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COIN TACSY, a Novel Approach to Tailored Correlation Spectroscopy
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A new class of frequency-selective homonuclear Hartmann–
Hahn mixing sequences has been developed. These tailored corre-
lation experiments are based on a combination of isotropic mixing
and selective nutation (COIN). Compared to previous approaches,
the new mixing sequences offer improved sensitivity and consider-
ably more flexibility concerning the choice of the active frequency
ranges. C© 2001 Academic Press
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INTRODUCTION

Homonuclear Hartmann–Hahn transfer (1–4) is one of the
most widely used experimental building blocks in modern NM
spectroscopy. In the mixing period of TOCSY (total correlat
spectroscopy) experiments, isotropic mixing leads to the tran
of coherence and polarization between all spins of a contigu
coupling network. However, for many applications, it can be
advantage to restrict magnetization transfer to a selected s
of spins in the coupling network (4–9). This can be achieved
using TACSY (tailored correlation spectroscopy) sequence4,
5) that create effective Hamiltonians in which selected sp
are decoupled during the mixing process. Some approa
(10–13) only reduce undesired isotropic coupling tensorsH(I )

kl

to so-called longitudinal coupling tensorsH(L)
kl (weak coupling)

(4, 5) rather than completely eliminating them. Although th
approach does block Hartmann–Hahn transfer between s
k and l , it also reduces the transfer efficiency of the desi
transfer between the remaining spins (4, 5). Other approache
(7, 14, 15) completely eliminate undesired couplings during t
mixing period but also scale down the desired coupling c
stants by 50%. TACSY experiments that eliminate unwan
couplings without reducing the desired couplings have been
alized experimentally using computer-optimized multiple-pu
sequences (6). However, these sequences rely on nonvan
ing effective spin-lock fields and because of the effects of
inhomogeneity allow only the efficient transfer of a single ma
netization component (e.g.,x magnetization) between the spin
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of interest. Hence, these TACSY sequences do not allow the
of sensitivity-enhancement techniques that rely on the sim
taneous transfer of two orthogonal magnetization compon
(16). Here a flexible new approach that makes it possible
create isotropic mixing conditions between selected spins w
other spins are fully decoupled is presented. This approac
based on broadband isotropic mixing sequences in combina
with band-selective shaped pulses (COIN TACSY:combination
of i sotropic mixing and selectivenutation) for the tailor-made
homonuclear decoupling of defined spectral regions.

THEORY

We consider a homonuclear spin system with the Hamilton

H0 = Hcs+HJ, [1]

where the chemical shift term has the form

Hcs =
∑

k

2πνk Ikz [2]

and the scalar coupling term is given by

HJ =
∑
k<l

2π Jkl I kI l =
∑
k<l

2π Jkl(Ikx Ilx + IkyIly + IkzIlz). [3]

The application of broadband isotropic mixing sequences, s
as DIPSI-2 (17), reduces the free evolution HamiltonianH0 to
an effective isotropic mixing HamiltonianHeff = HJ (2, 4).
In the following discussion we assume that such an isotro
effective Hamiltonian can be created by a first averaging p
cess. In order to optimize coherence transfer it can be desir
to reduce the effective size of the coupling network by elim
nating undersired isotropic coupling termsH(u)

J , while desired
isotropic coupling termsH(d)

J are preserved (4, 5). This poses
the problem of designing a sequence of RF pulses which se
tively eliminates undesired isotropic coupling termsH(u)

J in a
second averaging process. For example, consider three cou
spins 1/2 with offsetsν1, ν2, ν3 and nonzero coupling constan
J12 andJ23 forming a linear coupling network, whereJ13 = 0.
In this case, coherence transfer between spins 1 and 2 is
efficient if an effectiveIOO-type coupling topology (5) is cre-
ated, where spins 1 and 2 are isotropically coupled and
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COIN T

coupling term between spins 2 and 3 is completely eliminat
Hence, in this case the term

H(d)
J = 2π J12I1I2 [4]

is desired, whereas the termH(u)
J = 2π J23I2I3 is undesired.

