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Abstract

Two novel pulse sequences, CALIS-1 and CALIS-2, for accurate calibration of the RF field strength for an indirectly observed spin
are introduced. CALIS-2 is intended for calibration of e.g., 13C or 15N pulses on natural abundance samples whilst CALIS-1 is recom-
mended primarily for enriched samples. Both experiments can be performed without prior knowledge or guess of the RF field strength
and no delays in the pulse sequences are critically dependent on coupling constants.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The importance of properly calibrated RF pulses is well
known in NMR spectroscopy. Sensitivity-wise, the effect of
miscalibrated pulses is usually cumulative, which obviously
can be a problem in pulse sequences with many pulses.
Another deleterious effect of miscalibrated pulses is gener-
ation of spectral artifacts, e.g., when a pulse presumed to
be of flip angle p fails to invert spin states or cause refocus-
ing of chemical shifts. Sometimes suitable phase cycling or
pulsed field gradients can eliminate the effect of miscali-
brated pulses but that is not always the case as in, e.g.,
low-pass J filters [1] that are widely used in heteronuclear
long-range correlation experiments [2,3] for suppression
of one-bond correlation peaks.

A simple and widely used method to calibrate the RF
field strength for an indirectly observed spin S via a directly
observed spin I is [4]:

p=2ðIÞ � ð2JÞ�1 � hðSÞ � acq.ðIÞ; ð1Þ
where J usually is the one-bond coupling constant between
the spins I and S. The pulse sequence leads to an antiphase
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doublet that disappears for h = p/2 where the magnetiza-
tion is transferred into unobservable 2-spin coherence.

This calibration sequence was originally proposed for
calibration of the 1H RF field strength via observation of
the 13C spectrum. However, for that application there is
a considerable sensitivity gain by using the related SEMUT
pulse sequence [5] that applies 1H decoupling during acqui-
sition. The sensitivity gain comes from collapsing the 13C
multiplet structure by suppressing all heteronuclear
couplings.

The configuration in most modern probeheads of being
optimized for 1H detection and 13C indirect detection still
allows use of the above calibration sequences for calibra-
tion of the 13C RF field strength, but there are two points
worth mentioning in comparison to the opposite configura-
tion: (1) for natural abundance samples, refocusing of the
antiphase doublet is less critical for the sensitivity, as the
heteronuclear multiplet structure is only a doublet, but
for enriched samples refocusing and decoupling lead to a
considerable sensitivity gain; (2) for natural abundance
samples the 1H spectrum is dominated by the about 200
times stronger signals from protons attached to 12C iso-
topes and these are p/2 out of phase with the antiphase
doublets relevant for the calibration, making it practically
impossible to calibrate the 13C RF field strength on all
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but the smallest molecules. A modification of the simple se-
quence in (1) [6] includes a z filter [7] with a gradient to re-
duce the strong signals from protons attached to 12C
isotopes, but a much higher degree of suppression of these
signals is possible along with elimination of the needs to be
exactly on-resonance for protons, to have 1H pulses being
exactly p/2, and to have an exact match of a delay to
(2J)�1 (vide infra).

In Fig. 1 are outlined two new pulse sequences that are
now applied routinely in our laboratory for calibration of
the 13C or 15N RF field strength via observation of the
1H spectrum. Typically, the sequence in Fig. 1A yielding
antiphase doublets is used on natural abundance samples
whilst the refocused sequence in Fig. 1B is used primarily
for enriched samples. Both sequences suppress the 1H mag-
netization from molecules without 13C or 15N isotopes by
formation of heteronuclear gradient echoes and optional
phase cycles and are applicable equally well for all 13C mul-
tiplicities. We dub these experiments CALIS-2 (Fig. 1A)
and CALIS-1 (Fig. 1B) (Calibration for Indirect Spins).
Clearly, CALIS-1 also has a sensitivity advantage over
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Fig. 1. CALIS pulse sequences for calibration of the S-spin (e.g., 13C) RF fiel
channel filled and open bars represent p/2 and p pulses, respectively. A series
expected to correspond to h = p/2. The same phasing must be applied to all spe
current Bruker and Varian pulse programming software the pulse programs are
the experiments can be performed without a phase cycle, artifact suppre
u1 = {x,�x,�x,x}, u2 = {x,x, 4(�x),x,x}, u3 = {4(x),4(y), 4(�x),4(�y)} with
CALIS-2 leading to antiphase doublets. The delay s 0 is set so that the I-spin
s 0 = s � 5h and decremented when h is incremented, thus resulting in a pulse
sequence CALIS-1 applying S-spin decoupling leading to no heteronuclear mult
can still be accommodated for the longest h value. In this sequence, it is the delay
are set so as to fulfill the equation cI · G1 � (cI + cS) · G2 � (cI � cS) · G3 = 0
being 1H and 13C, respectively, the first equation is fulfilled for G1 = +5, G2 = �
CALIS-1 and CALIS-2 can be downloaded from www.crc.dk/nmr.
CALIS-2 for natural abundance samples but it can occa-
sionally be a problem to determine a zero crossing in the
satellite spin system at the same spectral position as a pos-
sible residual unsuppressed signal of the 12C-attached pro-
ton(s). The carrier frequency for the S spin should be set
close to resonance for the spin chosen for calibration to
avoid off-resonance effects causing phase distortions.

