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Abstract

A detailed theoretical and experimental analysis of the artifacts induced by homonuclear band-selective decoupling during CT

frequency labeling is presented. The effects are discussed in the context of an amino-acid-type editing filter implemented in
1H–13C CT-HSQC experiments of methyl groups in proteins. It is shown that both Bloch–Siegert shifts and modulation sidebands

are efficiently suppressed by using additional off-resonance decoupling as proposed by Zhang and Gorenstein [J. Magn. Reson. 132

(1998) 81], and appropriate adjustment of a set of pulse sequence parameters. The theoretical predictions are confirmed by exper-

iments performed on 13C-labeled protein samples, yielding artifact-free amino-acid-type edited methyl spectra.
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1. Introduction

Because of their hydrophobic properties methyl
groups are important probes of molecular structure

and dynamics inside the core of proteins or protein com-

plexes. The favorable relaxation properties of the 1H

and 13C spins in methyl groups, and the availability of

specific isotope-labeling strategies at the methyl posi-

tions [1,2] allow application of methyl-based NMR

methods to high molecular weight systems [3–5]. In the

past NMR methods focused on methyl groups have
been proposed for the study of molecular structure [6–

8], side chain dynamics [9,10], molecular interfaces

[11,12], or ligand screening for drug design [13]. Because

all these experiments are based on 1H–13C correlation

spectra, it is crucial to have methods that provide the re-

quired high spectral resolution. We have therefore de-

signed a pulse sequence, shown in Fig. 1A that allows
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amino-acid-type editing in 1H–13C CT-HSQC experi-

ments of methyl groups. Amino-acid-type and 13C fre-

quency editing are both performed during the constant
time (CT) delay T. The additional amino-acid-type edit-

ing filter exploits the fact that the carbon directly at-

tached to the methyl group (Cnext) resonates in an

amino-acid-type-dependent frequency range. The Cnext

spectrum can thus be divided into four distinct bands

as shown in Fig. 1B. Selective decoupling of different

Cnext-bands allows switching �on� or �off� the homonuclear

Cnext–Cmet scalar coupling (JCC) evolution during the CT
delay T. This results in a sign change of the observed

NMR signal for the corresponding methyl groups that

can be exploited by a binary (�plus� and �minus�) Hadam-

ard-type frequency encoding [14,15], according to the

experimental scheme of Fig. 1C, to achieve the amino-

acid-type editing.

The basic element of the amino-acid-type editing

filter of Fig. 1A consists in a time period (T + knt1)/2
of Cmet spin evolution in the presence of Cnext-band-se-

lective decoupling, followed by a 180� 13C pulse, and a
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Fig. 1. Pulse sequence of the amino-acid-type edited methyl 1H–13C

CT-HSQC. All radiofrequency (rf) pulses are applied along the x-axis

unless indicated. 90� and 180� rf pulses are represented by filled and

open pulse symbols, respectively. The proton carrier is set to the water

resonance (4.7ppm), and the 13C carrier to the center of the methyl

region (19ppm) throughout the experiment. 13C pulses drawn on the

Caliph or Cnext lines are frequency shifted to 35ppm (Caliph) and the

center of the corresponding Cnext bands, respectively, by a linear phase

ramp. The selective 180� Cmet pulses are applied with an i-SNOB-5

shape [22] covering a bandwidth of 18ppm. For application at high

magnetic field strengths, an offset-compensating Caliph refocusing pulse

58x � 140�x � 344x � 140�x � 58x [23] is used during the CT delays T

in order to properly invert all Cmet and Cnext carbon spins over a

bandwidth of 80ppm. The CT delay was set to T = 28ms, and the

INEPT transfer delays to s = 1.6ms. 13C decoupling during acquisition

is achieved using a WALTZ-16 sequence [24] at a field strength of cB1/

2p = 3kHz. Pulsed field gradients, G1–G5 are applied along the z-axis

(PFGz) with a gradient strength of approximately 20G/cm and lengths

ranging from 100 to 500ls, followed by a recovery delay of 100ls. The
phase cycle employed is u1 = x,�x, and urec = x,�x. Quadrature

detection in t1 is obtained by incrementing the phase u1 according to

STATES-TPPI. Constant-adiabaticity (CA) WURST-2 pulses are used

as the basic elements for the Cnext-decoupling. The CA-WURST-2

pulses have a length of sp = 5ms and cover a bandwidth of 12ppm.

They are centered at 37ppm (1ppm), 53ppm (�15ppm), and 70ppm

(�32ppm) for the Val-Ile-c, Ala, and Thr Cnext-bands, respectively (B).

