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A new class of frequency-selective homonuclear Hartmann—  of interest. Hence, these TACSY sequences do not allow the u:
Hahn mixing sequences has been developed. These tailored corre-  of sensitivity-enhancement techniques that rely on the simu
lation experiments are based on a combination of isotropic mixing  taneous transfer of two orthogonal magnetization componen
and selective nutation (COIN). Compared to previous approaches, (16). Here a flexible new approach that makes it possible t
the new mixing sequences offer improved sensitivity and consider- create isotropic mixing conditions between selected spins whil
ably more flexibility concerning the choice of the active frequency other spins are fully decoupled is presented. This approach
rarl?ee;'wf:;;l Aflfdoeg;?s.srACSY; homonuclear Hartmann—Hahn bgsed on broadpand isotropic mixing sequences in gom_binati(
transfer; HOHAHA, correlation spectroscopy. W|t_h bandjsele_c_uve shaped pu_Ises (C_:OIN TACSGm_bmatmn

of i sotropic mixing and selectiveutation) for the tailor-made
homonuclear decoupling of defined spectral regions.

INTRODUCTION
THEORY
Homonuclear Hartmann—Hahn transfér4) is one of the
most widely used experimental building blocks in modern NMR We consider a homonuclear spin system with the Hamiltonia
spectroscopy. In the mixing period of TOCSY (total correlation
spectroscopy) experiments, isotropic mixing leads to the transfer Ho = Hes + Ha, [1]
of coherence and polarization between all spins of a contigugQygere the chemical shift term has the form
coupling network. However, for many applications, it can be of
advantage to restrict magnetization transfer to a selected subset Hes = Z 21 viliz [2]
of spins in the coupling networld{9). This can be achieved k
using TACSY (tailored correlation spectroscopy) sequentes énd the scalar coupling term is given by
5) that create effective Hamiltonians in which selected spins
are decoupled during the mixing process. Some approaches= ZZan|Ikl| = ZZJTJK|(||<X||X + liyly + lkzhiz). [3]
(10-13 only reduce undesired isotropic coupling tenSHt%;) k<l k<l

S . L) .
to so-called longitudinal coupling tensig;’ (weak coupling) The application of broadband isotropic mixing sequences, suc

(4, 5 rather than completely eliminating them. Although thisg ppg|-2 17), reduces the free evolution Hamiltoniaty to
approach does block Hartmann—Hahn .trgnsfer between _Spé'ﬁseffective isotropic mixing Hamiltoniattes = My (2, 4).
k-andl, it also reduces the transfer efficiency of the desirg] yhe following discussion we assume that such an isotropi
transfer between the remaining spids §). Other approaches getive Hamiltonian can be created by a first averaging prc
(7,14, 13 completely eliminate undesired couplings during thgags | order to optimize coherence transfer it can be desirat

mixing period but also scale down the desired coupling oy reqyce the effective size of the coupling network by elimi-
stants by 50%. TACSY experiments that eliminate unwanted,

> X . X ) ting undersired isotropic coupling terﬂﬁ“), while desired
couplings without reducing the desired couplings have been r§6tropic coupling termg{ﬂd) are preserved4( 5). This poses

alized experimentally using computer-optimized multiple-pqls[ﬁe problem of designing a sequence of RF pulses which sele
sequences6). However, these sequences rely on nonvanisfyely eliminates undesired isotropic coupling tert§” in a
ing effective spin-lock fields and because of the effects of Rizacond averaging process. For example, consider three coup
mhpmqgenelty allow only the efﬂmept transfer of asingle Magpins 12 with offsetsvy, v», vs and nonzero coupling constants
netization component (e.g,magnetization) between the SPiNsy, , and J5 forming a linear coupling network, whetks = 0.

1 Current address: Zeutrale Analytik, Geb. Z 43, Heukel KGaA, D-40191f1 .th.IS Case' COher?nce transfer bet"}’ee” spins 1 ar.]d 2 is m
Dusseldrof, Germany. efficient if an effectivel OO-type coupling topology?g) is cre-

2 To whom correspondence should be addressed. E-mail: glaser@ch.tumated, where spins 1 and 2 are isotropically coupled and tt
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coupling term between spins 2 and 3 is completely eliminategpresents an example of an effectilze -type coupling topol-

Hence, in this case the term ogy () in which spin 3 is not completely decoupled and the
remaining coupling terms2J,3124 13« reduces the efficiency of
H(Jd) = 27 Jpol 4l 5 [4] coherence transfer between spins 1 and, ). The average

