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Abstract

A new set of pulse sequences, 2CALIS, that exhibit double sensitivity of the recent CALIS pulse sequences for accurate calibration of
the rf field strength for an indirectly observed spin is introduced. The sensitivity gain is a result of not forming heteronuclear coherence
transfer gradient echoes although they are excellent for artifact suppression. It is, however, demonstrated that the scheme in 2CALIS for
suppression of non 13C-attached proton magnetization is adequate for calibration of the 13C rf field strength even on natural abundance
samples. A 2CALIS version with Watergate applicable to biomolecules in aqueous solution is also presented and demonstrated both in
13C natural abundance and on a 13C, 15N enriched protein sample.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

A recent paper [1] introduced the CALIS-1 and CALIS-
2 pulse sequences for accurate calibration of the rf field
strength for an indirectly observed spin S via a directly ob-
served spin I. These sequences are attractive because they
neither require prior knowledge about the S-spin rf field
strength nor exact match of delays to heteronuclear cou-
pling constants and yield clean pure-phase spectra. They
include heteronuclear coherence transfer gradient echoes
resulting in excellent artifacts suppression also for samples
with the natural abundance level of isotopes, where e.g.
12C-attached proton magnetization is eliminated by gradi-
ents and optional phase cycles.

In terms of the unitary bounds on spin dynamics [2–4]
and apart from relaxation loss during the short pulse se-
quence, the modulation imposed by the calibration ele-
ment, and the effect of long-range couplings, the
sensitivity of the CALIS sequences are down by 50% com-
1090-7807/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.jmr.2006.07.004

* Corresponding author. Fax +45 3327 4765.
E-mail address: olews@crc.dk (O.W. Sørensen).
pared to a corresponding 1D I-spin spectrum. As in many
other experiments, this sensitivity loss comes about by
selecting only one out of two coherence transfer pathways
by the gradients. While this penalty usually is acceptable in
return for excellent artifact suppression, such a high degree
of artifact suppression is not always required. Therefore,
this paper explores the possibility of modifying the CALIS
pulse sequences to the effect of dispensing with formation
of heteronuclear coherence transfer gradient echoes and
thereby doubling the sensitivity. Hence, the acronym
2CALIS for the new pulse sequences outlined in Fig. 1.

There is an earlier pulse sequence, ROSSANA [5], fulfill-
ing the requirement of being similar to CALIS-2 with dou-
ble sensitivity, but that sequence requires exact adjustment
of several parameters and even then results in relatively
large signals from 12C-attached proton magnetization [5].
The 2CALIS pulse sequences extend ROSSANA and com-
bines it with the CALIS idea of incrementing several S-spin
pulses in the calibration [1,6] along with an S-spin filter.

The 2CALIS-2 pulse sequence in Fig. 1a is most easily
understood by considering the case of h = p/2. The sand-
wich of the first three I-spin pulses and the first 2h S-spin
pulse is similar to the INEPT element [7]. After this
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Fig. 1. 2CALIS pulse sequences for calibration of the S-spin (e.g. 13C) rf field strength via observation of the I-spin (e.g. 1H) spectrum. On the I-spin
channel, filled and open rectangular bars represent non-selective p/2 and p pulses, respectively, whilst the shaped pulses correspond to selective p/2 pulses
applied at the water frequency so as to keep the water magnetization along the z axis during all delays. A series of spectra with different pulse durations h is
run so as to include what is expected to correspond to h = p/2 where there is a zero-crossing of the signal. The same phasing must be applied to all spectra
in the series. The delay s is set to (2J)�1 but is not critical, and d is a gradient delay. The recommended phase and pulse cycles are u = {y,y,�y,�y},
h/3h = {h,3h,3h,h} with the receiver phase always alternating between x and �x, and the first two steps being the most important. When the h/3h element is
h, an additional delay corresponding to 2h is included to make the pulse sequence have the same length for both steps of the h/3h cycle. The gradient G0 is a
purge gradient and the weaker gradients G1 and G2 must be set so as not to cause accidental refocusing. (a) Pulse sequence 2CALIS-2 leading to antiphase
doublets. (b) Pulse sequence 2CALIS-1 applying S-spin decoupling (shown as a dashed box on the S channel during acquisition) leading to no
heteronuclear multiplet structure in the I-spin spectrum. (c) 2CALIS-2 pulse sequence with water flip-back pulses and Watergate [10]; adequate water
suppression can in most cases be achieved through the use of the second Watergate element alone. Pulse programs for these 2CALIS pulse sequences can
be downloaded from www.crc.dk/nmr.
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element, the S-attached I-spin magnetization is longitudi-
nal and in antiphase with respect to the JIS coupling con-
stant whilst the I-spin magnetization not coupled to the
S-spin is transverse and hence gets purged by the gradient
G0 in the d delay that constitutes a z filter [8]. The next S-
spin pulse is either of flip angle h or 3h and key to the cal-
ibration, as it for h = p/2 eliminates the magnetization of
interest by transferring it into multiple-quantum coherence,
which is the familiar zero-crossing in this type of experi-
ments [5,6,9]. The h/3h two-step cycle combined with alter-
nating receiver phase acts as an S-spin filter, as the non
S-spin attached I-spin magnetization is invariant to the flip
angle of that pulse. This is in contrast to the S-spin at-
tached I-spin magnetization.