The values in parentheses indicate the center of the symmetric off-

resonance decoupling applied for each band using the same amplitude

modulation but opposite frequency sweep [17]. Multiple-band-selective

decoupling is achieved by vector addition of the individual WURST

pulses [25]. The final decoupling sequence is phase cycled according to

a TPG-5 supercycle [26]. The Cnext-decoupling is restarted at the

beginning of the decoupling waveform after the 180� Caliph refocusing

pulse. For the four-step Hadamard amino-acid-type selection filter,

four experiments are recorded using Cnext-decoupling of the bands

indicated by a �plus� in (C). A Hadamard transformation [14,15] is

applied along the filter dimensions to disentangle the NMR signals

from the individual frequency bands.
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second time period (T � knt1)/2 of Cmet spin evolution

in the presence of Cnext-band-selective decoupling.

For the following discussion we will ignore the scaling

factors (kn = 1). Homonuclear decoupling induces a

number of undesired side effects, such a Bloch–Siegert
frequency shifts and modulation sidebands [16]. Or, it

is crucial for the performance of the present amino-ac-

id-type editing filter, which relies on the addition and

subtraction of different sub-spectra, that Bloch–Siegert

shifts are absent from the spectrum. Otherwise anti-

phase-like residual peaks will be observed due to in-
complete peak cancelation. Modulation sidebands

give rise to spurious artificial peaks, which may inter-

fere with real cross-peaks, making the analysis of com-

plex spectra difficult. We have thus undertaken a

detailed theoretical and experimental analysis of the ef-

fects of multiple-band-selective Cnext decoupling on the

Cmet spectrum, in order to devise appropriate pulse

schemes to minimize or compensate these undesired
peak shifts and sidebands.

If for each Cnext band a second decoupling field is ap-

plied, symmetrically with respect to the center of the

methyl spectrum with the same amplitude modulation

f(t) and opposite frequency sweep [17], spin evolution

in the rotating frame is governed by a time-dependent

first-order average Hamiltonian H(1)(t), as demonstrated

by Zhang and Gorenstein [18]:

H ð1ÞðtÞ ¼ af 2
rmsðtÞIz ð1Þ

with

a ¼ �2p
v

Dm2rf
ð2Þ

and

f 2
rmsðtÞ ¼

1

t

Z t

0

f 2ðsÞds; ð3Þ

where Dmrf is the difference of the average decoupling fre-
quency and the spectral center frequency, and m is the

frequency offset of a given spin from the spectral center.

The evolution of the spin density operator r(t) during
the CT delay T in the sequence of Fig. 1A is then sche-

matically described by:

rð0Þ !H
ð1ÞðtÞ

rððT þ t1Þ=2Þ!
pIx !H

ð1ÞðtÞ
rðT Þ; ð4Þ

which can be simplified to

rð0Þ !H
ð1ÞðtÞ

rððT þ t1Þ=2Þ !�H ð1ÞðtÞ
rðT Þ: ð5Þ

We can now introduce a phase modulation function

h(t1,T) defined as follows:

rðT Þ ¼ expf�ihðt1; T ÞIzgrð0Þ expfþihðt1; T ÞIzg: ð6Þ
From Eqs. (1), (5), and (6) we obtain the following ex-
pression for the phase modulation function h(t1,T):

hðt1; T Þ ¼ a
Z
0

T þ t1
2

f 2ðsÞds�
Z T�t1

2

0

f 2ðsÞds
$ %

¼ a
Z Tþt1

2

T�t1
f 2ðsÞds: ð7Þ
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Eq. (7) takes into account that the decoupling waveform

is restarted at the beginning of the decoupling waveform

after the 180� Caliph refocusing pulse (see Fig. 1A).

For the amino-acid-type editing filter of Fig. 1A, a

constant-adiabaticity WURST-2 pulse shape [19] is cho-

sen as the repeated element of the decoupling sequence
for its relatively sharp inversion profile and the moder-

ate radiofrequency (rf) power required. For this special

case of WURST-2 decoupling the amplitude modulation

function is given by

f ðtÞ ¼ fmaxsin
2 p

t
sp

� �
ð8Þ

with sp the length of a single WURST pulse and fmax the

peak amplitude of the rf field. For WURST-2 decou-

pling, the integral in Eq. (7) can be evaluated analytical-

ly, and we obtain the following phase modulation

function

hðt1; T Þ ¼ xBSt1 � a cos p
T
sp

� �
sin p

t1
sp

� �
þ a
8

� cos 2p
T
sp

� �
sin 2p

t1
sp

� �
ð9Þ

with the coefficients xBS ¼ � 3p
4

f 2max

Dm2
rf

m, and a ¼ � f 2max

Dm2
rf

msp.

