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Here, we present a series of exclusively heteronuclear multidimensional NMR experiments, based on 13C
direct detection, which exploit the 1H polarization as a starting source to increase the signal-to-noise
ratio. This contributes to make this spectroscopy more useful and usable. Examples are reported for a
suitable system such as securin, an intrinsically disordered protein of 22 kDa.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, evidence has grown that many proteins are com-
pletely or partially disordered in their functional state [1–3]. The
advantage of lacking a rigid structure may reside in the malleability
conferred by flexibility, allowing binding to multiple targets with
high specificity and low affinity, which may be a key aspect in inter-
mediate steps of biochemical pathways. Atomic level characteriza-
tion of the structural and dynamic features of intrinsically
disordered proteins may also highlight regions characterized by
transient local order which may be important for function. The char-
acterization of unfolded systems is also important to understand
processes of folding coupled to binding and, more in general, the en-
ergy landscape of proteins. All of these aspects have raised a consid-
erable gain of interest in these systems. Nuclear magnetic resonance
spectroscopy (NMR) is the key experimental method for obtaining
site-specific information on intrinsically disordered proteins [4–8].

The lack of a rigid 3D structure has several implications on the
NMR observables, the most striking being the reduced chemical
shift dispersion of the signals that may cause extensive spectral
overlap. Therefore it is advisable to focus the NMR experiments
on nuclei that retain the largest chemical shift dispersion in disor-
dered ensembles. Protons, which are intrinsically characterized by
ll rights reserved.

ni).
low chemical shift dispersion, are the least indicated in terms of
enhancing the spectral resolution whereas 13C and 15N are more
suitable. Therefore, exclusively heteronuclear multidimensional
NMR experiments are in principle the ideal choice to study un-
folded proteins. The known drawback of these experiments is the
intrinsic low sensitivity [9]. The sensitivity can be significantly im-
proved by exploiting the 1H polarization as a starting point of the
NMR experiments [10–12]. This can be profitably implemented
in many of the available protonless NMR experiments and enables
the design of additional ones. We show here several examples of
exclusively heteronuclear NMR experiments with improved sensi-
tivity and resolution. The improvement in sensitivity is mainly due
to the use of 1H as a starting polarization source while the
improvement in resolution comes from frequency labelling of het-
eronuclear chemical shifts in all the dimensions of the NMR exper-
iments as well as from a new virtual decoupling method of
carbonyl carbons. Although generally applicable, these experi-
ments are particularly well suited for the characterization of intrin-
sically disordered proteins, as here demonstrated on human
securin, an intrinsically disordered protein of 22.2 kDa [13].
2. Results and discussion

The CBCACON experiment, a C0-detected experiment which
proved useful for the identification of spin-systems in intrinsically
disordered proteins [7], can be taken as an example to show the

mailto:ivanobertini@cerm.unifi.it
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


276 Communication / Journal of Magnetic Resonance 198 (2009) 275–281
improvement in sensitivity obtained by exploiting the 1H polariza-
tion as a starting point of the NMR experiments through an INEPT-
type transfer [10]. The gain in sensitivity obtained with the modified
pulse sequence (H)CBCACON (described in Appendix, Panel 1) ap-
plied to a 0.7 mM sample of human securin, is approximately 2.2
(Fig. 1A and B), which implies a reduction in experimental time of
a factor of about 4.8 compared to the standard CBCACON experiment
[14,15]. The observed gain in sensitivity is smaller than that ex-
pected simply considering the gyromagnetic ratios of the nuclei pro-
viding the starting polarization. Among the reasons for the reduced
gain, the following are important: 1) the necessity to compromise in
the choice of the optimal delay for the refocused INEPT transfer step
to detect 13C signals with a different number of directly attached pro-
tons (CH, CH2, CH3) [16–18], and 2) the proton and carbon relaxation
occurring during the INEPT transfer step itself.

It is worth noting that the 3D (H)CBCACON experiment is still
an exclusively heteronuclear experiment, with C0, Cali and N la-
belled in the three dimensions, and it can be recorded with high-
resolution (Fig. 1C, 4 scans per increment) in 21 h. Selected strips
of the very same 3D map are reported in Fig. 2.

