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Abstract

Most conventional heteronuclear spin-state-selective (S3) NMR experiments only work for a specific multiplicity, typically IS spin
systems. Here, we introduce a general and efficient IPAP strategy to achieve S3 editing simultaneously for all multiplicities in the acqui-
sition dimension of the HSQC experiment. Complementary in-phase (HSQC-IP) and anti-phase (HSQC-AP) data are separately record-
ed with a simple phase exchange of two 90� proton pulses involved in the mixing process of the F2-coupled sensitivity-improved HSQC
pulse sequence. Additive and subtractive linear combination of these IP/AP data generates simplified F2-a/b-spin-edited HSQC subspec-
tra for all IS, I2S, and I3S spin systems and combines enhanced and optimized sensitivity with excellent tolerance to unwanted cross-talk
contributions over a considerable range of coupling constants. Practical aspects such as pulse phase settings, transfer efficiency depen-
dence, inter-pulse delay optimization, and percentage of cross-talk are theoretically analyzed and discussed as a function of each InS mul-
tiplicity. Particular emphasis on the features associated to spin-editing in diastereotopic I2S spin systems and application to the
measurement of long-range proton–carbon coupling constants are also provided.
� 2006 Published by Elsevier Inc.
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1. Introduction

The heteronuclear single-quantum correlation (HSQC)
experiment is one of the most important tools for high-res-
olution NMR studies of molecules in solution. It is the
basis of many different and very important multidimen-
sional NMR experiments developed for the study of
small-to-medium sized molecules at natural abundance
and also for large isotopic labeled bio-molecules, in partic-
ular proteins and nucleic acids. Thus, any modification in
the regular HSQC pulse scheme can have a great impact
in the design of new and improved NMR methodologies
because of the easy extrapolation on many different appli-
cations. Examples on the importance of some improve-
ments introduced into the basic HSQC pulse sequence
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have been the incorporation of pulsed-field gradients for
coherence selection combined with the PEP principle for
sensitivity-improved versions [1,2], the use of water-flip
back techniques for a proper application in bio-molecules
dissolved in non-deuterated water, or the modification of
the coherence-transfer mixing period to afford specific
spin-state-selective (S3) editing, as established in the widely
known TROSY experiment [3]. The principles associated to
homonuclear and heteronuclear spin-editing have emerged
as an important feature in modern heteronuclear NMR
spectroscopy in order to simplify spectra and to avoid peak
overlapping and it has been widely used to measure scalar
and residual dipolar couplings or to study the relaxation
properties of the different lines belonging to the same mul-
tiplet. All S3-based NMR experiments employ two different
ways to perform the addition/subtraction procedure of the
in-phase (IP) and anti-phase (AP) data: (i) design of a
specific pulse train that combines coherently the two
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Fig. 1. Pulse sequences of the (A) 1D and (B) 2D versions of the F2-coupled 1H–X sensitivity-improved HSQC experiment to achieve spin-selected spectra
simultaneously for all IS, I2S, and I3S spin systems: (i) HSQC-IP(y): (/2 = y, u3 = x, W = y); (ii) HSQC-AP(y): (/2 = x, u3 = y, W = y); (iii) HSQC-IP(x):
(/2 = y, u3 = x, W = x); (iv) HSQC-AP(x): (/2 = x, u3 = y, W = x). (C) Original HSQC-a/b pulse train, as reported in [4–7] (W = y) and in [24] (W = x).
Thick and thin rectangles represent 90� and 180� pulses, respectively. A basic two-step phase cycle was used (/1 = /rec = x,�x). The delay D is optimized
to 1/2J(IS) whereas D1 and D2 are optimized as a function of the experiment and multiplicity (see Table 4 for details). See Tables 1–3 for magnetization
components available at times a–f.

Table 1
Product operator components of a IS spin system present at different times
of the HSQC experiment (Fig. 1B) following the evolution time t1

b,c

Phases t1
a b c d e f

/2 = y HzSx cos (XSt1)
HzSy sin (XSt1)

HySx

HySz

HySx

Hxs

HySz Hxs0 Hxs0

/3 = x Hzs Hzs Hys

W = y

/2 = x HzSx cos (XSt1)
HzSy sin (XSt1)

HySx

HySz

HySx

Hxs

HzSz HzSz HxSz

/3 = y Hxs HySzss 0 HySzss 0

W = y

/2 = y HzSx cos (XSt1)
HzSy sin (XSt1)

HySx

HySz

HySx

Hxs

HySx HySx HySx

/3 = x Hzs Hzs Hys

W = x

/2 = x HzSx cos (XSt1)
HzSy sin (XSt1)

HySx

HySz

HySx

Hxs

HzSx Sys0 Sys0

/3 = y Hxs HySzss 0 HySzss 0

W = x

a Trigonometric factors showing chemical shift dependence are shown
only on this column.

b D = 1/(2J).
c Trigonometric simplifications: s = sin(pJHSD1); c = cos(pJHSD1);

s0 = sin(pJHSD2); c 0 = cos(pJHSD2).
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observable IP and AP magnetization components prior to
data acquisition, or (ii) separate recording of the IP and
AP components using equivalent pulse schemes followed
by a post-processing mathematical protocol. In principle,
this second approach should be much more attractive from
the sensitivity point of view because if two spectra are add-
ed prior to acquisition, one component is lost, while both
are retained when post-acquisition editing is used.