1.1. Bloch–Siegert shift compensation

The first term in Eq. (9) gives rise to a Bloch–Siegert

shift DmBS with xBS = 2pDmBS. If we introduce the root-

mean square rf amplitude frms for the WURST-2 decou-

pling sequence defined as

frms ¼ frmsðspÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

sp

Z sp

0

f 2ðsÞds
s

¼
ffiffiffi
3

8

r
fmax; ð10Þ

we obtain an expression for the Bloch–Siegert shift

which is well known for the case of homonuclear decou-
pling during real-time frequency labeling [17]

DmBS ¼ � frms

Dmrf

� �2

m: ð11Þ

The two decoupling fields applied symmetrically with

respect to the center of the observed spectrum with

the same shape and opposite frequency sweep, induce

a Bloch–Siegert shift DmBS which is, within a certain
frequency range, a linear function of the frequency off-

set m. Therefore, Bloch–Siegert shift compensation in

this linear regime is achieved by using a dilated evolu-

tion time knt1 (see Fig. 1A) with the scaling factor kn

set to

kn ¼ 1þ ðfrms=DmrfÞ2: ð12Þ
The use of additional symmetric off-resonance decou-

pling, and appropriate scaling factors kn compensates

the Bloch–Siegert shifts, and ensures identical peak po-

sitions along the 13C frequency dimension.
We have experimentally evaluated the Bloch–Siegert

shifts as a function of the chemical shift offset m and

the magnetic field strength B0. Bloch–Siegert shifts, mea-

sured for the two small proteins, human ubiquitin (76

residues) and Ralstonia metallidurans MerAa (68 resi-

dues), are plotted in Fig. 2 as a function of the Cmet

chemical shift. CT-HSQC spectra were recorded at Var-

ian INOVA 800 and INOVA 600 spectrometers using

the pulse sequence of Fig. 1A. The Bloch–Siegert shifts

were extracted from the relative cross-peak positions

along the 13C dimension in the spectra acquired with

and without band-selective Cnext-decoupling, and the

scaling factors set to kn = 1 for all experiments. For

the spectra recorded with simultaneous Ala and Thr
Cnext-decoupling the observed offset dependence is well

described by Eq. (11), and the scaling factors calculated

from Eq. (12) thus provide a good estimate of the re-

quired correction. For experiments with Cnext-decou-

pling of the (Val-Ilec) band, however, a deviation from

linearity is observed (Figs. 2A and C). This band is clos-

est to the observed methyl 13C, and thus responsible for

most of the spectral perturbation. For optimal filter per-
formance over the methyl 13C bandwidth, it is therefore

necessary to experimentally optimize the scaling factors

kn, taking into account the non-linear behavior of the

observed Bloch–Siegert shifts. Because the Bloch–Sieg-

ert shifts depend on the B0-field strength, a different

set of scaling factors kn has to be used for different

magnetic fields. For the application presented here, we

have empirically optimized the following scaling
factors: k2600 ¼ 1:0046, k3600 ¼ 1:0181, and k4600 ¼ 1:0162
at 600MHz, and k2800 ¼ 1:0028, k3800 ¼ 1:0102, and

k4800 ¼ 1:0091 at 800MHz, which yield residual Bloch–

Siegert shifts of less than 1.0Hz within a spectral width

of about 15ppm (Figs. 2B and D). Outside this spectral

range the frequency shift increases very quickly, and as a

consequence the filter performance decreases. The 13C

frequency range of 11.5–26.5ppm, however, covers the
large majority of methyl resonances (�90% of the meth-

yls in the BMRB). We conclude from these results that a

similar Bloch–Siegert shift-compensation performance is

obtained for experiments conducted at currently avail-

able high magnetic field strengths (400–900MHz 1H fre-

quency), using the pulse sequence of Fig. 1A and

optimized scaling factors kn.

