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Abstract

Two modifications of the triple-resonance CANCO sequence, designed for backbone assignment in proteins [Angew. Chem. Int.
Ed. 43 (2004) 2257], are presented here. These two new sequences display the intra-residue Ca–CO correlation selectively, while in
the original sequence both the inter- and the intra-residue correlations were present. In addition, one of the two variants benefits
from an improved sensitivity. Both sequences are a useful complement to the CANCO sequence for facile sequence-specific protein
assignment by protonless NMR.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The use of low-gamma nuclei detected experiments in
paramagnetic molecules has been promoted as a stand-

alone technique, thanks to the development of pulse se-
quences able to provide the complete assignment of
backbone hetereonuclei from 13C-detected experiments
[1–5].

The assignment procedure consists of two steps:
identifying the spin-systems based on their characteris-
tic patterns in a CBCACO spectrum and connecting
the spin systems using a CANCO and a CACO exper-
iment [3]. The use of this approach can be profitably
extended for the study of large macromolecules, as
the losses of magnetization due to relaxation are min-
imized through the exploitation of low-gamma nuclei.
In addition, the complexity of the pulse sequences is
1090-7807/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.jmr.2004.11.005

* Corresponding author. Fax: +39 055 4574271.
E-mail address: bertini@cerm.unifi.it (I. Bertini).
reduced by eliminating the protons from the magneti-
zation pathway.

A problem that generally arises with the increase of
the size of the proteins under investigation is resonances
overlap. The CANCO sequence [3], that correlates the
CO shift of one residue in the direct dimension with
the 15N shift of the following residue and the Ca shifts
of the same and the following residue, has been con-
ceived as a three-dimensional experiment, in which the
CACO correlation experiment was expanded to the
third 15N dimension with the specific purpose of increas-
ing resolution. However, as in each CACO plane the in-
tra ðCa

i ; COiÞ and inter ðCOi;C
a
iþ1Þ correlations are

present, in the CANCO spectrum resonance overlap
can still occur.

The experiment presented here is a modification of
the CANCO sequence designed to produce a 3D cor-
relation map in which only intra-residue (Ca

i ; COi)
correlations are present, and these are correlated with
the corresponding Ni+1 resonance in the third
dimension. This experiment is intended to complement
the CANCO experiment for the identification of
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sequential spin systems, while circumventing the over-
lap problem. Two pulse sequences are presented: one
is more suited for comparison with the CANCO one
and can be used in combination with it to generate
a inter-residue selective correlation map; the second
one yields an intra-residue correlation map with an
enhanced signal-to-noise with respect to the original
CANCO.
2. Materials and methods

2.1. Pulse sequences

The pulse sequences shown in Fig. 1 yield a
(Ca

i ;COi;Niþ1) correlation. The initial part of the
experiment is analogous to the CANCO experiment
[3]. The first p/2 pulse excites the Ca spins. They are
then evolving under the influence of their chemical
shifts, of the Ca–Cb coupling which is preserved for a
Fig. 1. 3D intra-selective CANCO pulse sequences. Narrow and wide black
wide Gaussian shapes on carbon channel represent selective p/2 and p pulses,
for the p/2 pulses and 220 ls long for the p pulses. The phase cycle employed
/rec = (2(x,�x), 4(�x,x), 2(x,�x)). All the pulses are applied along the x axis
and in the CO-refocusing sequence (B) /5 = x. The pulsed field gradients wer
and G2 = 16 G/cm. The delays were d1 = d + d2 = 11.4 ms, d = 4.4 ms, e = 3
dimensions are obtained by incrementing the phases /1 and /4 in a States-T
total period of 1=JCaCb and of the two Ca–N couplings
to the adjacent N atoms. In contrast to the original
CANCO, the Ca–CO coupling is also active for a
1=2JCaCO period. The p/2 pulses at the end of the t1
evolution convert the anti-phase Ca

yCOzNz coherence
into Ca

zCOzNy .
In the pulse sequence shown in Fig. 1A the Ca

zCOzNy

coherence subsequently evolves under the N chemical
shift in a constant-time manner and simultaneously the
Ca–15N coupling is active, so that the coherence is trans-
formed into COzNx. At point c, this is converted into
COyNz. During the last step, this coherence is then
transferred into in-phase CO magnetization and subse-
quently detected. In the pulse sequence shown in Fig.
1B the Ca

zCOzNy coherence evolves under the N chemi-
cal shift in a real-time manner. At point c, it is converted
into Ca

zCOyNz. During the last step, this coherence
evolves under the CO–N and Ca–CO couplings into
in-phase CO magnetization which is subsequently
detected.
bars indicate non-selective p/2 and p pulses, respectively. Narrow and
respectively. Gaussian cascades (Q3 and Q5) were used [12], 274 ls long
was /1 = (x,�x), /2 = (2x, 2(�x)), /3 = (4x, 4(�x)), /4 = (8x, 8(�x)),
unless otherwise indicated. In the 15N-refocussing sequence (A) /5 = y
e 1.0 ms long, sine-shaped, with maximum intensities of G1 = 19 G/cm
.0 ms, D = 14.2 ms. Phase-sensitive spectra in the 13Ca (t1) and