The use of 1H polarization as a starting point in exclusively het-
eronuclear NMR experiments permits also to expand the series of
experiments for protein sequence specific assignment. In particular
novel CANCO [19] variants can be designed starting with H–C or
H–N INEPT-type transfer steps (Appendix, Panels 2 and 3). In
Fig. 2 selected strips from the 3D (H)CBCANCO and the 3D
(H)NCANCO are shown. The (H)CBCANCO experiment, which be-
sides the Ca

i ,Ni+1, C0i and Ca
i+1,Ni+1, C0i correlations present in the CAN-

CO encodes the information on the Cb
i and Cb

i+1 chemical shifts, links
in a sequence specific manner the spin-systems identified with the
(H)CBCACON. The (H)NCANCO enables the correlation of each back-
bone carbonyl (C0i) with three backbone nitrogens (N, i.e. Ni, Ni+1,
and Ni+2), providing an additional means to perform the complete se-
quence specific assignment of the polypeptidic chain. The latter
experiment would not have been possible without the 1H-start as,
in fact, the signal-to-noise ratio of the spectrum obtained with a
pulse sequence starting on nitrogen would have been very low, mak-
ing this experiment useless in practice.

Thus, a couple of experiments provide the complete chemical
shift assignment for C0, Ca, Cb, and N nuclei in human securin,
Fig. 1. Increase in sensitivity obtained by using the 1H polarization as a starting pool in a C0-d
(B) recorded on a 0.7 mM human securin sample are shown. The full 3D experiment recor
including prolines. In an intrinsically disordered protein these data
are highly valuable per se, as the deviations of the experimental
chemical shift values from the random-coil values are indicators
of local structural propensity [20,21] that can be analyzed and
interpreted on biochemical grounds.

To complete the NMR characterization of the structural and dy-
namic properties of a protein it is often necessary to determine 15N
and/or 13C relaxation rates, exchange rates with the solvent, resid-
ual dipolar couplings, etc. These observables, which are generally
measured through variants of HN HSQC experiments, can be deter-
mined with variants of the CON experiment, which can be modi-
fied with the inclusion of the H-start building block. An example
is given by the C0–N correlation experiment to measure HN–N
residual dipolar couplings in human securin (Appendix, Panel 5).
This experimental scheme, taking advantage of the large chemical
shift dispersion provided by heteronuclear chemical shifts (C0 and
N) and of the increased sensitivity provided by the proton-polari-
zation, allowed a considerable increase in the number of residues
for which residual dipolar couplings could be measured with re-
spect to the standard HSQC-type experiments based on direct
detection of HN (i.e. passing from 90 [13] to 162 residues, not
shown). With a similar approach all the experiments to determine
coupling constants and relaxation rates can be implemented.

The outcome of the experiments based on carbonyl direct
detection is very sensitive to the performance of C0–Ca homonu-
clear decoupling and the use of spin-state selective variants were
shown to be very effective in the removal of the homonuclear
splittings [14,22,23]. Among them the IPAP method was imple-
mented in all the experiments described above and was key to
obtaining the high-resolution needed. Along the same lines, also
the C0–N coupling can be eliminated including a sensitivity-im-
proved IPAP scheme [24], as described in the experimental part
and in the Appendix (Panel 5). This new variant of virtual decou-
pling of C0 carbons from Ca and N, called SE-DIPAP, does not re-
quire 15N RF irradiation, which usually limits the duration of
the acquisition time. In the case of unfolded proteins this is par-
ticularly useful as the FID can be sampled as long as needed. The
results obtained on human securin are shown in Fig. 3 and dem-
onstrate the improved resolution that can be obtained for car-
bonyl signals.
etected experiment. As an example, the first FID of the CBCACON (A) and (H)CBCACON
ded with 96 � 144 increments in the two indirect dimensions is also reported (C).



Fig. 2. Representative slices of 13Cali–13C0 planes at specific 15N resonances taken from the (H)CBCACON and (H)CBCANCO spectra as well as slices of 15N–13C0 planes at
specific 15N resonances taken from the (H)NCANCO spectrum of 13C–15N-labelled human securin at 281.6 K. In the (H)CBCACON for each residue the Ca

i –C0 i–Ni+1 and, for non-
Gly residues, the Cb

i –C0 i–Ni+1 correlations are present. In the (H)CBCANCO the Ca
i+1–C0 i–Ni+1 and Cb

i+1–C0 i–Ni+1 correlations are also present. In the (H)NCANCO each C0 i–Ni+1 is
correlated with the Ni and Ni+2 nuclei. The residue number is indicated at the bottom of each slice (C0 i). The magnetization transfer pathways for the three experiments are also
schematically reported top of each experiment.

Fig. 3. The new variant of spin-state-selective virtual decoupling of carbonyls during the direct acquisition dimension (SE-DIPAP), based on including C0–N virtual decoupling
in the experiment (CON in the present case), in addition to the C0–Ca virtual decoupling, is demonstrated here by comparing it with the standard IPAP version for C0–Ca virtual
decoupling. A portion of the 2D CON maps and the trace of the upper cross peak for the left IPAP version and right the new SE-DIPAP variant are shown.
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3. Conclusions

Carbon-13 direct detected experiments are amenable to per-
form the complete NMR characterization of a protein, warranting
high chemical shift dispersion in the NMR spectra. This is particu-
larly important for the study of systems of increasing complexity
such as large intrinsically disordered proteins. The limitation posed
by sensitivity can be overcome, as here demonstrated, with the
exploitation of proton-polarization as a starting pool.