The key element of the CALIS pulse sequences is the h–
delay–2h–delay–2h three-pulse sandwich on the S spin. The
gradients and the optional phase cycle are designed to se-
lect the coherence transfer pathway that would occur if
the sandwich were a perfect p/2–delay–p–delay–p/2 ele-
ment and s = (2J)�1 were matched exactly.

A feature of the new pulse sequences is in analogy to
earlier work [5] a steeper intensity curve around the zero
crossing at h = p/2 than for SEMUT and the sequence in
(1), which results in excellent accuracy on the calibration.
The signal intensity is proportional to sin3h sin2h. Further-
more, in contrast to the simple sequence in (1) and also to
SEMUT, mistuning of the delay s = (2J)�1 does not affect
the accuracy of the calibration.
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d strength via observation of the I-spin (e.g., 1H) spectrum. On the I-spin
of spectra with different pulse durations h is run so as to include what is
ctra in the series. The delay s is set to (2J)�1 but is in no way critical. With
conveniently written without simultaneous I- and S-spin pulses. Although

ssion improves upon an even number of phase cycling steps out of
the receiver phase always alternating between x and�x. (A) Pulse sequence

chemical shifts for all h are refocused at the beginning of acquisition, i.e.,
sequence that has the same length irrespective of the size of h. (B) Pulse
iplet structure in the I-spin spectrum. The delay d is set so that the gradients
s d that are decremented according to d = d0 � 5h/2. The gradient strengths
or alternatively cI · G1 � (cI � cS) · G2 � (cI + cS) · G3 = 0. For I and S

2, and G3 = +10. The pair of gradients Gp is optional. Pulse programs for
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The CALIS-2 pulse sequence can also be used for cali-
bration via heteronuclear long-range couplings when no
one-bond couplings are available. This can be done by
replacing the delay s by a typical HMBC delay D and both
delays s 0/2 by a d in the sense of the CALIS-1 pulse
sequence.

Fig. 2A shows a series of excerpts from CALIS-2 spectra
featuring the anomeric protons of a and b mannose in an
equilibrated mixture at natural isotope abundance and cal-
ibrating the 13C RF field strength. It is seen that the sup-
pression of 12C-attached 1H magnetization is sufficiently
good that also the more sensitive CALIS-1 pulse sequence
can be used. Such CALIS-1 spectra are shown in Fig. 2B.
The sensitivity enhancement compared to the CALIS-2
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Fig. 2. Natural abundance (13C) CALIS spectra acquired on 50 mM
mannose in D2O on a Bruker DRX 600 spectrometer, showing the
resonances corresponding to the a and b anomeric protons, with varying
values for h (13C). The value of s was optimized for the a anomer
(1JCH = 172 Hz whereas for the b anomer 1JCH = 158 Hz) and the number
of scans was 64. (A) CALIS-2 spectra for the a and b anomeric protons
showing the two antiphase doublets, and excellent suppression of the 12C-
attached proton signals. The zero crossing was determined to occur at t (p/
2,13C) = 12.6 ls. (B) CALIS-1 spectra of the same using GARP decou-
pling, and again showing a zero crossing at t (p/2,13C) = 12.6 ls.
experiment is 2sin (pJs) reduced by additional transverse
relaxation during the slightly longer pulse sequence and
also modified by the efficiency of the decoupling sequence.
In practice, slightly less than a factor of 2 is obtained.

In Figs. 3A and B are shown excerpts from 13C and 15N
CALIS-1 spectra, respectively, of the protein CI-2 [8] uni-
formly labeled with 13C and 15N. In this case, suppression
of 12C- or 14N-attached 1H magnetization is obviously not
an issue, as these contributions are negligible. The spectra
in Fig. 3A represent 13C RF calibration on a methyl group
while those in Fig. 3B are for 15N RF calibration on an
amide group.
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Fig. 3. CALIS-1 spectra acquired on a 0.4 mM 13C/15N labeled sample of
the protein CI-2 in 90% H2O/10% D2O (v/v) on a Varian Unity Inova
800 MHz spectrometer using a cold probe and with 32 scans and adiabatic
decoupling. The values of s utilized were set according to standard 1JCH

and 1JNH values of 140 and 90 Hz, respectively. The carrier frequency was
in both cases placed close to the resonance frequency for the attached
heteronuclear spin used for calibration. (A) CALIS-1 spectra (13C) of the
methyl group with the highest field proton resonance. The zero crossing
was determined to occur at t (p/2,13C) = 14.5 ls. (B) CALIS-1 spectra
(15N) of the amide proton with the lowest field proton resonance. The zero
crossing was determined to occur at t (p/2,15N) = 45.8 ls.
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In conclusion, we have introduced the CALIS-1 and
CALIS-2 pulse sequences for calibration of the RF field
strength for indirectly observed nuclei. Apart from a reason-
able guess of the pertinent heteronuclear coupling constant
to create magnetization suitable for coherence transfer there
are no parameters to adjust in these pulse sequences. The RF
field strength can be determined with any desired accuracy.
The calibration can always be performed on the sample to
be investigated no matter whether it is isotopically enriched
or at the natural abundance level of the pertinent isotopes.
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