Nowadays, heteronuclear spin-editing in 2D HSQC
spectra can be achieved in the directly detected F2-dimen-
sion (referred as HSQC-a/b experiment) [4–7], in the indi-
rect F1-dimension (a/b-HSQC or also known as IPAP-
HSQC experiment) [8], or in both dimensions by E.COSY-
or TROSY-type selection in F1,F2-coupled HSQC experi-
ments (a/b-HSQC-a/b) [3,9,10]. These reported S3-edited
HSQC experiments only work properly for IS spin systems
and they have been mainly applied to backbone NH and
CaHa spin systems in labeled proteins. During the last
years, a different number of methylene-specific [11–16]
and methyl-specific [17–20] spin-edited HSQC-type pulse
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schemes have been designed and analyzed in terms of sen-
sitivity and spin-editing. In a recent paper, heteronuclear
cross-polarization (HCP) has been demonstrated to be a
useful mixing element in heteronuclear correlation experi-
ments to achieve different spin-selection patterns simulta-
neously for IS and I2S spin systems [21].

In this work, we describe an improved way to obtain
spin-editing in HSQC-a/b spectra. This experiment has
been previously reported for the measurement of several
homo- and heteronuclear coupling constants in small and
medium-sized natural-abundance molecules and also in
labeled proteins [4–7,22–26] or to increase the sensitivity
in carbon-detected 2D and 3D HACACO-a/b experiments
[27,28]. We show that a phase exchange of some 90� proton
pulses involved in the coherence-order-selective (COS)
Table 2
Product operator components of a I1I2S spin system present at different times

Phases t1
a b c

/2 = y H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1ySxc

H1yH2zSys

H1xs

/3 = x

W = y

/2 = x H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1ySxc

H1yH2zSys

H1xs

/3 = y

W = y

/2 = y H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1ySxc

H1yH2zSys

H1xs

/3 = x

W = x

/2 = x H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1ySxc

H1yH2zSys

H1xs

/3 = y

W = x

a Trigonometric factors showing chemical shift dependence are shown only
b D = 1/(2J).
c Trigonometric simplifications: s = sin(pJHSD1); c = cos(pJHSD1); s 0 = sin(p

Table 3
Product operator components of a I1I2I3S spin system present at different tim

Phases t1
a b c

/2 = y H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1ySxc2

/3 = x H1yH2zH3zSxs2

W = y H1xs

/2 = x H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1ySxc2

/3 = y H1yH2zH3zSxs2

W = y H1xs

/2 = y H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1yH2zSysc

/3 = x H1yH3zSysc

W = x H1xs

/2 = x H1zSx cos (XSt1)
H1zSy sin (XSt1)

H1ySx

H1ySz

H1yH2zSysc

/3 = y H1yH3zSysc

W = x H1xs

a Trigonometric factors showing chemical shift dependence are shown only
b D = 1/(2J).
c Trigonometric simplifications: s = sin(pJHSD1); c = cos(pJHSD1); s 0 = sin(p
d Homonuclear anti-phase terms should be only observable for non-degener
coherence-transfer (CT) mixing process of a F2-coupled
sensitivity-improved HSQC experiment can afford a sepa-
rate and fully complementary AP magnetization compo-
nent to the traditional IP one. After additive/subtractive
linear combination, heteronuclear spin-editing in the acqui-
sition dimension is achieved for IS spin systems as
described previously in the HSQC-a/b experiment [4–7].
In addition, our scheme offers two important benefits: (i)
spin-editing is also achieved for other InS multiplicities
and, (ii) its sensitivity is optimized using the same principles
as known for the sensitivity-improved HSQC experiment
[2]. We examine our method theoretically, by using the
product-operator formalism, and by spectra simulation
and also experimentally. Experimental verification is illus-
trated for CH, CH2, and CH3 spin systems in molecules
of the HSQC experiment (Fig. 1B) following the evolution time t1
b,c

d e f

H1ySzc H1xcs 0 H1xcs0

H1yH2xSys H1yH2xSys H1zH2xSys

H1zs H1zs H1ys

H1zSzc H1zSzc H1xSzc

H1zH2ySys H2ySxss0 H2ySxs0s
H1xs H1ySzss H1ySzss0

H1yH2xSzs H1yH2xSzsc 02 H1zH2xSzsc 02

H1zs H1xH2ySzss02 H1xH2zSzss 02

H1zs H1ys

H1zH2ySzs H1zH2xss 0 H1xH2zs
0s

H1xs H1ySzss0 H1ySzs
0s

on this column.