If spins 2 and 3 were only weakly coupled in the effecti
Hamiltonian resulting from the first averaging process, the
plication of a train of additional inversion pulses selectively a
plied to spin 3 would result in complete decoupling of sp
3 in this second averaging process (18). For the case of two
180◦x(3) pulses with delaysτ , the cyclic basis sequence is show
schematically in Fig. 1A. However, in the case of isotropic co
pling terms (Eq. [3]) this simple approach fails to provide t
desired full decoupling of spin 3. In the toggling frame (18, 19)
defined by the action of the selective 180◦x pulses, the isotropic
mixing HamiltonianH̃J(t) is given by

H̃J(t) =


2π J12I1I2+ 2π J23(I2x I3x + I2y I3y + I2zI3z)

for 0< t < τ

2π J12I1I2+ 2π J23(I2x I3x − I2y I3y − I2zI3z)

for τ < t < 2τ.

[5]

The resulting average Hamiltonian
erimental

2π J12I1I2+ 2π J23(−I2x I3x + I2y I3y − I2zI3z)
H̄J = 2π J12I1I2+ 2π J23I2x I3x [6]

FIG. 1. Schematic representation of COIN TACSY experiments. Hatched boxes represent an isotropic mixing sequence such as DIPSI-2 (17). Narrow and
wide bars represent 90◦ and 180◦ pulses, respectively. In A and B, open bars correspond to idealized selective pulses with neglegible durations. In C an exp


for 3τ < t < 4τ
realization of sequence B is shown using combinations of practical selectiv◦ p
bars). An optimized COIN TACSY sequence is shown in D. The cycle timesτb of
ACSY 53
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represents an example of an effectiveILL-type coupling topol-
ogy (5) in which spin 3 is not completely decoupled and t
remaining coupling term 2π J23I2x I3x reduces the efficiency of
coherence transfer between spins 1 and 2 (4, 5). The average
HamiltonianH̄J is a good approximation of an exact effectiv
HamiltonianHeff if τb ¿ 1/Jkl , whereτb = 2τ is the duration
of the basic cycle of the second averaging process. Henceτb

must be shorter than the inverse of the largest coupling in
spin system. For typical proton–proton coupling constants t
are on the order of 10 Hz, this results in the relatively mild co
dition that the cycle timeτb of the sequence should be less th
100 ms.

Complete decoupling of spin 3 can be achieved by the
quence shown schematically in Fig. 1B with a cycle tim
τb = 4τ . This sequence creates the toggling-frame Hamilton

H̃J(t) =



2π J12I1I2+ 2π J23(I2x I3x + I2y I3y + I2zI3z)

for 0< t < τ

2π J12I1I2+ 2π J23(I2x I3x − I2y I3y − I2zI3z)

for τ < t < 2τ

2π J12I1I2+ 2π J23(−I2x I3x − I2y I3y + I2zI3z)

for 2τ < t < 3τ

[7]
e 90ulses of finite duration (bell-shaped symbols) and of nonselective pulses (solid
the sequences are (A) 2τ , (B) 4τ , (C) 4τ + 41, and (D) 16τ + 121.
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with the desired average Hamiltonian

H̄J = 2π J12I1I2 = H(d)
J . [8]

The undesired coupling termH(u)
J is completely eliminated, re

sulting in an effectiveIOO-type coupling topology (4, 5). Note
that for ideal selective inversion pulses the relative signs of
pulse phases are irrelevant. For example, the cyclic sequen

{τ–180◦x(3)–τ–180◦y(3)–τ–180◦x(3)–τ–180◦y(3)} [9]

creates the samẽHJ(t) andH̄J as the sequence

{τ–180◦x(3)–τ–180◦y(3)–τ–180◦−x(3)–τ–180◦−y(3)}. [10]

However, in the presence of nonideal pulses with inhomo
neous RF fields, these sequences are not equivalent and seq
[9] is preferable. In this sequence, the phase cycle scheme o
selective 180◦ pulses is equivalent to a robust modified Ca
Purcell sequence indroduced by Maudsley (20, 21). Note that
the same toggling-frame HamiltoniañHJ(t) (Eq. [7]) and the
same average Hamiltonian̄HJ (Eq. [8]) also result if the selec
tive pulses are applied simultaneosly to spins 1 and 2, rather
to spin 3; i.e., sequence [9] is also equivalent to