1.2. Modulation sideband suppression

The periodic amplitude-modulated decoupling field

also induces cyclic irradiation sidebands, commonly re-

ferred to as modulation sidebands [16]. These sidebands

are described by the second and third terms of Eq. (9),

which correspond to first- and second-order harmonic

phase modulations in the rotating frame. Similar to
the Bloch–Siegert shifts, a linear offset dependence is ob-

tained. This leads to sideband suppression for all Cmet



Fig. 2. Bloch–Siegert shifts measured at 800MHz (A) and at 600MHz (C) 1H frequency with the pulse sequence of Fig. 1A setting kn = 1. Open

circles correspond to measurements with simultaneous Cnext-decoupling of the Ala and (Val-Ile-c) bands, and filled circles represent the

corresponding results for Ala and Thr Cnext-decoupling. Residual Bloch–Siegert shifts using optimized scaling factors kn are plotted in (B) for

800MHz (k1800 ¼ 1:0, k2800 ¼ 1:0026, k3800 ¼ 1:0102, k4800 ¼ 1:0091), and in (D) for 600MHz (k1600 ¼ 1:0, k2600 ¼ 1:0046, k3600 ¼ 1:0181, k4600 ¼ 1:0162).
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resonances close to the spectral center. Far from the cen-
ter, first- and second-order sidebands are predicted with

an eight-times higher intensity for the first-order side-

bands. In the following, we will focus on the larger

first-order effects, which are observable at frequencies

m±1 = m0 ± 1/(2sp), with m0 the central peak frequency

and sp the periodicity of the decoupling sequence. Inter-

estingly, a periodic modulation of the sideband ampli-

tudes A±1 with the CT delay T is predicted from Eq.
(9), A�1 / � cosðpT=spÞ, yielding sideband suppression

by adjusting the constant time delay T and the decou-

pling pulse length sp in such a way that

T
sp

¼ ð2m� 1Þ
2

ð13Þ

with m an integer.

To confirm these theoretical results we have recorded

a series of methyl CT 1H–13C correlation spectra of hu-
man ubiquitin at an INOVA 800 spectrometer using the

pulse sequence of Fig. 1A with simultaneous Cnext-de-
coupling of the Ala and (Val-Ilec) bands, as well as sym-
metric off-resonance decoupling. Spectra were recorded

for two different WURST-2 pulse lengths of sp = 3ms

and sp = 5ms, and a series of CT delays T in the range

26ms 6 T 6 33ms. A single cross-peak extracted at a

Cmet frequency of 26.9ppm is shown in Figs. 3A and

B to highlight the position and intensity of the detected

modulation sidebands. Only first-order sidebands are

observed in the spectra of Fig. 3 located 167 (Fig. 3A)
and 100Hz (Fig. 3B) away from the central peak, which

exactly corresponds to the predicted frequencies of

m±1 = m0 ± 1/(2sp). The observed asymmetry of the side-

band intensity is explained by the fact that the harmonic

phase modulation in the rotating frame also yields a

small symmetric contribution to the sideband intensity,

which adds to one sideband and subtracts from the

other one [18]. The intensity modulation as a function
of the CT delay T is confirmed by the experimental re-

sults shown in Fig. 3. As expected from our theoretical

treatment, the sideband intensities are modulated with



Fig. 3. Small spectral region extracted from a CT-HSQC methyl
1H–13C correlation spectra of ubiquitin recorded at 800MHz 1H

frequency using the pulse sequence of Fig. 1A. Cnext-decoupling of the

Ala and (Val-Ilec) bands is applied during the CT time delay T, which

is varied from 26 to 33ms. The experiments were repeated for a

WURST pulse length of (A) sp = 3ms, and (B) sp = 5ms. A single

methyl peak is observed in the plotted spectral region extracted at

xC = 26.9ppm. A box indicates a peak with negative intensity.
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a periodicity of sp. Therefore first-order sideband sup-

pression is achieved over the whole Cmet spectral range

by properly adjusting the constant time delay T and

the decoupling pulse length sp. If we consider the addi-

tional experimental conditions sp < 1/5JCC and T � 1/

JCC (JCC � 35Hz), the optimal parameter combination

is found to be T = 28ms and sp = 5ms for the amino-

acid-type editing filter of Fig. 1A. Note that the
experimentally optimized ratio T/sp = 5.6 slightly devi-

ates from the theoretical value T/sp = 5.5 predicted by

Eq. (13).

Other experimental schemes for the suppression of

sidebands induced by homonuclear decoupling have

been presented before [18,20]. The common idea of these

approaches is to average out the modulation of the effec-

tive magnetic field in the rotating frame by shifting the
origin of the decoupling waveform for different scans.

This contrasts with the method presented here, where

sideband suppression is achieved in a �single scan� by ex-

ploiting the inherent properties of homonuclear decou-

pling during constant time spin evolution. This result

is not limited to the particular case of WURST-2-based

decoupling sequences. For the general case of an ampli-

tude-modulated waveform, which can be decomposed
into a Fourier series, one obtains after integration in

Eq. (7) terms of the form

kn1 kn2 sin
n
2
p
T
sp

� �
þ kn3 cos

n
2
p
T
sp

� �� �
sin

n
2
p
t1
sp

� �
in the phase modulation function h(t1,T), with n an in-

teger, and kn1, k
n
2, and kn3 constants depending on the cho-

sen waveform. It is thus still possible to suppress the

dominant term yielding the highest sideband intensity

by adjusting the ratio T/sp.