JHSD2); c0 = cos(pJHSD2).

es of the HSQC experiment (Fig. 1B) following the evolution time t1
b,c

d e fd

H1ySzc
2 H1xc2s 0 H1xc2s0

H1yH2xH3xSzs
2 H1yH2xH3ys2c 02s0 H1zH2xH3zs

2c 02s0

H1zs H1yH2yH3xs2c 02s0 H1zH2zH3xs2c 02s0

H1yH2yH3xSzs
2c 0s02 H1zH2zH3xSzs

2c0s02

H1xH2yH3ys2s03 H1xH2zH3zs
2s03

H1zs H1ys

H1zSzc
2 H1zSzc

2 H1xSzc
2

H1zH2yH3ySzs
2 H1zH2xH3xSzs

2s02 H1xH2zH3zSzs
2s02

H1xs H1ySzss 0 H1ySzs
0s

H1yH2xSzsc H1yH2xSzscc 02 H1zH2ySzscc 02

H1yH3xSzsc H1xH2ySzscs 02 H1xH2zSzscs 02

H1zs H1yH3xSzscc 02 H1zH3xSzscc 02

H1xH3ySzscs 02 H1xH3zSzscs 02

H1zs H1ys

H1zH2ySzsc H1zH2xcss 0 H1xH2zcss 0

H1zH3ySzsc H1zH3xcss 0 H1xH3zcss 0

H1xs H1ySzss 0 H1ySzs
0s

on this column.

JHSD2); c0 = cos(pJHSD2).
ate protons.



Fig. 2. Simulated 1D 1H–13C HSQC spectra obtained without 13C
decoupling during 1H acquisition (see Fig. 1A) for isolated CH
(JCH = 145 Hz), CH2 (JCH = 135 Hz, JH1H2

¼ 10 Hz), and CH3

(JCH = 125 Hz) spin systems. All inter-pulse delays were optimized to an
average value of 135 Hz (D = D1 = D2 = 1/2J = 3.7 ms). (A) Conventional
1D HSQC without the PEP approach; (B) 1D HSQC-IP(y); (C) 1D
HSQC-AP(y); (D–E) Addition and subtraction of IP and AP spectra
afford spin-state-selective HSQC-IPAP-a/b spectra for all multiplicities.
All one-dimensional spectra are drawn with the same relative intensity
scale.

Table 4
Amplitude transfer and maximum relative intensity for IS, I2S and I3S spin systems in HSQC-IP and HSQC-AP experiments

NMR experiment Phases Amplitude transfer for InS spin systema Maximum theoretical intensityb Optimal delay settings

HSQC-IP(y) /2 = y; /3 = x W = y s + s0cn�1 IS: 2 IS: D1 = D2 = 1/2J

I2S: 1.41 I2S: D1 = 1/4J; D2 = 1/2J

I3S: 1.25 I3S: D1 = 1/6J; D2 = 1/2J

HSQC-AP(y) /2 = x; /3 = y W = y ss 0 + cn�1 IS: 2 IS: D1 = D2 = 1/2J

I2S: 1.41 I2S: D1 = 1/4J; D2 = 1/2J

I3S: 1.25 I3S: D1 = 1/6J; D2 = 1/2J

HSQC-IP(x) /2 = y; /3 = x W = x s[1 + (n � 1)cn�2] IS: 1 IS: D1 = 1/2J; D2
c

I2S: 2 I2S: D1 = 1/2J; D2
c

I3S: 1.76 I3S: D1 = 1/3,35J; D2
c

HSQC-AP(x) /2 = x; /3 = y W = x ss 0[1 + (n � 1)cn�2] IS: 1 IS: D1 = D2 = 1/2J

I2S: 2 I2S: D1 = D2 = 1/2J

I3S: 1.76 I3S: D1 = 1/3,35J; D2 = 1/2J

a Trigonometric simplifications: s = sin(pJHSD1); c = cos(pJHSD1); s0 = sin(pJHSD2); c 0 = cos(pJHSD2).
b Relative intensities compared to a conventional HSQC-IP experiment acquired at point c and a HSQC-AP experiment acquired at point b in Fig. 1B

(normalized to 1 for all multiplicities).
c The D2 delay is not necessary in the HSQC-IP(x) version. In practice, D2 is optimized to 1/2J for any multiplicity in order that IP(x) data should be

fully complementary to the equivalent AP(x) data.
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at natural abundance and also for NH and NH2 spin sys-
tems in labeled proteins. Examples will be provided for
the measurement of long-range proton–carbon coupling
constants and also for the single-line component selection
in diastereotopic methylene resonances.

