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Abstract

Several heteronuclear coherence transfer mechanisms involved in proton-detected heteronuclear J-cross-polarization (HCP)
NMR experiments have been theoretically derived and experimentally verified in isotropic solution. It is shown that in-phase and/or
anti-phase heteronuclear coherence transfer can take place separately or simultaneously during the HCP process as a function of the
relative phase between the HCP mixing sequence and the corresponding input magnetization. As the more important consequence,
clean coherence-order and spin-state selective (S*) excitation with maximum sensitivity can be achieved from gradient-enhanced
HCP experiments by proper co-addition/subtraction of in-phase and anti-phase magnetizations, offering an attractive alternative to

widely used HSQC-type experiments.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The HSQC and HMQC pulse schemes are nowadays
the most widely accepted NMR pulse trains for heter-
onuclear coherence transfer in isotropic solution be-
tween a high-sensitive 7 nucleus (typically 'H) and a
low-sensitive S nucleus (for instance, '*C or ’N). These
NMR techniques rely in the free-evolution of the het-
eronuclear coupling constant during predetermined J
evolution delays combined by magnetization transfer
from/to anti-phase or multiple-quantum spin-states via
90° radio-frequency (RF) pulses. However, it is also
possible to perform such transference processes using a
third approach, the so-called heteronuclear J-cross-
polarization (HCP) [1-6], sometimes also referred as
Heteronuclear Hartmann-Hahn (HEHAHA) or hetero-
TOCSY experiments. In the basic HCP experiments,
two continuous-wave (CW) RF fields are simultaneously
applied to both I and S spins (with intensities
wi; = y'B! /21 and w15 = ySBf /2m, respectively) and the
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transfer becomes efficient when the so-called Hartmann-
Hahn condition is fulfilled

|CO11—(1)15| <<J15. (1)

Recently, it has been demonstrated that the use of
weak CW RF fields makes HCP an ideal tool for se-
lective experiments in solution state [7-10]. However,
they lead to a strong offset dependence of the Hart-
mann-Hahn condition and a match can be only achieved
for small frequency ranges. In more demanding
non-selective applications, broadband HCP must be
accomplished using optimized multiple-pulse sequences
[6].

In theory, the transfer efficiency for all three HMQC,
HSQC, and HCP processes are the same but, in practice,
the usage of the HCP transfer mechanism has been
limited in a few cases. Among others, specific NMR
pulse sequences making use of 'H-X HCP [11,12] have
been described for small molecules at natural abundance
(X="10Q)[13-16], for large and isotopically labelled bio-
molecules (X ="3C and ’N) [17-20], and also success-
fully applied to other heteronuclei such as 3!'P [21,22] or
13Cd [23,24].

However, HCP mixing process offers a unique
feature that, in my knowledge, has been never exploited.
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Generation of in-phase and anti-phase coherence
transfer during the HCP process can occur separately or
simultaneously and, therefore, it should be possible to
combine them to afford spin-state-selective (S°) states
which are defined as the sum or difference of such
in-phase and anti-phase magnetizations:

78" =1 +2I8S., (2a)

I'sP=1"-2rs.. (2b)

Two different approaches have been employed to
generate these particular S states. In-phase and anti-
phase magnetizations can be recorded in separate spec-
tra and then they are added/subtracted to yield the two
mentioned o and B sub-spectra. On the other hand, it is
also possible to generate the S* states directly in a single
experiment by selecting both coherences just prior to
acquisition.

For the first time, in this work we show that the S°
principle [25-27] can be incorporated in HCP-based
pulse schemes by using coherence-order selection by
pulsed-field gradients. In particular, we demonstrate this
feature using a gradient-enhanced 1D spin-state-selec-
tive HCP (o, B-HCP) experiment in order to obtain clean
S3 excitation from high-quality artefact-free spectra
displaying maximum sensitivity, similarly as reported
previously for the spin-edited HMQC and HSQC ex-
periments [28,29]. The main feature of the proposed 1D
o, B-HCP experiment is that the o or P state of the
heteronucleus is selected by simple inversion of the
phase of a non-selective 90° X pulse just after the HCP
process or, alternatively, by changing the gradient ratio
used for coherence selection. Closely related to the
principles outlined here, spin-state selection using single-
transition HCP has been also proposed by applying
selective CW spin-lock fields to a pair of connected
transitions [30-33].