15N(t2)
PPI manner [16].
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The use of two p pulses at the Ca frequency during
the last transfer step and of two p pulses on the CO
frequency during the first transfer step ensures removal
of Block–Siegert effects [6,7]. The evolution periods in
the Ca dimension are built in a constant time (CT)
manner [8].

The primary difference between the two sequences is
that in the first one the NCa antiphase coherence is
refocused during the period in which the N magnetiza-
tion is transverse while in the second one the CaCON
double antiphase is refocused during the period in
which the CO magnetization is in the plane. We will
thus refer to them as the 15N-refocussing (Fig. 1A)
and the CO-refocusing (Fig. 1B) sequence, respectively,
from now on.

2.2. Sample preparation

The U-13C, 15N-labeled oncomodulin was expressed
and purified as previously reported [9]. The protein con-
centration in the final NMR sample was about 2.5 mM.
The sample was dissolved in a 100 mM NaCl water solu-
tion at pH 6.0 and 10% D2O was added for the lock sig-
nal. All the spectra detailed below were recorded at
298 K.

2.3. NMR experiments

The experiments shown here were carried out on a
16.4 T Bruker Avance spectrometer operating at
700.06 MHz for 1H and 176.03 MHz for 13C equipped
with a prototype TXO probe designed for carbon direct
detected experiments. The inner coil is tuned to 13C, the
outer coil is double tuned to 1H and 15N. Composite
pulse decoupling on 15N was applied during the acquisi-
tion period of the experiments with an RF field strength
of 0.625 kHz using Garp-4 [10] and throughout the
duration of the sequences on 1H with an RF field
strength of 1.665 kHz (Waltz-16) [11]. The carrier fre-
quencies for pulses applied on 15N and 1H were of
120.0 and 4.0 ppm, respectively.

To check sample integrity, 1H–15N HSQC experi-
ments were acquired with standard parameters [12]. A
CT-CACOSQ experiment was obtained using a refo-
cused INEPT-like transfer (for transfer of magnetization
from Ca to CO and refocusing of CO with respect to Ca,
see Supplementary material for details on this sequence).
The p/2 and p pulses were Gaussian cascades [13] 332
and 220 ls long, Q5 and Q3, respectively. The
13CO–13Ca spectrum was recorded with a 1.2 s recycle
delay, 16 transients, and 56.5 ms acquisition time. The
total acquisition time in the indirect dimension was
tmax
1 ¼ 9:1 ms. Spectral windows of 25.9 and 40.0 ppm
were acquired in the 13CO and 13Ca dimensions, respec-
tively, corresponding to a matrix of 1024 · 128 complex
points. The carrier on the carbon channel is set to
57.0 ppm and switched from 57.0 to 175.0 ppm before
the first p/2 13CO pulse.

For the intra-selective CANCO spectra, the carrier
frequencies for pulses applied on 13CO, 13Ca, 15N and
1H were of 175.0, 57.0, 120.0, and 5.0 ppm, respec-
tively. Gaussian cascades (Q5 and Q3) [13] 274 ls long
for the p/2-pulses and 220 ls long for the p pulses were
used. For both experiments a 45.6 ms acquisition time
and a 1.2 s recycle delay were used. The pulsed field
gradients were 1.0 ms long, sine-shaped with maximum
intensities of G1 = 19 G/cm, G2 = 16 G/cm. The delays
were d1 = d + d2 = 11.4 ms, d = 4.4 ms, e = 3.0 ms, and
D = 14.2 ms.

The spectra were recorded with 2k transients and 64
dummy scans. The maximum acquisition time in the
indirect dimension was tmax

1 ¼ 5:7 ms. Spectral windows
of 32 and 40 ppm were acquired in the 13CO and 13Ca

dimensions, respectively. A matrix of 512 · 80 complex
points was recorded, for a total of 52 h experimental
time. Prior to Fourier transformation, expansion by lin-
ear prediction of 64 points and zero filling to 1024 · 512
points was applied.
3. Results and discussion

The pathways of magnetization transfer employed in
the experiments designed to circumvent the use of pro-
tons differ substantially from those that are classically
employed in the standard HN-based sequences [14].
The sequential correlations in protein spectra appear
due to the similar magnitude of the 1JNCa and 2JNCa sca-
lar couplings. The CANCO sequence was designed to
minimize the use of CO fi N and CO fi Ca transfer
steps, thus reducing the periods in which CO magnetiza-
tion is transverse. To preserve this feature in the selective
CANCO, the approach used by Meissner and Sørensen
[15] has been adopted, introducing a coupling between
the Ca and the CO spins during the first magnetization
transfer step and refocusing it during one of the subse-
quent steps.