2. Results and discussion

The one-dimensional (1D) and two-dimensional (2D)
pulse schemes used in this work (Fig. 1) are simple modifi-
cations of the sensitivity-enhanced HSQC experiment [1,2],
with omission of the X-decoupling during 1H acquisition.
The 1D version (Fig. 1A) has been used to simulate the the-
oretical behavior of different InS (n = 1–3) spin systems. On
the other hand, 2D experiments have been experimentally
recorded using the pulse sequence of Fig. 1B and compared
to the previously reported HSQC-a/b experiment (Fig. 1C)
[4–7]. A detailed analysis of the different magnetization
components present at different stages of the coherence-
transfer mixing element (times a–f) for different IS, I2S,
and I3S spin systems as a function of the phase of 90� I
(/2,/3) and S (W) pulses (Fig. 1) has been made and the
results are summarized in Tables 1–3. Henceforth, experi-
ments recorded with /2 = y and /3 = x will be termed
HSQC-IP experiments whereas HSQC-AP will make refer-
ence to spectra obtained with /2 = x and /3 = y. On the
other hand, experiments recorded with W = y or W = x will
be called HSQC(y) and HSQC(x), respectively. Thus, four
combinations HSQC-IP(y), HSQC-AP(y), HSQC-IP(x),
and HSQC-AP(x) are possible (Table 4). The conventional
sensitivity-enhanced HSQC pulse sequence [1,2] is identical
to the HSQC-IP(y) (/2 = y, /3 = x and W = y).

In principle, simultaneous S3 editing for all multiplicities
in the HSQC experiment could be achieved by combining
separate IP and AP data. The AP component could be
obtained by starting the acquisition just before the
90�(I,S) pulse following the variable evolution period
(point b in Fig. 1) while the IP component after the refo-
cusing period of the conventional HSQC pulse scheme
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(point c in Fig. 1). The major drawback of this approach is
that only half of the available magnetization becomes
observable (Tables 1–3). In this approach the percentage
of undesired cross-talk should be defined by Isub

Iadd
¼ 1�s

1þs, the
overall sensitivity of the experiment depends only on
sin(pJISD) and is independent of the multiplicity. As men-
tioned previously, the incorporation of the PEP concept
in combination with gradient echoes into the HSQC pulse
scheme (see mixing sequence in Fig. 1B) provides sensitivity
enhancement as a function of the inter-pulse delay D1 set-
tings. The expected signal-to-noise enhancements of the
PEP approach (HSQC-IP(y) experiment) are well estab-
lished in terms of delay optimization and InS multiplicity,
as summarized in line 1 of Table 4 [2]. This Table 4 also
contains the analysis of the remaining three experiments
proposed here with the corresponding amplitude transfer
functions.

In order to evaluate performance of the new experi-
ments, the corresponding COS-CT 2IzS

� fi I� HSQC-IP
and COS-CT 2IzS

� fi 2I�Sz HSQC-AP spectra were simu-
lated using the 1D pulse sequence of Fig. 1A and the effects
on different InS multiplicities as a function of the delays
Fig. 3. Theoretical transfer efficiency as a function of the D1 (x-axis) and D2 (y-a
(B) HSQC-AP(y) experiments, and (C) cross-talk percentage in the resulting H
of the maximum signal intensity described in Table 4.
(D1 and D2) were analyzed (Fig. 2). A realistic case consist-
ing of an isolated methine CH group, with a 1JCH of
145 Hz, a diastereotopic CH2 methylene spin system, with
a 1JCH of 135 Hz and a geminal 2J H1H2

value of 10 Hz,
and a methyl CH3 group with a 1JCH of 125 Hz was consid-
ered. As can be appreciated from Figs. 2D and E, separate
co-addition and subtraction of these IP and AP data afford
a general approach to achieve COS-CT 2IzS

� fi 2I�Sa/b

for all InS multiplicities. Transfer efficiencies for each mul-
tiplicity follow the theoretical predictions (Fig. 3). Thus, for
a IS spin system, the addition (or subtraction) of the two
spectra increases the signal intensity by a factor of 2 while
the noise is increased only by a square root of 2, thus result-
ing in S/N being increased by the square root of 2. It is also
deduced that the overall sensitivity, the gain factor, and the
D1 delay optimization associated to each InS multiplicity in
the HSQC-AP(y) experiment (Fig. 3B) show similar trends
as already known for the HSQC-IP(y) experiment
(Fig. 3A): Ideally, D2 must be always set to 1/2J in both
experiments and IS systems reach out the maximum ampli-
tude transfer for D1 = 1/2J whereas I2S and I3S offer max-
imum sensitivity at D1 = 1/4J and D1 = 1/6J, respectively.
xis) delays for each IS, I2S and I3S multiplicity in the (A) HSQC-IP(y) and
SQC-IPAP(y) experiment. The transfer efficiency represents the percentage