{τ–180◦x(1, 2)–τ–180◦y(1, 2)–τ–180◦x(1, 2)–τ–180◦y(1, 2)}.
[11]

So far we considered ideal selective pulses of neglegible
ration. In practice, the finite duration of selective pulses m
also be taken into account in the calculation of the aver
Hamiltonian. In particular, the evolution of chemical shi
and couplings must be considered during the selective in
sion pulses. Chemical shift evolution of all spins can be re
cused by implementing an ideal selective pulse 180◦

x(1, 2) as
{90◦x(3), 180◦x, 90◦−x(3)}. With this modification, sequence [11
is shown in Fig. 1C. A disadvantage of this implementation is
fact that during the selective inversion elements of duration1,
spins 1 and 2 are only weakly coupled; i.e.,H(12)

1 = 2π J12I1zI2z.
This leads to a nonisotropic average Hamiltonian of the form

H̄′J = 2π J ′12(I1x I2x + I1y I2y)+ 2π J12I1zI2z [12]

with a scaled effective coupling constant

J ′12 =
τ

τ +1 J12. [13]

The anisotropy caused by the termH(12)
1 = 2π J12I1zI2z can be

eliminated using additional transformations which also cre
terms 2π J12I1x I2x and 2π J12I1y I2y during subsequent period

1. Figure 1D shows such an improved sequence that not o
requires less selective inversion periods1 relative to the number
SCH, AND GLASER
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of isotropic mixing periodsτ , but also leads to anisotropic
average Hamiltonian

H̄′′J = 2π J ′′12I1I2 [14]

with a more favorable scaling factor for the effective coupli
constant

J ′′12 =
4τ +1
4τ + 31

J12. [15]

For example, forτ = 10 ms and1 = 3 ms, Eq. [13] yields
J ′12 = 0.769J12, whereas according to Eq. [15] we findJ ′′12 =
0.878J12. Hence, compared to the sequence shown in Fig.
the modified sequence of Fig. 1D makes it possible to red
the transfer time and to achieve a uniform transfer rate for
magnetization components.

The basic pulse sequence element shown in square bra
in Fig. 1D is only cyclic (18, 19) up to a 180◦z(1, 2) rotation.
As indicated in Fig. 1D, the sequence can be made cyclic
applying the basic pulse sequence element twice. However
relatively short mixing periods, it is also possible to apply t
sequence in square brackets only once and to flip the pha
the detected spectrum by 180◦, which is equivalent to a nonse
lective 180◦z rotation. As spin 3 is decoupled, it does not take p
in the magnetization transfer dynamics and the resulting ph
inversion of the diagonal signal of the third spin can be igno
in practice.

The new COIN TACSY approach has been tested by
merical simulations and experiments using the proton spin
tem of alanine with offsetsνN = 1075 Hz,να = −1075 Hz,
andνβ = −2711.6 Hz and coupling constantsJNα = Jαβ =
7.5 Hz. Figure 2 shows characteristic simulated transfer fu
tions of x magnetization for broadband isotropic mixing co
ditions (Fig. 2A), for the CABBY-1 sequence (6) (Fig. 2B),
and for the new COIN TACSY sequence shown in Fig. 1
(Fig. 2C). In Fig. 2A, broadband isotropic mixing periods we
created using the DIPSI-2 sequence with an RF amplitud
8.33 kHz, corresponding to a cycle time of 3.453 ms. T
band-selective CABBY-1 sequence (Fig. 2B) had an RF a
plitude of 3.991 kHz, corresponding to a cycle time of 1.
ms. In the simulations of the COIN sequence (Fig. 2C), Ga
sian pulses with a duration of 1.844 ms (corresponding to 5/νβ)
and a truncation level of 5% were used for the selective 90◦