The phase/pulse cycles and gradients in the pulse se-
quence select the fraction of the S-spin attached I-spin
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magnetization that can be said to have experienced a p
rotation under the first and a 0/p rotation under the second
S-spin pulse. These ‘‘ideal’’ pulse settings can also serve to
illustrate the inherent relative sensitivities of the 2CALIS
and CALIS pulse sequences. In Fig. 2a is shown the spec-
trum of the anomeric protons in mannose recorded with
the 2CALIS-2 pulse sequence with the first and second
13C pulses set to p and zero, respectively. In Fig. 2b is
shown the same but this time including a 0/p cycle of the
second 13C pulse, which significantly improves the suppres-
sion of non 13C-attached 1H magnetization. Finally, Fig. 2c
shows the corresponding spectrum recorded with the CAL-
IS-2 [1] pulse sequence using flip angles p/2, p, and p/2 for
the three 13C pulses in that sequence; the suppression of
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Fig. 2. Excerpts from ‘‘ideal’’ 2CALIS-2 and CALIS-2 spectra with 13C as the S
Unity Inova 500 MHz spectrometer with 8 scans and other parameters identical
to p, the h/3h element omitted, and with a u = {y,�y} phase cycle combined w
signals are marked by asterisks while the interesting signals appear as antiphase
with the full phase/pulse cycle indicated in the Fig. 1 caption. (c) Using the CA
flip angles p/2, p, and p/2, respectively.

12.0 12.4 12.8
(µs)

Fig. 3. Natural abundance 13C 2CALIS-2 spectra acquired on 50 mM mannose
doublets corresponding to the a and b anomeric protons, with varying values f
whereas for the b anomer 1JCH = 158 Hz) and the number of scans was 8. Th
non 13C-attached 1H magnetization is the best of the three,
but the sensitivity is only half.

It clearly depends on the application and the abundance
of the S-spin isotope what degree of suppression of the non
S-spin attached I-spin magnetization is required. The
2CALIS-2 version corresponding to the ‘‘ideal’’ in Fig. 2a
is the same as the one in Fig. 1a but with only a h pulse
at the place of the h/3h element and without the cycle of
the receiver phase associated with the h/3h element. For
2CALIS-2, we usually prefer the full version with the S-
spin filter in Fig. 1a corresponding to the ‘‘ideal’’ in Fig. 2b.

The 2CALIS-1 pulse sequence in Fig. 1b extends the
2CALIS-2 pulse sequence in Fig. 1a by a refocusing period
to allow S-spin decoupling and thereby about doubling the
[ppm] 4.8  4.6 

*

spin and showing the anomeric protons of mannose recorded on a Varian
. (a) Using the 2CALIS-2 pulse sequence in Fig. 1a but with the 2h pulse set
ith the receiver phase alternating between x and �x. The 12C-attached 1H
doublets. (b) Same as (a) but also including the h/3h element set to 0/p and

LIS-2 pulse sequence [1] with the three 13C pulses of that sequence being of

13.2 13.6 14.0

in D2O on a Varian INOVA 500 spectrometer, showing the two antiphase
or h (13C). The value of s was optimized for the a anomer (1JCH = 172 Hz
e zero-crossing was determined to occur at t(p/2,13C) = 12.9 ls.



Communication / Journal of Magnetic Resonance 182 (2006) 348–352 351
sensitivity by collapsing the JIS doublet into a singlet. Note,
however, that for the 2CALIS-1 pulse sequence any resid-
ual non S-spin attached I-spin signal will overlap with the
signal relevant for the calibration. If such residual signals
are so large that they disturb the calibration for 13C or
15N natural abundance samples, the choice of S-spin cali-
bration pulse sequence can be between 2CALIS-2 and
CALIS-1 exhibiting about the same sensitivity, but with
the former and the latter resulting in heteronuclear
12.3 12.7 13.1
(µs)

Fig. 4. Excerpts (the 1H spectral range from 4.7 to �1 ppm) from 13C 2CALIS-
in 90% H2O/10% D2O v/v on a Varian Unity Inova 800 MHz spectrometer usin
first Watergate element, i.e. only using the second Watergate element for wate
The carrier frequency for 13C was placed in the middle of the alipha
t(p/2,13C) = 13.25 ± 0.05 ls.