Fig. 5. Comparison of the theoretical sensitivity ratios and spin-editing
capabilities for different CH, CH2, and CH3 spin systems in the HSQC-
IP(x) experiment. (A and B) HSQC-IP(x) and HSQC-IP(�x) that show
the same ZQ (the splitting is defined by 1JCH–2JHH) and DQ (the splitting
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The cross-talk in the resulting HSQC-IPAP(y) experi-
ment is defined by

I sub

Iadd

¼ ðc
n�1 � sÞðs0 � 1Þ
ðcn�1 þ sÞðs0 þ 1Þ .

As a consequence, the theoretical percentage of cross-talk
is independent of the delay D1 if D2 exactly match 1/2JIS

(Fig. 3C). Therefore, the D1 delay optimization only affects
the relative intensity deviation of each IS, I2S, and I3S
groups from their theoretical maxima. As could be deduced
from the simulations (Fig. 3C), the percentage of cross-talk
is below 2.5% for all multiplicities in a J interval around
±15 Hz. The diastereotopic CH2 spin system should be
the most sensitive multiplicity to cross-talk effects. For in-
stance, in the case of 1H–13C experiments, by optimizing
both D1 and D2 delays to 1/2JCH (3.6 ms for
JCH = 140 Hz), the relative intensities (and cross-talk per-
centage) for CH, CH2, and CH3 groups with JCH = 125 Hz
are 1.976 (0.01%), 1.14 (0.90%), and 1.01 (1.19%), respec-
tively, whereas for JCH = 155 Hz are 1.967 (0.01%), 0.80
(2.45%), and 1.02 (1.57%), respectively. If D1 is optimized
to 1/4JCH for maximizing CH2 signal intensities (1.8 ms
for JCH = 140 Hz), the relatives intensities are 1.64
(0.26%), 1.40 (0.10%), and 1.22 (0.67%) for JCH = 125 Hz
and 1.75 (0.22%), 1.40 (0.15%), and 1.17 (0.51%) for
JCH = 155 Hz. The simulated spectra of Fig. 4 clearly show
the main advantages of our approach compared to the ori-
ginal HSQC-a/b experiment: Improved sensitivity and
optimum spin-editing are achieved for all multiplicities in
the same experiment. Unfortunately, stronger J deviations
around ±30 Hz would affect the relative intensity and the
cross-talk percentage (>5–6%) in a major extent for all
multiplicities.
is defined by 1JCH–2JHH) coupling patterns and relative sensitivity for the
CH2 spin system (diastereotopic protons appearing at 4.0 and 3.5 ppm) as
the conventional CH2-optimized HSQC-a/b experiment [11]; (C and D)
HSQC-AP(x) and HSQC-AP(�x) showing anti-phase ZQ and DQ
patterns for the CH2 groups in addition to the anti-phase multiplets with
respect to 1J(CH) for CH and CH3 groups; (E and F) Representative
HSQC-IPAP(x) and HSQC-IPAP(�x) spectra after addition of A + C
and B + D, respectively.

Fig. 4. Comparison of the theoretical sensitivity and spin-editing capa-
bilities for different CH, CH2, and CH3 spin systems between (A and B)
the original HSQC-a/b experiment [3] and (C and D) the HSQC-IPAP(y)
spectra obtained with the procedure outlined here. All inter-pulse delays
were optimized to an average value of 135 Hz (D = D1 = D2 = 1/
2J = 3.7 ms). See caption of Fig. 2 for more details of the simulations.
Alternatively, another way of spin selection in I2S spin
systems can be obtained by setting W = x (HSQC-IP(x)
experiment) (see third line in Tables 1–3). As similarly
reported in [24], a double-quantum (DQ) multiplet pattern
displaying only the inner lines is obtained for each diaste-
reotopic proton (Fig. 5A). The separation between these
lines equals to 1J (CH) + 2J (HH). On the other hand, an
equivalent HSQC-IP(�x) experiment (W = �x) yields a
zero-quantum (ZQ) pattern in which only the outer lines
are obtained (Fig. 5B), representing the 1J(CH) � 2J(HH)
value. In fact, as shown from the amplitude transfer factors
of Table 4, the second retro-INEPT D2 period is not neces-
sary in the HSQC-IP(x) or (�x) experiment. Thus,
although the sequence is a little longer than the original
experiment (Fig. 1C), all the advantages on I2S spin sys-
tems are fully retained: (i) all magnetization components
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are observable and therefore, signal intensity is maximized
(see line 3 in Table 4); (ii) the inter-pulse D1 delay can be
specifically optimized for methylene systems (=1/2J); (iii)
the experiment allows the simultaneous measurement of
the sign and the magnitude of geminal 2J (HH) and
1J (IS) using the described DQ–ZQ methodology (Figs.
5A and B); (iv) these IP data can be combined accordingly
with the corresponding HSQC-AP(x) and HSQC-AP(�x)
data. These fully complementary AP data are obtained
by exchanging /2 and /3 in both HSQC-IP(x) and
HSQC-IP(�x) experiments; and (v) editing for all other
multiplicities is also feasible in the same spectra. The theo-
retical transfer efficiencies in the HSQC-IP(x) and HSQC-
AP(x) experiments for each InS multiplicity are represented
in Figs. 6A and B and the corresponding simulated 1D
HSQC-AP(x) and HSQC-AP(�x) spectra are shown in
Figs. 5C and D, respectively. The same post-acquisition
addition/subtraction procedure described above affords
sensitivity-improved multiplet-selective line editing for I2S
spin systems (see Figs. 5E and F and multiplet expansions
in Fig. 7), equivalent to a COS 2I1zS

