest for diverse studies 
based on isotopically enriched small molecules, as we 
demonstrate using the free amino acids. 

EXPERIMENTAL SECTION 

NMR spectra were recorded at 303K on a 600MHz 
Bruker Avance III spectrometer equipped with a 5mm 
1H/13C/15N TCI cryogenically cooled probehead, and a 
Bruker Avance III spectrometer operating at 700.05MHz, 
equipped with a 5mm Prodigy TCI H&F-C/N-D, z-
gradient probehead. A commercially available U-13C/15N 
labeled amino acid mixture sample containing variable 
amounts from each amino acid (Sigma Aldrich) was 
measured in D2O. The composition of the U-13C/15N la-
beled aqueous protein samples was: 1mM p53TAD1-

60,150mM NaCl, 10% D2O, pH=6.5;20 1.5mM His-Ubi, 
25mM KH2PO4, 10% D2O, pH=4.6; 200μM AS in PBS, 
pH=7.2, 5% D2O; 50µM AS in PBS, pH=7.2, 5% D2O. De-
tails to individual experiments are given in the SI. 

RESULTS AND DISCUSSION 

For the advantage of pure shift spectra compared to 
coupled spectra, the multitude of homo- and 
heteronuclear couplings that arise in the isotopically 
labeled amino-acids and proteins has to be considered 
(Figure 1a). The selective Hα,Cα-HSQC (simply referred to 
as SHACA-HSQC in the following) pulse sequence intro-
duced in Figure 1b,c constructively uses 1H and 13C polari-
zation and, following the original band-selective decou-
pling by the Ernst group,21 provides a specifically designed 
decoupling element during Cα-evolution (Figure 1b, red 
box, and Figure 1d); all couplings except the very small 
3JCαCα and the 1JCαCβ of serines – for which band-selective 
pulses cannot separate their Cα and Cβ chemical shifts – 
are removed. The directly detected dimension involves 
pure shift acquisition, i.e. full reduction of multiplets by 
simultaneous homo- and heteronuclear decoupling. From 
the multitude of reported homonuclear decoupling ele-
ments,22-45 only real-time decoupling using band-selective 
HOBS35, BASHD38, or the recently published BASEREX45 
qualify for sensitive detection of Hα protons. HOBS and 
BASHD both rely on a train of Hα- selective refocusing 
pulses that strongly affect the water resonance. BASEREX, 
instead, is band-selective on the X-nucleus and artefacts 

due to the radiation damping of water can be avoided by 
simultaneously applying weak gradients and hard pulses 
(Figure 1b,c, blue box, and Figure 1e). The modified 
BASEREX acquisition scheme also allows a dramatic re-
duction of the required heteronuclear decoupling power, 
thus acquisition times exceeding half a second are ena-
bled to obtain highest resolution. The sequence provides 
singlets to all Hα protons except the ones belonging to 
glycines, for which the geminal 2JHαHα leads to doublets. 

The performance of the pulse sequence was tested on a 
uniformly 13C/15N-labeled amino acid mixture, the disor-
dered transactivation domain of the tumor suppressor p53 
protein (p53TAD1-60), disordered α-synuclein (AS, 140aa) 
and folded His-tagged ubiquitin (His-Ubi, 82aa). The 
amino acid mixture was used for initial implementation 
and evaluation of the sequence, and fully decoupled, very 
sharp lines of less than 1Hz (13Cα) and 2.5Hz (1Hα) could 
be obtained (Figure S1).  