12.1 12.5 12.9
(µs)

Fig. 5. Excerpts (the 1H spectral range from 5 to �2 ppm) from 13C 2CALIS
cytochrome c in 100% D2O on a Varian Unity Inova 800 MHz spectrometer us
to 1JCH = 140. The carrier frequency for 13C was placed in the middle of the alip
13C) = 13.05 ± 0.05 ls.
doublets and singlets, respectively. In general, calibration
using antiphase doublets requires that at least one of the
doublet components of a 1H multiplet does not overlap
with a doublet component of opposite phase from another
multiplet. Hence the CALIS-2 and 2CALIS-2 pulse
sequences are normally not suitable for protein work.

The 2CALIS-1 pulse sequence in Fig. 1c is adapted for
biomolecular applications and aims at maintaining the
water magnetization along the z axis by inclusion of
13.5 13.9

1 spectra acquired on a 0.4 mM 13C/15N labeled sample of the protein CI-2
g the sequence shown in Fig. 1c without the water flip-back pulses and the

r suppression. The value of s utilized was set according to 1JCH = 140 Hz.
tic region (40 ppm). The zero-crossing was determined to occur at

13.3 13.7 14.1

-1 spectra acquired on a 2 mM natural abundance sample of the protein
ing the sequence shown in Fig. 1b. The value of s utilized was set according
hatic region (40 ppm). The zero-crossing was determined to occur at t(p/2,
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flip-back pulses and Watergate elements [10]. The corre-
sponding 2CALIS-2 pulse sequence would acquire the
FID right after the last p/2(I) pulse.

If, for hardware reasons, the 3h pulse around h = p/2 is
short of three times the h pulse by e, a 2CALIS calibration
will overestimate the p/2 pulse length by e/4. We investigat-
ed this potential problem by determining the 13C h = p/2
and 3p/2 pulse times directly on mannose in two separate
CALIS-2 experiments using the pulse sequence in Ref. [1]
with the three 13C pulses being {h,2h,2h} and {h,2h,6h},
respectively. On our Varian Unity Inova 500 MHz spec-
trometer, the result was zero-crossings at 25.8 and 77.4 ls
for 2h = p and 6h = 3p, respectively, which is the optimum
result.

In Fig. 3 is shown a series of excerpts of 13C 2CALIS-2
spectra featuring the anomeric protons of mannose at nat-
ural abundance and calibrating the 13C rf field strength. It
can be seen that the suppression of 12C-attached proton
magnetization is sufficiently good as to allow the calibra-
tion to be conducted with ease. The incompletely sup-
pressed signals are in the worst case only of the same
order of magnitude as the signals used for calibration,
and the unsuppressed signals are essentially random in
both phase and magnitude.

Fig. 4 shows a 2CALIS-1 13C calibration performed on
the 13C/15N labeled protein CI-2 [11] using the sequence
in Fig. 1c with only the second Watergate element used
for water suppression. Extensive overlap of signals is
not a problem for the calibration using this pulse se-
quence. As suppression of non 13C-attached magnetiza-
tion is not an issue for enriched proteins, the 2CALIS-1
pulse sequence—two times as sensitive as the earlier CAL-
IS-1 pulse sequence [1]—is the one of choice for such
applications.

Fig. 5 shows an application of the 2CALIS-1 pulse se-
quence in Fig. 1b to 13C pulse calibration on cytochrome
c in natural abundance. The asymmetry in the calibration
series around the zero-crossing is due to residual unsup-
pressed non 13C-attached magnetization. This, however,
does not seriously affect the accuracy of the calibration in
this case, as extrapolation from the signal intensities on
both sides of the zero-crossing allows a projection of the
zero-crossing more or less independent of the residual
unsuppressed signals from non 13C-attached magnetiza-
tion. If in other applications the residual non 13C-attached
contributions are too severe it is necessary to resort to the
earlier CALIS-1 pulse sequence [1] with better artifact sup-
pression at the penalty of a 50% sensitivity reduction.

In conclusion, we have introduced the 2CALIS family of
pulse sequences for calibration of the rf field strength for
indirectly observed nuclei that has about double sensitivity
of the earlier CALIS family of pulse sequences for the same
purpose. This makes 2CALIS-1 the method of choice for
most applications, including NMR on enriched proteins
and 13C natural abundance samples. The applications
where the inherently less-sensitive CALIS pulse sequences
remain the methods of choice include when it is necessary
to calibrate via long-range couplings or when the highest
degree of suppression of magnetization of the directly ob-
served spins not coupled to the indirectly observed spins
is required as e.g. for natural abundance work with some
nuclei.
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