Hamiltonian ; is a good approximation of an exact effective
HamiltonianHes if 7, < 1/ Jq, Wherer, = 2t is the duration

is desired, whereas the term(Ju) = 27 Jpal ol 5 is undesired. of the basic cycle of the second averaging process. Hepce
If spins 2 and 3 were only weakly coupled in the effective Y . 9ihg p - Nenee,
o . . . must be shorter than the inverse of the largest coupling in tl
Hamiltonian resulting from the first averaging process, the ap-: . .
o ) . . . . pin system. For typical proton—proton coupling constants th
plication of a train of additional inversion pulses selectively ap- . ) : .
. ) . . ‘are on the order of 10 Hz, this results in the relatively mild cor
plied to spin 3 would result in complete decoupling of spin. : ;
. . . ition that the cycle timey, of the sequence should be less thal
3 in this second averaging proceds)( For the case of two

: . . . 100 ms.
18@;(3) pulses with delays, the cyclic basis sequence is shown Complete decoupling of spin 3 can be achieved by the s

schematically in Fig. 1A. However, in the case of isotropic cou—uence shown schematicallv in Fia. 1B with a cvole time
pling terms (Eqg. [3]) this simple approach fails to provide thd ) y 9.~ yCle -
desired full decoupling of spin 3. In the toggling frani@(19 7, = 47. This sequence creates the toggling-frame Hamiltonie
defined by the action of the selective 18fllses, the isotropic

mixing Hamiltonian ;(t) is given by 21 Jiol 1o + 27w Joa(l ok lax + loylay + 122137)

forO<t <<

21 Jiol 112 + 2 Jpa(lox lax + loylay + 12;13;)
21 Jiol 1l 2 + 27w Joa(lox lax — loylay — 12,137)

i © forO<t <t 5]
i) = - fort <t <2t
21 Jiol 112 + 2 Jpa(lox lax — loylay — 12;13;) Hy(t) = [7]
forr <t < 2r. 21 Jiol 112 + 2 Jpa(—laxlax — l2ylay + 12;137)

for2r <t <3¢

The resulting average Hamiltonian
g g 21 Jiol 112 + 27 Joa(—lox Iax + loylay — 12:13;)

7—?3 = 27TJ12|1|2 =+ 27TJ23|2X|3X [6] for3r <t <4t
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FIG. 1. Schematic representation of COIN TACSY experiments. Hatched boxes represent an isotropic mixing sequence such a$MpIR&traw and
wide bars represent 9@nd 180 pulses, respectively. In A and B, open bars correspond to idealized selective pulses with neglegible durations. In C an exper

realization of sequence B is shown using combinations of practical selectiygu@®s of finite duration (bell-shaped symbols) and of nonselective pulses (sc
bars). An optimized COIN TACSY sequence is shown in D. The cycle tiped the sequences are (A} 2(B) 4z, (C) 4r + 4A, and (D) 16 + 12A.
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with the desired average Hamiltonian of isotropic mixing periodsr, but also leads to arsotropic
_ average Hamiltonian
Hy = 27 Jiglalo = HY. [8] -
H'y =21 351l [14]
The undesired coupling terﬁﬁ(J“) is completely eliminated, re-
sulting in an effectivdOO-type coupling topology4, 5). Note with a more favorable scaling factor for the effective coupling
that for ideal selective inversion pulses the relative signs of thenstant
pulse phases are irrelevant. For example, the cyclic sequence
. 4t + A

=——Jo. 15
{r—180,(3)--18Q,(3)-r—-180,(3)-—-18Q,(3)} [9] 27 27 1387 [15]
For example, forr = 10 ms andA = 3 ms, Eq. [13] yields
Ji, = 0.769J1, whereas according to Eq. [15] we fi, =
0.878J12. Hence, compared to the sequence shown in Fig. 1C
the modified sequence of Fig. 1D makes it possible to reduc

. . T the transfer time and to achieve a uniform transfer rate for a
However, in the presence of nonideal pulses with mhomogr%—a netization components

neous RFfields, these sequences are not equivalentand sequenﬁ?e basic pulse sequence element shown in square brack
[9]is preferable. In this sequence, the phase cycle scheme ofitrp?_i 1D is only cyclic (8, 19 up to a 189(L, 2) rotation
selective 180 pulses is equivalent to a robust modified Carr— 9. y ¢y ' P ; .