 

Figure 1. Homo- and heteronuclear decoupled Hα,Cα-
selective SHACA-HSQC. (a) The typical coupling network of 
Hα and Cα environments in proteins; (b) the pulse sequence 
- red and blue boxes mark the decoupling elements in the 
indirectly and directly detected dimensions; (c) the gradient-
enhanced BASEREX acquisition scheme with homo- and 
heteronuclear real-time decoupling; (d) and (e) schematic 
pulse sequence for decoupling during Cα-evolution and 
BASEREX-acquisition. Filled narrow bars correspond to 
90° and wide open bars to 180° hard pulses, respectively. 
Broadband and Cα-selective shaped pulses are indicated by 



 

upper and lowercase letters, R: BURBOP refocusing pulse 
covering the full 

13
C-bandwidth,

46-47
 I: a BIP

48
 or BIBOP

49-51
 

inversion pulse covering the full 
13

C and the 
15

N amide band-
width, e: EBURP excitation pulse

52
, r: REBURP refocusing 

pulse
45, 52

. Delay Δ is set to 1/(4 
1
JCH), while Δ2 is set to 1/(4 

1
JCH) for residues with CH groups in the α-position and 1/(8 

1
JCH) is the optimized value for –CH2– groups. Pulse phases 
are x unless indicated otherwise. φ1=x, φ2=x,-x, φ3=2(x),2(-x), 
φ4=4(x),4(-x), φ5=-y, φrec=x,-x,x,-x,-x,x,-x,x. The gradient 
ratio G1/G2 is set to 80:±20.1 for 

13
C coherence order selection. 

Gradients G3 and G4 are typically set to 9% and 0.1% of the 
maximum strength and are applied with alternating sign for 
each chunking period. Echo/antiecho detection is achieved 
by cycling φ1, φ2, φrec and the gradient G2. Depending on the 
overall acquisition time, n=8-20 periods with chunk times tc 
of 9-13.5ms have been used for acquisition. 

 

Next, the dramatic gain in resolution caused by the dif-
ferent decoupling schemes can be highlighted on the 
various spectra measured on the IDP p53TAD1-60. A com-
parison for the proline region encompassing 9 out of the 
10 proline Cα resonances is shown in Figure 2. The com-
monly used state-of-the-art experiment for Hα-detection 
is a constant time HSQC.53 Here the unavoidable signal 
loss due to the multitude of long-range 13C,13C-couplings 

limits the duration of constant time periods.  

Figure 2. The proline region of p53TAD
1-60

 recorded using a 
(a) conventional CT-HSQC, (b) selective HSQC with 

1
H and 

13
C decoupling in the indirect dimension, (c) with 

1
H, 

13
C, and 

15
N decoupling in the indirect dimension and (d) full hetero- 

and homonuclear decoupling in both dimensions. The in-
crease in signal intensity is shown on the traces for a selected 
proline residue. 

Accordingly, commonly used periods allow only rough 
resolution in the indirect dimension and proline signals 
cannot be resolved (Figure 2a). The situation is changed 
by introducing Cα-selective decoupling, which allows 
acquisition of much better resolved spectra, and is addi-
tionally improved by simultaneous decoupling of 1JCαN and 
2JCαN couplings using a 15N broadband inversion pulse 
during t1 (Figure 2b, c). Finally, application of the modi-
fied BASEREX homo- and heteronuclear decoupling 

scheme during acquisition (Figure 2d) results in a signifi-
cant improvement in spectral quality (see also Figure S2).  

A second example demonstrating the performance of 
the SHACA-HSQC is the biologically relevant AS, an IDP 
containing seven imperfect KTKE(Q)GV repeat sequences 
with particularly low NMR signal dispersion. As seen in 
Figure 3 (and Figure S3) most residues are resolved, even 
in critical regions - shown as inlets for 17 out of 19 
alanines and 18 out of 19 valines.  

A closer examination of the SHACA-HSQC spectra for 
both IDPs shows that 1H and 13C  signal widths (SW) are 
relatively uniform, being 7-9 Hz and 6-8 Hz, respectively. 
Knowing that the typical signal dispersion (SD) of an IDP 
is within 1 ppm (1Hα) and 16 ppm (13Cα, excluding 
glycines), the corresponding average resolution of 
SHACA-HSQC is comparable to that of the 13C-detected 
CON and it is higher than the average resolution of the 

1H,15N-HSQC experiments (see Table 1). 