2. Results and discussion

The possibility to obtain separately in-phase or anti-
phase proton magnetization (with respect to the ' J(CH)
coupling constant) from 1D carbon-selective HCP ex-
periments was already pointed out simply by proper
choice of some 90° proton and carbon pulses embedding
the HCP block [16]. Based on this idea, attention has
been focused on the study of the different coherence
transfer mechanisms involved during the HCP mixing
processes. For simplicity, we have designed the 1D pulse
scheme displayed in Fig. 1 in which offset effects have
been avoided by setting the carrier frequency on-reso-
nance of the selected signals. The sequence has been
adapted from the two-way doubly selective cross-po-
larization experiment [8,9] and it can be understood as
the 1D gradient-enhanced version of the original 2D
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Fig. 1. Pulse sequence diagram of the gradient-selected 1D selective
heteronuclear cross-polarization (HCP) experiment. A four-step EX-
ORXYCLE phase cycle is applied on the central X 180° pulse
(>, ¥, —x, —y) and the receiver (x, —x). The CW spin-lock fields are si-
multaneously applied in both channels, from the y axis and with a
duration 4, in both preparation and mixing HCP periods. Gradients of
duration (0) of 1 ms, with a recovery time of 100 ps are also indicated
by shaded shapes on the line G,. Frequency carriers are set on reso-
nance of the selected signals through all experiment. See text and Table
1 for details about the ¢ and ¥ phases of the last 90 ° pulses and about
the gradient ratios.

HCP experiment described some years ago [6]. After the
initial 90°(/) pulse applied from the x axis, selective
coherence transfer takes place during the doubly selec-
tive HCP(y) period, optimized to t,, = 1/'J(IS), where
cross-polarization and selective excitation is performed
simultaneously by applying very weak RF continuous-
wave fields from the y axis. It has been demonstrated
that under these conditions, the Hartmann-Hahn con-
dition need not be fulfilled accurately and inhomoge-
neous RF fields do not significantly affect the transfer
efficiency [7]. The resulting in-phase S magnetization is
allowed to evolve during a gradient-encoding spin-echo
period in which heteronuclear coupling constants and S
chemical shift are fully refocused by the effect of the 180°
S pulse. After this de-phasing period, a second HCP(y)
block identical to the first block, transfers back the se-
lected transverse S magnetization to the directly at-
tached I nucleus via the active 'J(IS) coupling constant,
whose magnetization is finally refocused with the last G3
gradient echo and detected with optional heteronuclear
decoupling.

In the case of I='H and S=!1C, the general
equation for proper gradient refocusing in the o, B-HCP
experiment can be written as

p1GL+ Gy —4G3 =0, (3)

where p; defines the selected coherence order during the
G, gradient. The same pulse sequence can be executed
with and without gradient coherence selection. Using a
1:1:0 gradient ratio, a phase-cycled 1D HCP spectrum is
obtained showing full sensitivity but at expense of fre-
quently poor spectral quality due to imperfect 'H-'2C
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suppression when applied on natural abundance sam-
ples. On the other hand, gradient coherence selection
using for instance a —2:2:1 gradient ratio affords ultra-
clean 1D spectra but, in principle, with theoretical sen-
sitivity losses due to specific coherence selection during
the transverse S evolution period.

The sequence of Fig. 1 is suitable to study the pres-
ence and the efficiency of several heteronuclear transfer
mechanisms from S to I nucleus via the last HCP mixing
process. These mechanisms greatly depend on the rela-
tive phase between the input S magnetization available
just prior to the HCP process and the HCP RF fields.
Detailed description on the theory of coherence polari-
zation transfer using selective cross-polarization in so-
lution state have been extensively described [7-9] and,
therefore, minor details will be given here. In absence of
offset dependences and unwanted mismatch of the
Hartmann-Hahn condition, the effective coupling term
of the active Hamiltonian during the HCP process ap-
plied from the y axis can be reduced to

H = nJN(2LS. + 21.S,). (4)

In heteronuclear experiments, the effective coupling
constant is usually given by J&' = J;5/2 [34]. Under
these conditions, the theoretical efficiency transfer for
the so-called parallel S, component in a IS spin system is
defined as follows:

HCP, 1 + cos(mJis7)
S, 5
4 (2LS. — 2LS.)