ϕ(3)
pulses. In order to minimize pulse imperfections, the non
lective 90◦ϕ and 180◦ϕ pulses were implemented by the com
posite pulsesC(90◦ϕ) = {24◦ϕ, 152◦ϕ+π , 346◦ϕ, 152◦ϕ+π , 24◦ϕ} and
C(180◦ϕ) = {58◦ϕ, 140◦ϕ+π , 344◦ϕ, 140◦ϕ+π , 58◦ϕ} (22) with an RF
amplitude of 19.8 kHz. The isotropic mixing periods were im
plemented using DIPSI-2 with an RF amplitude of 11.9 kH
The periodτ = 7.25 ms corresponded to three DIPSI-2 cycl
and the basic COIN building block shown in Fig. 1D in squa

nlybrackets had a duration of 81.4 ms. The simulations were per-
formed using an extended version of the program SIMONE (23),
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FIG. 2. Simulated transfer functions and experimental transfer amplitu
of x magnetization for the spin system of alanine under (A) broadband isot
mixing conditions using DIPSI-2 (17), (B) the CABBY-1 sequence (6), and
(C) the new COIN TACSY sequence shown in Fig. 1D. The solid curves re
sent Hα–HN transfer, the dashed curves show Hα–Hβ transfer, and the dotte
curves correspond to Hα–Hα transfer (diagonal signal). The circles repres
experimental transfer amplitudes; for experimental details see the text.

neglecting relaxation. RF inhomogeneity has been taken
account, assuming a Gaussian distribution of the RF amplit
with a full width at half-height of 10% of the nominal RF am
plitude. Transfer functions were calculated based on the e
effective Hamiltonian for one cycle. In order to increase the
gerprint signals in the spectrum, a maximum transfer amplit
between Hα and HN is desirable. Figure 2 shows the desir
transfer ofx magnetization from Hα to HN (solid curves). In
addition, the transfer ofx magnetization from Hα to the indi-
vidual Hβ spins of the methyl group (dashed curves) and
transfer from Hα to Hα (corresponding to the diagonal signa
are shown (dotted curves). As expected, in Figs. 2B and 2C
transfer is observed between Hα and Hβ . The simple transfe
characteristics of an effective two-spin system (4) consisting of
Hα and HN is approximated best by the COIN TACSY sequen
(Fig. 2C), which achieves almost complete coherence tran
from Hα to HN at a mixing timeτmix ≈ 80 ms≈ 1/(2JNα). The
maximum amplitude of the desired transfer between Hα and HN

is approximately increased by a factor of 4 compared to
TOCSY transfer under broadband isotropic mixing conditi
(Fig. 2A).

Figure 2 also shows experimental transfer amplitudes

cles) for the alanine residue of the peptide fragment Gln-L
Leu-Glu-Ala-Met-His-Arg-Gln-Lys-Tyr-Pro which is part of the
ACSY 55
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conserved region of the protein encoded by the human Y-loc
gene SRY (sex-determining region Y) (6, 25). The experimen-
tally determined offsets and coupling constants were iden
with the values used in the simulations. The experimental p
sequence parameters were chosen to roughly match the pa
ters used in the simulations. In the experimental COIN seque
(Fig. 2C), e-SNOB pulses (24) with a duration of 1.468 ms (cor
responding to 4/νβ) were used for the selective 90◦ϕ(3) pulses.
The nonselective 90◦ϕ and 180◦ϕ pulses were implemented by th
same composite pulses (22) as in the simulations but with a
RF amplitude of 30.5 kHz. The isotropic mixing periods we
implemented using DIPSI-2 with an RF amplitude of 8.33 kH
The periodτ = 6.9 ms corresponded to two DIPSI-2 cycl
and the basic COIN building block shown in Fig. 1D in squa
brackets had a duration of 73.8 ms. A good match was fo
between theoretical and experimental transfer amplitudes.

