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There is increasing evidence that a non-negligible number of
proteins may be natively unfolded, or that unfolded or partially
unfolded states for otherwise folded proteins may be relevant in
particular phases of cell cycle.1,2 Therefore, characterization of these
proteins at the molecular levelsand subsequently of their interac-
tions with other cellular or extracellular componentssis becoming
an increasingly important issue.

At variance with well-folded proteins, crystallization of unfolded
proteins is almost impossible, so NMR is the only technique to
obtain detailed structural and dynamic information. In principle,
NMR is equally well-suited for folded and unfolded proteins, the
latter often showing even sharper signals than the former. However,
chemical shift dispersions in unfolded proteins are much smaller,
causing problems in resonance assignment.3-6

Indeed, for backbone nuclei, the chemical shift is roughly a sum
of an environment-independent contribution that is characteristic
for each amino acid and sensitive to its neighbors in the sequence,
and an environment-dependent contribution that is sensitive to the
secondary and tertiary structure elements that surround in space
that particular nucleus/residue. The latter contribution is virtually
absent in an unfolded protein. The environment-independent
contribution for HN and HR protons is scarcely sensitive to the type
of amino acid to which the proton belongs, whereas it is still
strongly sensitive for heteronuclei, in the order CR < C′ < N.7-9

Thus, the chemical shift dispersion in the proton dimension is lost,
and recording purely heteronuclear spectra becomes a strategy to
minimize dimensionality and maximize dispersion. A complete set
of experiments based onprotonless13C direct detection has been
recently proposed for heteronuclear assignment10-13 with the aim
of allowing the investigation of large14-16 or paramagnetic
proteins.17-21 We here develop a protonless strategy for the study
of unfolded proteins. It relies on combining the 3D CBCACON-
IPAP experiment13 for the identification of spin systems with a
novel 3D COCON-IPAP experiment (Figure SI1 in the Supporting
Information) to obtain the sequence-specific assignment. With
respect to analogous1H-based experiments,5,22-25 the favorable
chemical shift dispersion of carbonyls5,6 is exploited in the direct
acquisition dimension (see Figure SI2 for a comparison of signal
dispersion for the two nuclei). The case study is the natively
unfolded, 140 amino acid proteinR-synuclein.26-28 Its backbone
assignment was obtained28-30 by using extended sets of proton-
based experiments, such as HNCA, HN(CO)CA, HNCO, HN(CA)-
CO, CBCANH, and CBCA(CO)NH.28 The presenttwoexperiments
represent an elegant strategy that provides aesthetically excellent
spectra and leads to a sound assignment overcoming any overlap
problem, despite the intrinsic lower sensitivity of13C with respect
to 1H nuclei. The virtually complete assignment for15N, 13C′, 13CR,
and13Câ is reported as Supporting Information (Table SI1).

The 3D COCON-IPAP correlates the backbone nitrogen with
the attached carbonyl carbon and with the previous and following
carbonyl carbons in the sequence. The relevant correlations for
sequence-specific assignment can then be identified in the13C′-
13C′ planes at specific15N resonances. The use of the IPAP method
to remove the C′ signal splitting due to the presence of C′-CR

coupling11 permits also to obtain optimal resolution.
As shown in Figure 1, for each carbonyl carbon, it is indeed

possible to identify three peaks: the “diagonal” peak (C′i-C′i-
Ni+1), the correlation with the previous (C′i-1-C′i-Ni+1), and the
correlation with the following (C′i+1-C′i-Ni+1) backbone carbonyl
carbons. The transfer of magnetization from a carbonyl carbon to
both the previous and the following provides redundant information,
always welcome for assignment purposes. The ambiguity in the
direction of the sequential assignment is easily removed by using
any of the other protonless experiments.31 In this strategy, we use
the 3D CBCACON-IPAP experiment13 (Figure 2) that allows us
to link each backbone nitrogen with the attached C′ and with the
intraresidue CR (and Câ). In most cases, the amino acid type is
identified from the information retained in the chemical shift values
themselves.32 The complete13C′ and15N backbone assignment is
reported in Figure 3 by labeling the correlations detected in the
2D CON-IPAP experiment,13 as well as in Table SI1 together with
the 13CR and 13Câ assignment. Figure 3 also demonstrates the
excellent spreading achievable with a 2D experiment for an unfolded
protein, provided the proton dimension is left out.

Signal intensities in the COCON-IPAP experiment can be
related to the3JC′C′ value, providing a source of structural
information. In the present case, we noticed that one of the three
connectivities of the proline C′ carbons is weaker than that of the
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Figure 1. Representative slices of13C′-13C′ planes at specific15N
resonances taken from the 16.4 T COCON-IPAP spectrum of13C-15N-
labeledR-synuclein at 288 K. For each residue indicated at the bottom, the
three correlations necessary for sequence-specific assignment (C′i-C′i-
Ni+1, C′i-1-C′i-Ni+1, C′i+1-C′i-Ni+1) are shown (as well as the correla-
tions with the side chain of Asn 65).
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others, and the same holds for the (i+1) connectivity of the residue
preceding a Pro (see Figure SI3). This is due to the typical values
theφ dihedral angle can assume in prolines33 that results in a fairly
small 3JC′C′ value. The connectivities of all the other amino acids
show similar intensities along the sequence, indicating extensive
conformational averaging and thus the absence of a pronounced
secondary structure propensity of the protein in solution.5,6 The
resulting averaged3JC′C′ values, despite small, are still able to
provide measurable peaks due to the robustness of isotropic
mixing.34,35 Furthermore, the averaged3JC′C′ values are fairly
constant,5,6,24so that the COCON-IPAP experiment is the experi-
ment of choice for unfolded proteins because the observability of
all cross-peaks (including those of prolines) should be guaranteed.
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Figure 2. Representative slices of13Cali-13C′ planes at specific15N
resonances taken from the 16.4 T CBCACON-IPAP spectrum of13C-
15N-labeledR-synuclein at 288 K. For each residue, the CR

i-C′i-Ni+1 and,
for non-Gly residues, the Câi-C′i-Ni+1 correlations are shown.

Figure 3. The 16.4 T CON-IPAP spectrum of13C-15N-labeled R-
synuclein at 288 K. The signal assignment obtained through the COCON-
IPAP experiment is reported next to each C′i-Ni+1 cross-peak.
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