1 — cos(mJjst
S,V + 2( B )]y
Sin(Tles‘C)
5 .

The HCP concept has been commonly used to achieve
efficient in-phase to in-phase heteronuclear transfer
when the HCP mixing time is adjusted to = = 1/J for
IS spin systems. However, a different behaviour arises
when the input S coherence is perpendicular to the HCP
process:

(5a)

Sxﬂsx cos ( 2’”) + 28,/ sin < 21ST > , (5b)
SZB,SZ cos ( 2137:) + 28,1, sin ( 21ST ) ) (5¢)

In such cases, after the optimum t = 1/J;s mixing
period, both S, or S, magnetizations are fully converted
to anti-phase S,/. and multiple-quantum S/, magneti-
zations, respectively.

The three different mechanisms described by Egs.
(5a)—(5¢) were experimentally and independently verified
using simple modifications of the proposed HCP ex-
periment of Fig. 1 in which the gradient ratio was ad-
justed to 1:1:0 (the last echo period prior to acquisition
is not applied), the amplitudes of the CW RF fields were
matched to 7B} /2n = ySB} /2n = 75Hz and placed on
resonance to the selected 'H and !>C resonances of a

sample of strychnine. According to Eq. (5a), the normal
full-sensitivity in-phase doublet is achieved under con-
ventional HCP(y) transfer (Fig. 2B) in which the last
simultaneous 90° (/,S) pulses are omitted.

HCP,(1=1/J)

S, I, (6a)

The signal-to-noise (S/N) ratio of this 1D spectrum is
taken as the reference to check the overall sensitivity for
all other transfer mechanisms discussed below. On the

other hand, the perpendicular SxﬂSylz transfer (see
Eq. 5b) is demonstrated by shifting the initial 90°(/)-
HCP(y) block to a 90°,(/)-HCP(x) block that generates
the desired input S, coherence. The resulting anti-phase
S,I. magnetization after the second HCP scheme is
converted to observable anti-phase S./, magnetization
by applying two simultaneous 90°(/,S) pulses from the x
axis (Fig. 20)

S HCP, (1=1/J)

90°,(1)
20y o = 25y, (6b)

Finally, the perpendicular SzﬂSy[x transfer (Fig. 2D) is
also confirmed by converting the initial S, magnetization
to S, by a 90°.(S) pulse prior to the second HCP(y)
process and converting the final anti-phase S,/. magne-
tization (see Eq. 5c) to observable magnetization by a
single 90°(S) pulse applied from the x axis:

Sy% Y(s)Sz HCP, (1=1/.) 2Sy[x90 «S), S (6¢)

From all these 1D HCP spectra, it can be stated that
effective in-phase and anti-phase coherence transfer can
be achieved with maximum sensitivity but spectral
quality can suffer of the inefficient phase cycling proce-
dure.

A different behaviour occurs when using gradient
coherence selection in the 1D HCP experiment. As-
suming that a —2:2:1 gradient ratio selects the p; = —1
and p, = +1 coherence orders, the available transverse S
magnetization after the first HCP(y) block is better de-
scribed using shift-operators and, therefore, such avail-
able coherences must be treated as a mixture of
transverse S, and S, components. As described above,
the effect of the second HCP(y) process for each one of
these orthogonal in-phase magnetizations (Egs. (5a)—
(5¢)) will depend of their relative phases.