 

Figure 3. SHACA-HSQC measured on 200μM AS in 90% 
H2O/10% D2O.The spectrum with 2k x 512 complex points 
and 4 scans/increment was recorded in 1h25min. Insets show 
zooms of the alanine and valine regions. 

 

Table 1. Resolution of typical 2D measurements: signal dis-
persion (SD) at 700MHz and measured signal width (SW) 
ranges. 

 

Furthermore, there is the general belief that for a good 
quality Hα-detected measurement the protein should be 
dissolved in pure D2O. In this work all samples were 
measured in aqueous solutions with a minimum of 90% 

Experiment Direct dimension 
SD(Hz)    SW(Hz) 

Indirect dimension 
SD(Hz)    SW(Hz) 

1
H,

15
N-HSQC 700 4.5-13 1680 7-15 

CON 1050 7-10 2450 4.5-13 

SHACA-HSQC 700 7-9 2800 6-8 



 

H2O content.  With well-shimmed samples the residual 
water artefacts are of distinctly lower intensity than the 
corresponding protein signals and even signals very close 
to the water frequency can be unambiguously identified 
(Figure 4a).  

As has been reported previously,54 non-proline Cα reso-
nances experience a deuterium isotope shift for the frac-
tion of deuterated amide groups. In the highly resolved 
SHACA-HSQC spectra these minor signals are detectable 
100 ppb upfield from the major signal (Figure 4b) for 
slow-exchanging amides.  

Besides the enhanced resolution, SHACA-HSQC spec-
tra show an improved and generally high sensitivity. The 
sensitivity gain due to decoupling is shown on the slices 
of P60 in Figure 2b-d. An even more impressive example 
is shown in Figure 4b for signals of the deuterium isotope 
shifted fractions at concentrations ≤2.5µM recorded in 42 
minutes. Note, as proton/deuteron (-NH/D2O) exchange 
is not the same for all residues, the isotope shifted minor 
signals will not be detected for all of them, moreover the 
intensities of these signals can vary as well – as seen in 
Figure 4b.  

In general, decoupling during t1 is applied without no-
ticeable signal loss and will always lead to an increased 
signal-to-noise ratio.  

 

Figure 4. Performance of the water suppression and signal 
intensities. (a) Spectral region around the water resonance 
acquired on p53TAD1

-60
 in 90% H2O/10% D2O; a trace 

through the signal closest to the water resonance is given 
and a dashed line indicates the frequency used for 
presaturation. (b) Spectral region from a SHACA-HSQC 
acquired in 42 minutes on 50µM AS in 95% H2O/5% D2O 
showing isotope-shifted cross peaks. (c) Comparison of Ala 
signals obtained from SHACA-HSQC experiments with 
1
H,

13
C-decoupling during t1 (light gray), 

1
H,

13
C,

15
N-decoupling 

during t1 (gray), and full decoupling in both dimensions 
(black) acquired on the free amino acid, p53TAD

1-60
 (peak 

overlap with a neighboring signal for p53 is indicated by an 
asterisk), His-Ubi and AS. 

 