� ! 2I�1 Ia=b
2 Sa=b trans-

fer, whereas heteronuclear S3 editing is also achieved for IS
and I3S groups (Figs. 5E and F). Thus, a different and com-
plete homonuclear and heteronuclear spin-editing in CH2

systems is possible after combination of four spectra
Fig. 6. Theoretical transfer efficiency as a function of the D1 and D2 delays for
AP(x) experiments, and (C) cross-talk percentage in the resulting HSQC-IPA
maximum signal intensity described in Table 4.
(Fig. 7). Although half of signal is lost for IS spin system
compared to the HSQC(y) experiment, this can be a price
to be paid for the additional information provided in this
version.

The cross-talk in HSQC-IPAP(x) experiment, defined by

I sub

Iadd

¼ 1� s
1þ s

;

is independent of the multiplicity (Fig. 6C). As an example,
optimizing a 1H–13C HSQC(x) experiment to
JCH = 140 Hz (both D1 and D2 delays at 1/2J = 3.6 ms)
the relative intensities (and cross-talk percentages) are
0.99 (1.25%), 1.97 (1.25%), and 1.29 (1.25%) for CH,
CH2, and CH3 groups, whereas for J = 155 Hz they are
0.98 (1.68%), 1.97 (1.68%), and 0.62 (1.68%).

In order to test the above theoretical predictions, the
performance of the proposed IPAP principle was tested
on a standard sample of menthol because it contains sever-
al CH, CH2, and CH3 spin systems. Fig. 8 clearly distin-
guishes the spin coupling pattern obtained for each
multiplicity in the conventional HSQC-a/b and in our
HSQC-IPAP(y) subspectra. As expected, the analysis of
relative sensitivities and spin-editing features for some
selected 1D slices (Fig. 9) confirms the theoretical results.
Thus, whereas the spectrum shown in Fig. 9B was acquired
each IS, I2S, and I3S multiplicity in the (A) HSQC-IP(x) and (B) HSQC-
P(x) experiment. The transfer efficiency represents the percentage of the



Fig. 7. Spin-editing features of a proton belonging to a diastereotopic
CH2 spin system in the HSQC-IPAP(x) experiment. (B and C) The HSQC-
IP(x) and HSQC-IP(�x) experiment showing the ZQ and DQ coupling
pattern, respectively; (D–G) The four lines can be individually selected by
proper combination of the following four spectra: HSQC-IP with W = x

and �x, and HSQC-AP with W = x and �x.

Fig. 8. 2D spin-edited HSQC-a/b spectra of menthol. (A and B) Acquired with the original pulse sequence of Fig. 1C; (C and D) 2D HSQC-IPAP(y)
spectra obtained after acquisition of the IP and AP data using the sequence displayed in Fig. 1B and further addition(IP + AP)/subtraction(IP � AP) as
described in the main text. For simplicity, spin-editing in some selected CH, CH2, and CH3 cross-peaks are marked with a box. The D1 and D2 delays were
set at 1/4J (1.85 ms) and 1/2J (3.7 ms), respectively. See Section 3 for more details.