LSt =S iSRS L il (7)

ST =8 -1,

The crucial point of the strategy proposed here relies
on the setting and the effect of the phases of the 90°(/)
pulse (with phase %) and the 90°(S) pulse (with phase &)
applied just after the second HCP process and before the
refocusing gradient echo (Table 1). When ¥ = @ =y,
the conventional in-phase doublet is obtained with
perfect suppression of 'H-!'2C magnetization (Fig. 3A)
but a decrease of the overall sensitivity by a factor of
two results when compared to the analogous phase cycle
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Fig. 2. (A) Conventional 'H 500 MHz spectrum of strychnine in CDCls; (B-D) Several phase-cycled 1D HCP spectra acquired with the sequence of
Fig. 1 with a 1:1:0 gradient ratio: (B) Syﬂly (Eq. 5a), (O) SxﬂSylz (Eq. 5b), and (D) SZﬂS),IX (Eq. 5¢) HCP transfers after selective cross-
polarization of the H;,—C), pair. In (B) the 90° pulses (labelled with phases @ and ¥) are not applied (see Eq. 6a). In (C) both 90° 'H and 3C pulses
(applied from x axis) are applied just after the HCP mixing scheme to observe the corresponding proton signal, as described in Eq. 6b. In (D) only the
90° 3C pulse (applied from the x axis) is applied after the HCP process to observe the anti-phase proton signal as described in Eq. 6¢c. The ex-
perimental signal-to-noise ratios are displayed for each spectrum only for comparison purposes. See text for more details.

Table 1

Product operators available at different points of the HCP pulse sequence as a function of the phases @ and ¥ (see Fig. 1 for details)

Experiment Before the After the Phase of 90° pulses After the simultaneous 90°
HCP (point a) HCP (point b) v > (*H.X) pulses (point c)

1 S, +18, 2L.S, +1il, y ¥ =28, +1il,

2 X X 21,S. +iL

3 y X =2L.S. +1il,

4 y —X lesz + i]y

5 S, +18.* 218, + 2il.S, x x —21,8. + 2il,S.

A 90°,(S) pulse is applied before the HCP(y) process.

experiment, because the second term stands for non-
observable multiple-quantum coherences (entry 1 in
Table 1).

The anti-phase component (Fig. 3B) can be obtained
by applying ¥ = @ = x, with the corresponding sensi-
tivity penalty (entry 2 in Table 1). However, both in-

phase and anti-phase magnetizations can be simulta-
neously detected (S* excitation) by applying ® = y and
¥ = +x/ — x (Figs. 3C and D, respectively). In this case,
the recorded signal shows maximum intensity because of
the preservation of equivalent pathways (entries 3-4 in
Table 1). The same S° editing could be also achieved
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Fig. 3. (A-F) Several 1D gradient-selected HCP spectra acquired with the same conditions as described in Fig. 2 but with coherence selection using a
—2:2:1 gradient ratio and the following pulse phases: (A) in-phase multiplet obtained with ¥ = & = y; (B) anti-phase multiplet obtained with
¥ = @ = x; (C) o spin-state multiplet obtained with ¥ =y and @ = x; (D) B spin-state multiplet obtained with ¥ = y and @ = —x; (E) sensitivity-
improved anti-phase multiplet acquired as (B) but with an additional 90°(S) pulse from the x axis before the last HCP mixing process; (F) as (E) but
with refocusing of the heteronuclear coupling during the last echo period. The experimental signal-to-noise ratios are displayed for each spectrum
only for comparison purposes and they are related to those of Fig. 2. See text and Table 1 for more details.

using equivalent alternatives. For instance, by inverting
the strength of the Gz refocusing gradient instead to
invert the ¥ phase or by creating S, +1iS, as input
magnetization in the HCP transfer, instead of the de-
scribed S, £1iS,, by means of a 90°,(S)-HCP(y)-
90°,/_(S) mixing process.

On the other hand, ultra-clean anti-phase magnetiza-
tion with maximum sensitivity (Fig. 3E) could be achieved
by inserting a 90°(S) pulse from the x axis prior to the
HCP(y) process and setting the pulse phasesto ¥ = ¢ = x
(entry 5 in Table 1). In this case, the detected anti-phase
signal is constructed from two different anti-phase com-
ponents of the same amplitude that can optionally be
converted to in-phase signal by including an additional
180°(S) pulse simultaneously to the last 180°(/) in order to
allow heteronuclear J coupling evolution. Because the
normal duration of this echo is around the same order of
the needed evolution delay (about 1.5-1.75 ms), this op-
tion has a limited penalty in sensitivity due to extra re-
laxation losses. The result is a perfect and clean in-phase

multiplet (Fig. 3F), showing similar sensitivity ratios of
the original phase cycled experiment (Fig. 2B).