4. Experimental

The 13C, 15N labelled human securin sample was prepared and
purified as previously reported [13]. The protein concentration
was 0.7 mM in 25 mM phosphate buffer, 150 mM KCl pH 7.2,
10 mM HSCH2CH2OH. In all cases 10% D2O was added to the sam-
ple for the lock signal.

Carbon-13 direct detection experiments were carried out on a
16.4 T Bruker AVANCE 700 spectrometer, operating at
700.06 MHz for 1H and 176.03 MHz for 13C and equipped with a
TXO 13C, 15N, 1H cryogenically cooled probe. All spectra were re-
corded at 281.6 K.

The pulse sequences to acquire the experiments outlined in the
main text as well as the experimental parameters used are de-
scribed in the Appendix. All pulses were given with phase x, unless
otherwise specified. In all the panels reported, unless otherwise
specified, band selective 13C pulses are denoted by shapes and rect-
angular pulses represent hard pulses. The wide and narrow pulses
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correspond to p and p/2 flip angles. Pulse field gradients (PFG line)
are also indicated by shapes. The common parameters used for all
experiments are described in detail in this paragraph, while those
specific of each experiment are reported in the captions to the dif-
ferent panels. Unless otherwise specified, for 13C bandselective p/2
and p flip angle pulses Q5 (or time reversed Q5) and Q3 shapes [25]
were used with durations of 274 and 220 ls, respectively except
for the p pulse indicated in grey (Q3, 860 ms) and for the p pulse
indicated in crossed stripes (adiabatic inversion pulse over the C0

and Ca regions, Chirp [26], 500 ls). The 1H and 15N carriers are
placed at 4.7 and 125 ppm, respectively. The change in the position
of the 13C carrier (39 ppm for Cali, 55 ppm for Ca, and 173 ppm for
C0, 100 ppm for the adiabatic pulse) is indicated by vertical arrows.
Decoupling of the 1H and 15N was achieved with waltz-16 [27]
(1.7 kHz) and garp-4 [28] (1.0 kHz), respectively. The relaxation
delay was 1.2–1.3 s and acquisition time in the direct dimension
was between 60 and 110 ms. The spectral widths were of 50 (C0),
35 (N) and 65 (Cali) ppm. The experiments employ the IPAP ap-
proach to suppress the Ca-C0 coupling [14] and the in-phase (IP)
and anti-phase (AP) components are acquired and stored sepa-
Fig. 4. The four independent components acquired through the SE-DIPAP scheme (A–
reported in the text.
rately by using the pulse schemes illustrated, doubling the number
of FIDs recorded in one of the indirect dimensions. The phase cycle,
the method used for quadrature detection, the durations of the de-
lays shown in the pulse sequences and the relative strengths of the
gradients used (all gradients had a duration of 1 ms and a sine
shape) are reported case-by-case.

The implementation of the SE-DIPAP approach to decouple C0

carbons from Ca and N is shown, as an example, for the CON
experiment (Appendix, Panel 5). The four independent compo-
nents (A–D) that are acquired to obtain virtual decoupling of
C0 carbons from Ca and N through the SE-DIPAP scheme are
shown in Fig. 4. The pair of independent FIDs to separate the
in-phase and anti-phase components of C0 respect to N are ob-
tained by a 180� phase shift of the last 15N pulse, which causes
a change in sign of the anti-phase component (the one generally
lost through 15N decoupling), while leaving unaffected the in-
phase component. The pair of independent components to detect
the in-phase and anti-phase components of C0 respect to Ca are
obtained by changing the position of the 180� Ca pulses to pre-
vent (IP) or allow (AP) C0–Ca scalar coupling evolution. As shown
D) are combined to provide the decoupled signal (E) according to the description



Communication / Journal of Magnetic Resonance 198 (2009) 275–281 279
in the figure, (A + B) and (C+D) yield the IP and AP components
of C0 respect to Ca, with the C0–N coupling in phase. The (�A + B)
and (�C + D), after a 90� phase correction in the two dimensions
(�A + B)ph and (�C + D)ph, give the IP and AP components of C0

respect to Ca, with the C0–N coupling in anti-phase. The four
independent multiplet components can then be separated by
taking the proper linear combinations. Shifting those to the
center of the original multiplet and adding them achieves C0

virtual decoupling (E). For the sake of clarity, the data used
here to describe the method are acquired on the octapeptide
hymenistatin and the C0 (Ile[8])N(Pro[1]) correlation is shown
in Fig. 4.
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Appendix A