One difference between the 15N-refocusing sequence
and the original CANCO is that it can use a slightly
shorter 15N constant-time evolution period, as the N–
CO coupling evolution is no longer required during that
delay. The CO-refocusing sequence allows one to cir-
cumvent the constant-time 15N-transverse period and in-
stead acquire real-time 15N spectra, with increased
sensitivity. This is due to the fact that the refocusing
of the intra and inter-residue J-couplings to Ca is no
longer required when 15N is transverse but is done only
when CO is transverse (see Supplementary material).

For the purpose of assignment, 3D correlation maps
displaying both the intra and inter-residue signals (pro-
vided by the CANCO sequence) and only intra-residue
signals (provided by the intra-selective CANCO



Fig. 2. Selected areas of (A) the CANCO spectrum, (B) the CO-
refocussing CANCO spectrum, and (C) the difference spectrum
obtained subtracting the 15N-refocussing CANCO and the CANCO
spectra recorded on oncomodulin at 16.4 T. The difference spectrum in
(C) was obtained using the add2d command of the Bruker Xwinnmr
3.5 software without any scaling factor between the spectra. As an
example, the correlations that sequentially connect residues 21–22, 33–
35, and 57–58 are highlighted. In (B) and (C), where only one of the
two correlations detected in CANCO is present, the black crosses
indicate the position of the missing cross-peaks.

W. Bermel et al. / Journal of Magnetic Resonance 172 (2005) 324–328 327
sequence) of comparable sensitivity are desirable. In-
deed, corresponding intra-residue signals with similar
shapes and intensities in the two 3D spectra may be eas-
ily identified and, eventually, the two maps can be di-
rectly subtracted. In these cases, the 15N-refocussing
sequence is preferable.

To compare the versatility of the assignment proce-
dure, two-dimensional experiments were recorded using
the original CANCO [3] and the two sequences de-
scribed above, under the same experimental conditions,
on a sample of oncomodulin, a 109 residues protein. The
detected signals using the three sequences were com-
pared on a per-residue basis, taking advantage of the
available assignment [3,9].

The experiment obtained with the original CANCO
sequence displayed 79% of the intra-residue correla-
tions. Four additional intra-residue signals could be
detected with the 15N-refocusing sequence. The CO-re-
focusing sequence detects the majority of intra-correla-
tion signals (all but three). This is the result of the
increase in sensitivity due to the suppression of the per-
iod during which 15N magnetization is transverse. The
spectrum obtained by taking the difference between the
original CANCO and the 15N-refocussing selective
CANCO spectra displays 92% of the inter-residue
ðCa

iþ1; COiÞ correlations. For the purpose of assignment,
the experimental intra-selective spectrum and the inter-
selective difference spectrum can be used. Selected areas
of the two above mentioned spectra and the original
CANCO spectrum are shown in Fig. 2.

The differences in 15N transverse relaxation periods
are the reason for the different number of signals de-
tected in the three sequences. All the signals additionally
detected using the 15N-refocussing sequence are in
potentially highly mobile regions (N- and C-termini
and residue 79). They might experience conformational
exchange contributions to relaxation, consequently the
decrease by 5.0 ms of the 15N CT period introduces a
significant gain in the signal intensity.

The sequences use only pulses that covers the ali-
phatic region and refocussing interval of 1=JCaCb , in con-
trast to using a more selective pulse at the Ca frequency.
These makes the sequence longer and thus more prone
to relaxation losses but avoids having to clearly discrim-
inate the Ca and Cb region. The losses are compensated
in the CO-refocusing sequence by the use of a shorter
time period during which the 15N magnetization is
transverse.

For use with proteins in D2O solution the proton
decoupling can be switched off between points b and c

and deuterium decoupling can be introduced instead.
In systems where only part of the signals are affected
by fast relaxation (proteins with a paramagnetic center)
a refocused Ha fi Ca INEPT transfer can be imple-
mented at the beginning of the sequence, in order to take
advantage of the 1H fi 13C polarization transfer.
In summary, the selective-CANCO sequences pre-
sented here are a useful aid for protein backbone assign-
ment. These sequences are an essential complement to
the already available set of 13C-detection based experi-
ments for assignment of large molecular mass proteins
and in all the cases where resonance broadening cannot
be recovered through the TROSY approach.
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Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.jmr.
2004.11.005.
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