Fig. 4 shows different experimental signal intensity
dependence vs. the mixing HCP duration (4) for all
mechanism HCP transfers already described (see cap-
tion for details). Good correlation is observed with the
theoretical amplitude factors derived from Egs. (5a)—
(5¢) and maximum transfer is always achieved at
multiples cycles of 1/J. It can be also seen that the anti-
phase doublet in Fig. 4B is clearly inverted at 19ms
(4 = 3/J) compared to 6ms (4 = 1/J) according to the
sine dependence described in Eq. 5b. The o, B-HCP ex-
periment also shows high tolerance to mismatch of the
mixing HCP delay in a range of 20% of its theoretical
value in where undesired spin-state cross-talk are largely
minimized (Fig. 4C).

When comparing the proposed o, B-HCP experiment
to the previously reported o, B-HMQC and a, B-HSQC
experiments [28], we found that o, B-HCP is the more
sensitive approach (Fig. 5). The HCP pulse scheme is
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Fig. 4. Experimental signal intensity dependence of the HCP mechanism transfers described in Figs. 3A (A), 3B (B), Fig. 3D (C), and Figs. 3E (D) as
a function of the HCP duration (4). Twenty-six 1D spectra have been recorded varying the duration of the HCP mixing process from 0 to 25 ms, with
an increment value of 1 ms. All other acquisition parameters as described in Fig. 3.
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Fig. 5. Comparison of experimental sensitivity ratios of the gradient-
selected spin-state-selective (A) o, B-HCP using CW (Fig. 1B), (B) a, -
HMQC experiments [28], and (C) a, B-HSQC experiments [28]. The
experimental conditions of (A) are as described in the legend of Fig.
3C. For (B) and (C), a 6 ms 90° Gaussian-shaped pulse was used for
selective carbon excitation, and the J evolution delay was optimized to
147 Hz.

more tolerable to miscalibrated pulses and RF inho-
mogeneities, mixing contact periods can be finely ad-
justed in time and selectivity and, in addition, the HCP
experiment presents better selective-excitation capabili-
ties due to its double-selective nature. It was already
noted that selective HCP process was more selective
when compared to selective INEPT experiments [7].

3. Conclusions

In summary, it has been demonstrated that is feasible
to achieve coherence-order S excitation in heteronu-
clear cross-polarization experiments as usually per-
formed in related HSQC experiments. The combination
of heteronuclear gradient echoes and the preservation of
equivalent pathways methodology affords sensitivity-
enhanced HCP spectra displaying in-phase, anti-phase
or spin-state-selective states without need of extra de-
lays, only considering the phases of the elements defin-
ing the mixing HCP process or setting the gradient
ratios accordingly. This feature makes of the suggested
HCP experiment a highly useful alternative to widely
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used free-precession INEPT-based pulse schemes to
perform specific spin-state coherence transfers or to
measure scalar and dipolar coupling constants. It can be
anticipated that the principles described here can be also
implemented in higher dimensionality NMR pulse
schemes. Much work on the possible applications of the
proposed approach is in progress.

4. Experimental part

NMR experiments have been recorded on a BRU-
KER AVANCE 500MHz spectrometer at 298K
equipped with a triple-resonance inverse probehead in-
corporating a z-gradient coil. All '"H and '3C pulses have
been applied on-resonance to the selected H12-C12 pair
of strychnine ('J(CH) = 147 Hz) in a sample of 50 mg of
product dissolved in CDCl;. The following experimental
conditions were applied: relaxation delay of 1s, HCP
mixing delay of 4 = 1/J(CH)=6.6ms and 16 transients
with two dummy scans were acquired for all 1D spectra.

The amplitudes of the CW RF fields have been ap-
proximately matched to y/B!/2n =SB /2n = 1J(CH)
/2Hz and placed on resonance to the desired signals.
Calibration of the power levels and durations for CW
irradiation were performed by maximizing the selected
signal intensity from the corresponding 1D spectrum.
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