A.1. Panel 1 - (H)CBCACON

The delays are: e = t2(0), d = 3.6 ms, D = 9 ms, D1 = 25 ms,
D2 = 8 ms, D3 = D2–D4 = 5.8 ms, D4 = 2.2 ms. The phase cycle is:
/1 = 8(x), 8(�x); /2 = x, �x; /3 = 4(x), 4(�x); /4 = 2(x), 2(�x);
/IPAP(IP) = x; /IPAP(AP) = �y; /rec = x, �x, �x, x, �x, x, x, �x. Quadra-
ture detection was obtained by incrementing phase /2 (t1) and /4

(t2) in a States-TPPI manner. The experiment was acquired with 4
scans, 144 � 96 � 1024 data points in the t1, t2 and t3 dimensions
(Panel 1).

A.2. Panel 2 - (H)CBCANCO

The delays are: d = 3.6 ms, D = 9 ms, D0 = 32 ms, D1 = 22 ms,
D2 = 8 ms, D3 = D2–D4 = 5.8 ms, D4 = 2.2 ms. The phase cycle is:
/1 = 8(x), 8(�x); /2 = y, �y; /3 = 2(x), 2(�x); /IPAP(IP) = 4(x),
4(�x); /IPAP(AP) = 4(�y), 4(y); /rec = x, �x, �x, x, �x, x, x, �x. Quad-
rature detection was obtained by incrementing phase /2 (t1) and
/3 (t2) in a States-TPPI manner. The experiment was acquired with
16 scans, 144 � 96 � 1024 data points in the t1, t2 and t3 dimen-
sions (Panel 2).
Panel 1
A.3. Panel 3 - (H)NCANCO

The delays are: d = 4.6 ms, n = 5.5 ms, D = 9 ms, D1 = 24 ms,
D2 = 50 ms, D3 = 32 ms. The phase cycle is: /1 = x, �x; /2 = 4(x),
4(�x); /3 = 2(x), 2(�x); /IPAP(IP) = 8(x), 8(�x); /IPAP(AP) = 8(�y),
8(y); /rec = x, �x, �x, x, �x, x, x, �x, �x, x, x, �x, x, �x, �x, x. Quad-
rature detection was obtained by incrementing phase /1 (t1) and
/3 (t2) in a States-TPPI manner. The experiment was acquired with
16 scans, 144 � 96 � 2048 data points in the t1, t2 and t3 dimen-
sions (Panel 3).
A.4. Panel 4 - Determination of HN RDCs through a C0–N correlation
experiment

The delays are: d = 4.6 ms, d0 = 5.5 ms, D = 9 ms, D1 = 24.8 ms,
D3 = 24.8 ms. The phase cycle is: /1 = x, �x; /2 (AP NH) = 2(x),
2(�x); /2 (IP NH) = 2(�y), 2(y); /3 = 8(x), 8(�x); /IPAP(IP) = 4(x),
4(�x); /IPAP(AP) = 4(�y), 4(y); /rec = x, �x, �x, x, �x, x, x, �x. The
two FIDs to separate the in-phase and anti-phase components of
the HN–N splitting are obtained by acquiring two experiments that
differ by the application of the grey 1H 180� pulse. Quadrature
detection was obtained by incrementing phase /2 (t1) in a States-
TPPI manner. The experiment was acquired with 4 scans,
2048 � 2048 data points in the t1 and t2 dimensions (Panel 4).
A.5. Panel 5 - Spin-state-selective variant for virtual decoupling of C0

carbons from Ca and N (SE-DIPAP)

The delays are: e = t2(0), D = 9 ms, D1 = 32 ms. The phase cycle
is: /1 = x, �x; /2 = 2(x), 2(�x); /3 = 4(x), 4(�x); /4 = 4(y), 4(�y);
/IPAP(IP) = x; /IPAP(AP) = �y; /rec = x, �x, x, �x, �x, x, �x, x. The
two independent components, linear combinations of in-phase
and anti-phase coherences of C0 respect to N, are acquired sepa-
rately with two experiments that differ for the phase of the last
15N pulse (/4 is incremented by p in the second experiment). This
allows to recover both orthogonal components of the 15N signal
that has evolved during t1, avoiding loss of one of the two. The data
are then processed to separate the four multiplet components of C0

respect to Ca and N, which are then shifted to the center of the ori-
ginal multiplet and summed as described in the Experimental sec-
tion. Quadrature detection was obtained by incrementing in a
States-TPPI manner phase /1 (t1) (Panel 5).
.
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