The isotropy and selectivity of the COIN TACSY approach
demonstrated in Figs. 3A–3C which show the simulated tra
fer efficiency (4, 23) of x, y, andz magnetization for an isolate
two-spin system under sequence D of Fig. 1. As expected
transfer is found to or from spins with offsets between−2 and
−3.4 kHz, i.e., near the irradiation frequency at−2.7116 kHz of
the selective Gaussian 90◦ϕ(3) pulses with a duration of 1.844 m
Except for this offset range, the offset dependence of the
herence transfer efficiency matches the offset dependence
DIPSI-2 sequence (4, 17). In particular, the transfer ofx, y, andz
magnetization is almost identical in the entire active bandwi
demonstrating that the transfer of coherence and polariza
is virtually isotropic. This makes it possible to use sensitivi
enhancement techniques that rely on the simultaneous tra
of two orthogonal magnetization components (16). Sensitivity-
enhanced 2D TOCSY and TACSY experiments were acquire
the peptide fragment Gln-Lys-Leu-Glu-Ala-Met-His-Arg-Gln
Lys-Tyr-Pro. The experimental parameters were identical to
parameters for the experimental results shown in Fig. 2. R
resentative NH–Hα cross peaks of the Leu, Ala, Arg, and T
residues of the peptide are shown in Fig. 4. The mixing seque
of the sensitivity-enhanced TOCSY experiment was DIPS
with a duration of 44.9 ms (dashed traces in Fig. 4) and 58.7
(dashed-dotted traces in Fig. 4). The solid curves represent t
of the sensitivity-enhanced TACSY spectrum with the CO
mixing sequence shown in Fig. 1D and a mixing time of 73.7
In addition, a non-sensitivity-enhanced version of the HNH
TACSY experiment was acquired using the CABBY-1 seque
with a mixing time of 60.7 ms (6). As this mixing sequence
only allows the transfer of a single magnetization compon
the experimental traces were multiplied by a factor of

√
2 for

comparison (dotted traces). In the case of Leu, Ala, and
(Figs. 4A–4C), the Hβ protons were covered by the selecti
90◦ pulses of the COIN sequence. As expected, the sensiti
enhanced COIN TACSY peaks are between a factor of 1.8
3.3 more intense than the corresponding peaks in the broad
ys-TOCSY sequence. No advantage of the COIN experiment is
found for the Tyr residue (Fig. 4D) because the Hβ protons were
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FIG. 3. Simulated offset dependence of the transfer efficiency (4, 23) of (A) x, (B) y, and (C)z magnetization for an isolated two-spin system under sequence
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D of Fig. 1 with selective pulses applied at−2.7116 kHz using Gaussian 90ϕ (3
contour level is 0.9.

not covered by the selective 90◦ pulses of the COIN sequenc
and hence were not decoupled during the mixing period.

In summary, the COIN experiment presented provides a fl
ible and efficient experimental approach to reduce the effec
size of coupled spin systems during isotropic mixing expe
ments. The experiment yields isotropic coherence and pola
tion transfer that allows for the first time one to combine t
superior transfer efficiency of tailored correlation spectrosco
(TACSY) experiments with standard sensitivity-enhancem
techniques. The new approach relies on two avaraging proce

FIG. 4. Traces of NH–Hα cross peaks of the (A) Leu, (B) Ala, (C) Arg
and (D) Tyr residues of the peptide Gln-Lys-Leu-Glu-Ala-Met-His-Arg-Gl
Lys-Tyr-Pro. The solid curves correspond to traces of the sensitivity-enha
TACSY spectrum using the COIN mixing sequence shown in Fig. 1D and a m
ing time of 73.7 ms. The dashed and dashed-dotted curves represent sens
enhanced TOCSY experiments with a mixing period of 44.9 and 58.7 ms, res
tively. The dotted curves represent traces the HNHA-TACSY experiment u
the CABBY-1 sequence (6) with a mixing time of 60.7 ms (6). As this mixing
sequence allows only the transfer of a single magnetization component, no

sitivity enhancement was possible and the experimental traces were multip
by a factor of

√
2 for comparison.
pulses with a duration of 1.844 ms. The level increment is 0.1 and the high
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In a first (fast) averaging process broadband isotropic mixin
conditions are created using well-known pulse sequences, s
as DIPSI-2. In a second (slow) averaging process, selected c
plings are removed by applying carefully phase-cycled select
pulses to a chosen frequency range. As the large offset term
the free evolution Hamiltonian are already eliminated by th
first averaging process, the second averaging process can
adequately described using a zero-order average Hamilton
approach. The modular construction of the COIN experime
makes it possible to freely choose the desired active and n
active frequency ranges by selecting the parameters of app
priate band-selective 90◦ pulses from a large pool of known
pulse shapes (26). This is in contrast to the CABBY sequence
(6) which require the computer optimization of a new multiple
pulse sequence if a different set of offset ranges is required fo
given application. For simplicity, the COIN TACSY experimen
was demonstrated experimentally for linear coupling network
but it can also be applied to more general coupling topologie
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