BASEREX homodecoupling, on the other hand, typically 
involves 8-20 additional transfer steps of approximately 
9ms duration during which signal decays due to relaxa-
tion. This can be an impediment for large globular pro-
teins with short T2 relaxation times and result in severe 
signal losses, while small folded proteins and IDPs of any 
size will benefit. To establish the limits for applicability 
we closely examined the intensity gain resulting from 
homo- and heteronuclear decoupling measured on a de-
fined spin system. Figure 4c-f shows respective 1D slices 
for alanine as the free amino acid as well as in selected 
alanines from p53TAD1-60, His-Ubi and AS. In all cases an 
increase in S/N is observed for decoupling in both dimen-
sions. In theory, 15N-decoupling in the indirect dimension 
should lead to doubled signal intensities, while 
homonuclear decoupling in the direct dimension causes 
the collapse of the 1:3:3:1 quartet (having a neighboring –
CH3 group) to a single line with an intensity increase of 
8/3, altogether leading to a maximum gain of approxi-
mately 5.3. In our case both the free amino acid and AS 
reach the theoretical value. Folded His-Ubi, however, 
shows an overall gain of 2.1 and the dynamically broad-
ened p53-TAD1-60 lies in between with an overall gain of 
approximately 2.8. We conclude that decoupling results 
in up to 5-fold increased S/N compared to the standard 
1H,13C-HSQC. The theoretical gain in sensitivity is 
achieved as long as the non-decoupled multiplets can be 
identified (as for the free amino acid and AS), while sig-
nals without an identifiable multiplet structure (as in His-
Ubi and p53TAD1-60) will lead to smaller improvements. 
Discussion for multiplicities originating from -CH2- or -
CH- neighbors illustrated by selected Pro and Ile are 
shown in Figure S4. Overall, we expect gains for folded 
proteins consisting of up to about 100 residues, while for 
larger globular molecules one should record the SHACA-
HSQC without BASEREX homodecoupling.  

Due to its spin system, the pulse sequence in the pre-
sented form hinders the detection of glycines, which can 
be overcome by adjusting the Δ2 back-transfer delay to 
1/(8 1JCH) and by shifting the irradiation frequency of the 
selective pulse, though the splitting due to the geminal 
2JHαHα coupling will still remain (see SI for details).  

 

CONCLUSIONS AND PERSPECTIVE 

The presented selective, extensively decoupled HαCα 
correlation experiment is suitable for isotopically labeled 
small molecules and proteins in aqueous solution. High 
resolution spectra can be achieved in approximately 40 
minutes or less if non-uniform sampling is applied (see 
Figure S2). The resulting peak distancing - especially for 
the study of crowded IDP spectra - makes both automatic 
and manual peak picking possible and more accurate.  

The obtained resolution is comparable to 13C-detected 
CON experiments (see Table1), however with enhanced 
sensitivity. On a 700MHz spectrometer equipped with a 
Prodigy cryogenically cooled TCI probehead the relevant 

ratio S/(N    of the SHACA-HSQC compared to the CON 



 

experiment revealed a minimum sensitivity increase of 7. 
This implies that the 13C-detected experiment has to be 
run 72≈50 times longer to obtain the same S/N ratio. This 
represents a major gain in experimental time and feasibil-
ity. 

Compared to 1H,15N-HSQC experiments as the standard 
work horse of current protein NMR measurements, the 
SHACA-HSQC provides higher resolution, with the addi-
tion that the important proline residues are no longer 
missing and spectral quality is much less affected by pH 
and temperature, thus work at physiological conditions is 
possible. 

Moreover, all protein spectra were acquired in aqueous 
solution with D2O contents as low as 5% in 5mm standard 
NMR tubes. For 200µM IDP samples signals very close to 
the water could straightforwardly be identified, so that no 
special sample treatment is needed. Further reduction of 
residual H2O artefacts is expected with the use of lower 
volume or shaped NMR tubes, but has not been tested 
here.  

All these properties make the new SHACA-HSQC at-
tractive to be used as an essential reference, which is 
ready for incorporation into 3D-type sequences to provide 
a complete set of triple-resonance experiments for un-
compromised studies of IDPs. It will allow to address 
special structural questions, like for example the residue-
specific identification of post-translational 
modifications,55 with utmost spectral resolution and sen-
sitivity. Furthermore, the general approach of the pre-
sented band-selective pure-shift spectra can be of use in 
all types of chemical, biological or pharmaceutical appli-
cations involving molecules with high abundance of 
NMR-active isotopes, including reaction monitoring, the 
characterization of compound libraries, or the determina-
tion of metabolic pathways.56-58 
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