Fig. 9. Experimental 1D slices at 71.8 (CH), 45.4 (CH2), and 21.4 (CH3)
extracted from the (A) 2D HSQC-IP(y) acquired with four scans, (B) the
original 2D HSQC-a also acquired with four scans (Fig. 8A), and (C) the
2D HSQC-IPAP(y) spectrum resulting of the addition of the two IP and
AP spectra acquired with four scans each one (Fig. 8C). The experimental
signal-to-noise (S/N) ratio is indicated in each case for comparison. See
Section 3 for more details.
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Fig. 10. 2D spin-edited HSQC(x) spectra of menthol with expanded boxes
to show the spin-editing for a diastereotopic proton belonging to a
CH2 spin system: (A) 2D HSQC-IP(x) showing DQ splitting for CH2

resonances; (B) 2D HSQC-IP(�x) showing ZQ splitting for CH2

resonances; (C and E) 2D HSQC-IPAP(x) and (D and F) 2D HSQC-
IPAP(�x) obtained after addition or subtraction of the corresponding IP
and AP data. Note the individual line selection for CH2 resonances
whereas heteronuclear spin selection is simultaneous achieved for CH and
CH3 groups. Both D1 and D2 delays were set at 1/2J (3.7 ms). See Section 3
for more details.

Fig. 11. Experimental 1D slices at 71.8 (CH), 45.4 (CH2), and 21.4 (CH3)
extracted from (A) the conventional 2D HSQC-IP(y) acquired with four
scans, (B) 2D HSQC-IP(x), acquired also with four scans, where the
simplified ZQ pattern for the CH2 multiplet can be observed (extracted
from Fig. 10B) and (C) 2D HSQC-IPAP(x) spectrum resulting of the
addition of the two IP(x) and AP(x) spectra acquired with two scans each
one. The experimental signal-to-noise (S/N) ratio is indicated in each case
for comparison.
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with the HSQC-a/b editing method with four scans, anoth-
er four scans were needed to be accumulated to obtain the
second part of the doublet for the CH spin system (data not
shown). This affords an unwanted sensitivity lost per time
unit which is clearly observed from the same edited spec-
trum obtained with the addition of the IP + AP data, each
one also accumulated with four scans (Fig. 9C). In addi-
tion, clean editing and improved sensitivity is also achieved
for the CH and CH3 groups. Similar conclusions can be
extracted after careful examination of the corresponding
HSQC(x) subspectra (Fig. 10) and some corresponding
1D traces (Fig. 11). In order to compare the overall sensi-
tivity of the different approaches presented here we have
used a sensitivity-per-time factor for CH2 groups that can
be defined as the signal-to-noise ratio obtained for each
multiplet with respect to the required time needed to
acquire all line multiplets. Thus, in analogy with Fig. 9, it
has been necessary to accumulate two data with four scans
to achieve the separate DQ and ZQ spectra (Fig. 11B)
whereas to obtain line-selective editing for CH2 spin sys-
tems four different data with two scans each one are need-
ed. The corresponding slices in Fig. 11B belong to a
HSQC-IP(x) spectrum acquired with four scans whereas
Fig. 11C show the resulting spectra after addition of
HSQC-IP(x) and HSQC-AP(x) data acquired with two
scans each one (the other possible three combinations are
not shown but display similar signal-to-noise ratios). In
the traces of Fig. 11C, the clean spin-editing for CH and
CH3 spin systems combined with the line-selective spin-ed-
iting for CH2 groups (DQ or ZQ) is clearly illustrated and a
direct comparison with the traces from Fig. 9C confirms
that all experimental signal-to-noise values are in good
agreement with the expected enhancements.

To illustrate a useful application of the IPAP method
proposed here, all long-range proton–carbon coupling con-
stants (nJCH, n > 1) of menthol were measured from a F2-
coupled sensitivity-improved HSQC-TOCSY-IPAP experi-
ment [29]. The excerpt of Fig. 12 shows that the sign and
the magnitude of nJCH can be accurately extracted for all
CH, CH2, and CH3 carbons with optimum sensitivity com-
pared to the original spin-edited HSQC-TOCSY experi-
ment, which is strongly limited only to CH spin systems
[22,23].

It is worth to mention that the proposed IPAP
approach shows excellent tolerance to the presence of
cross-talk and takes advantage of the high digital resolu-
tion in the acquisition dimension and the high sensitivity
related to the HSQC experiment. However, it is also rec-
ognized that the major inconvenient to measure J from
the directly detected F2 dimension is the possible pres-
ence of strong coupling and other line distortion effects,
that could afford asymmetric multiplets that make the
accurate measurement more difficult. The idea can be
successfully applied to achieve spin-editing for both



Fig. 12. (A) Expansion region of the 2D F2-spin-edited HSQC-TOCSY-IPAP experiment showing several relayed correlations involving the methylene
H6 proton of menthol. (B and C) 1D slices for the methine C5, methylene C4, and methyl C10 carbons extracted from the (B) IPAP experiment and (C) the
original spin-edited HSQC-TOCSY experiment [22].