1.3. Experimental application of methyl amino-acid-type

editing

For amino-acid-type editing in the pulse sequence of

Fig. 1A, four experiments H4(1), H4(2), H4(3), and H4(4)

are performed with simultaneous decoupling of different

Cnext bands (Fig. 1B) indicated by a �plus� in the scheme

of Fig. 1C. In addition, �off�-resonance decoupling is ap-
plied for each Cnext band symmetrically to the Cmet spec-

tral center. The use of different B0-field-dependent

scaling factors kn for the four experiments ensures iden-

tical peak positions along the 13C dimension. Note that

the correction factors kn are additive for the different

Cnext bands, and that they have been optimized experi-

mentally as explained above. A Hadamard transforma-

tion [14], instead of a Fourier transformation, then
allows disentangling the four bands along the additional

amino-acid-type dimension. This yields a (2cs + 1aa)-D

methyl correlation spectrum, with two chemical shift

and one amino-acid-type dimensions.

An example of an amino-acid-type edited methyl
1H–13C correlation spectrum, recorded using the pulse

sequence of Fig. 1A, is shown in Fig. 4. The data were

acquired at 800MHz 1H frequency on a sample of uni-
formly 13C-, 15N-labeled calmodulin, a 163-residue pro-

tein with 90 methyl groups that has been extensively

studied by NMR in the past. The four 2D 1H–13C

spectra, plotted in Figs. 4A–D, were extracted along

the amino-acid-type dimension of the (2cs + 1aa)-D

methyl correlation spectrum. Overall, the spectra are

artifact-free, and the different Cnext frequency bands

are well separated in the four spectra. Some cross-talk
is observed between the Leu and Val peaks, for which

the actual Cnext frequency ranges slightly overlap.

Therefore some Val peaks (Fig. 4C) are also detected

in the spectrum of Fig. 4A, although with a significant-

ly lower intensity. The methyl group at Ce position of

methionine side chains, which has no directly attached

carbon, gives rise to a negative cross-peak in the sub-

spectrum shown in Fig. 4A. The amino-acid-type
editing filter enhances spectral resolution, and allows

additional amino-acid-type identification for the pur-

pose of resonance assignment. Many NMR experi-

ments, based on the spectral resolution of 1H–13C

methyl correlation spectra, may be improved by the

use of additional amino-acid-type editing. Recently,

we have demonstrated that amino-acid-type editing in

methyl NOESY experiments helps for unambiguous
NOE peak assignment, and allows fast acquisition of

methyl NOE data [21]. Other potential applications



Fig. 4. Amino-acid-type edited methyl CT-HSQC spectrum recorded at 800MHz 1H frequency using the pulse sequence of Fig. 1A on a sample of
13C-labeled calmodulin (1mM, 27�C, pH 6.5). 4(H4) · 110(13C) · 512(1H) complex points were recorded for spectral widths of 4000Hz (13C) and

9000Hz (1H) in an overall experimental time of 2h. The four 1H–13C spectra are extracted along the amino-acid-type dimension. They show methyl

cross-peaks from (A) Met-Leu-Iled, (B) Ala, (C) Val-Ilec, and (D) Thr residues. The methionine cross-peaks in the inset of (A) have negative intensity.
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of this filter include the study of side chain dynamics

by 13C or 2H spin relaxation measurements, the quan-

tification of spin–spin couplings, and the study of mo-

lecular interfaces by chemical shift mapping.

In summary, we have shown that both, Bloch–Siegert

shifts and cyclic irradiation sidebands induced by sym-

metric band-selective decoupling during CT frequency

labeling can be suppressed by the use of a dilated evolu-
tion time kt1, and proper adjustment of the T/sp ratio.

This has allowed us to design a filter sequence based

on multiple-band-selective homonuclear decoupling,

which yields clean amino-acid-type editing in methyl
1H–13C correlation experiments of proteins. Other

NMR experiments may benefit as well from artifact-free

band-selective homonuclear decoupling during CT fre-

quency labeling. Examples include base-type editing in
HCN- or HCC-type experiments of nucleic acids, and

Cb-decoupling during Ca frequency labeling in HNC-

ACO-type experiments of proteins. The implementation

of such experimental schemes is currently under investi-

gation in our laboratory.
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