Fig. 13. 2D spin-edited 1H–15N HSQC-IPAP spectra of ubiquitin. Spin-editing for a target NH and NH2 resonance is marked with a box in the (A and B)
HSQC-a/b and the (C and D) HSQC-IPAP(y) spectra. (E) Individual spin-edited DQ/ZQ multiplet patterns in NH2 protons obtained after proper
combination of separate HSQC-IP(x, �x) and HSQC-AP(x, �x) experiments.
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NH and NH2 spin systems in isotopic labeled proteins
(Fig. 13) and also easily applied in more sophisticated
triple-resonance multidimensional NMR experiment in
which the sensitivity-enhanced block is usually inserted
prior to acquisition. However, cross-correlation effects
could be affect expected signal intensities in large bio-
molecules and a more detailed and comparative study
of relaxation properties between in-phase and anti-phase
magnetization components is under study.

3. Experimental part

All experimental 2D spectra reported in this paper were
recorded on a Bruker Avance500 spectrometer operating at
500.13 MHz for 1H at 298 K. 1H–13C experiments were
recorded on a 5 mm TXI probe using a sample of 20 mg
of menthol dissolved in 600 ll of CDCl3. If otherwise indi-
cated, each HSQC experiment used a pre-scan delay of 1 s
and four scans for each t1 increment, with an overall exper-
imental time of 11 min for each 2D spectrum. All inter-
pulse delays were optimized to 135 Hz: The D and D2

delays were always set at 1/2J (3.7 ms), whereas D1 was
set to 1/4J (1.85 ms) in Figs. 8 and 9 and to 1/2J (3.7 ms)
in Figs. 10 and 11. The same acquisition and processing
conditions were used for the 2D HSQC-TOCSY experi-
ment of Fig. 12, only changing the number of scans to 16
and incorporating a 7 kHz DIPSI-2 multiple pulse TOCSY
scheme with a duration of 35 ms. The experimental time
was of 32 min. In all 13C experiments discussed here, all
180� 13C pulses could be replaced by adiabatic pulses if nec-
essary for a good inversion/refocusing.

Spin-edited 1H–15N HSQC experiments were recorded
on a 5 mm TCI 1H/13C/15N cryoprobe using a 1 mM sam-
ple of doubly labeled ubiquitin sample dissolved in 90%
H2O/10% D2O. The same pulse sequences of Figs. 1B
and C were used but applying a purgue gradient pulse dur-
ing the zz filter. Experimental conditions to record 1H–15N
HSQC spectra of Fig. 13 were: 1 s of pre-scan delay and
four scans for each t1 increment. All inter-pulse delays were
optimized to 90 Hz: The D and D2 delays were set at 1/2J

(2.77 ms) whereas D1 was set to 1/4J (1.39 ms). Total exper-
imental time for each 2D spectrum was of 10 min.

All 2D HSQC spectra were acquired with 128 t1 incre-
ments and with 1K data points in the acquisition dimen-
sion. Phase-sensitivity data were obtained for all 2D
experiments using the conventional gradient-based echo–
antiecho protocol for data acquisition and data processing
(see Figs. 1B and C). The phase W was incremented by
180� together with the de-phasing gradient G1. A gradient
ratio of 4:1 (for 13C experiments) and 10:1 (for 15N exper-
iments) was used and gradients were 1 ms long. Data were
processed using a zero-filling up to 256 and a cosine win-
dow was applied in both t1 and t2 dimensions prior to
Fourier transformation. In the IPAP approach, IP and
AP data were separately recorded and stored, and further
processed (added or subtracted) before Fourier
transformation.
Calculated 1D spectra were simulated using the program
NMRSIM (Bruker AG) using the pulse sequence of
Fig. 1A. All 1D fully coupled 1H proton spectra were sim-
ulated with a 2:�2:1 gradient ratio and with experimental
details described in the corresponding figure captions.

4. Conclusions

A versatile spin-state selection approach for all multi-
plicities in the HSQC experiment has been introduced,
combining optimized sensitivity and minimal undesired
cross-talk. Methylene-specific multiplet-line selection can
also be achieved with maximum sensitivity whereas spin
selection for all other multiplicities is retained. It can be
anticipated that this novel methodology can have an
important impact in the simultaneous measurement of
the magnitude and the sign of homonuclear and heteronu-
clear scalar and/or residual dipolar coupling constants
from the same spectra. Different multidimensional NMR
experiments could be also benefit of the proposed
approach. We are currently investigating this application
to experiments designed for the measurement of heteronu-
clear coupling constants involved in both backbone (NH
and CH) and side-chain (CH2, CH3, and NH2) frameworks
in labeled proteins.

Acknowledgments

This work was supported by MCYT (Project BQU2003-
01677) and Centro de Investigación Lilly. We are also
grateful to the Servei de Ressonància Magnètica Nuclear,
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