Purcell sequence indroduced by MaudsI29,(2]). Note that 23 'ln?rl]cattﬁs tl)r;sllg' j?e g:ae jsr?ggg?snf ear?t Esicrzaﬂiv(\:/g\clltla(r: 2
the same toggling-frame Hamiltonidt,(t) (Eq. [7]) and the pPlyINg P q ' y

L : _relatively short mixing periods, it is also possible to apply the
same average Hamiltonidtd, (Eq. [8]) also result if the selec sequence in square brackets only once and to flip the phase

tg/igil#?;si 2resiraﬂ§:cselgilI}gg?;fg;&ig:gitltgnd 2, rathertr%ﬁ\g detected spectrum by 18@vhich is equivalent to a nonse-
T lective 18@ rotation. As spin 3 is decoupled, it does not take par
in the magnetization transfer dynamics and the resulting pha:
(r=18Q,(1, 2)r-18Q/(1, 2)r-18G (1, 218G (L. 2)}. 1 ersion of the diagonal signal of the third spin can be ignore
[11] in practice.
The new COIN TACSY approach has been tested by nu
So far we considered ideal selective pulses of neglegible duerical simulations and experiments using the proton spin sy:
ration. In practice, the finite duration of selective pulses muttm of alanine with offsetsy = 1075 Hz,v, = —1075 Hz,
also be taken into account in the calculation of the averagedvs = —27116 Hz and coupling constantly, = Jug =
Hamiltonian. In particular, the evolution of chemical shiftg.5 Hz. Figure 2 shows characteristic simulated transfer func
and couplings must be considered during the selective invéipns of x magnetization for broadband isotropic mixing con-
sion pulses. Chemical shift evolution of all spins can be ref@ditions (Fig. 2A), for the CABBY-1 sequencé)((Fig. 2B),
cused by implementing an ideal selective pulse;{802) as and for the new COIN TACSY sequence shown in Fig. 1D
{90;(3), 18Q;, 907, (3)}. With this modification, sequence [11](Fig. 2C). In Fig. 2A, broadband isotropic mixing periods were
is shown in Fig. 1C. A disadvantage of thisimplementation is tigeated using the DIPSI-2 sequence with an RF amplitude ¢
fact that during the selective inversion elements of duratipn 8.33 kHz, corresponding to a cycle time of 3.453 ms. The
spins 1 and 2 are only weakly coupled; i¥4? = 27 Jj5l1,15,.  band-selective CABBY-1 sequence (Fig. 2B) had an RF am
This leads to a nonisotropic average Hamiltonian of the formplitude of 3.991 kHz, corresponding to a cycle time of 1.48
ms. In the simulations of the COIN sequence (Fig. 2C), Gaus
H'y = 27 I5(laxlox + l1ylay) + 27 Jiol1z 12, [12] sian pulses with a duration of 1.844 ms (corresponding'tg$
and a truncation level of 5% were used for the selectivg30

creates the sani(t) and™, as the sequence

{r—18Q(3)-+-18()(3)—-180,(3)-—-180 ,(3)}. [10]

with a scaled effective coupling constant pulses. In order to minimize pulse imperfections, the nonse
lective 9, and 180 pulses were implemented by the com-

3, = T o, [13] posite pulse€(90)) = {24,152, ., 346, 152;%,.24;} and

T+A C(180,) = {58,,140,, ., 344,140, ., 58} (22) with an RF

amplitude of 19.8 kHz. The isotropic mixing periods were im-
The anisotropy caused by the temilz) = 21 Ji2l1212; can be plemented using DIPSI-2 with an RF amplitude of 11.9 kHz.
eliminated using additional transformations which also creaiéne periodr = 7.25 ms corresponded to three DIPSI-2 cycles
terms 2Zr Jiol1x12x and 2r Jyol1y 12y during subsequent periodsand the basic COIN building block shown in Fig. 1D in square
A. Figure 1D shows such an improved sequence that not obisackets had a duration of 81.4 ms. The simulations were pe
requires less selective inversion periddeelative to the number formed using an extended version of the program SIMOREE, (



COIN TACSY 55

A conserved region of the protein encoded by the human Y-locat

10 ) gene SRY (sex-determining region Y9, 5). The experimen-
T Tl i y tally determined offsets and coupling constants were identic
054: .7 F S with the values used in the simulations. The experimental pul

sequence parameters were chosen to roughly match the para
ters used in the simulations. In the experimental COIN sequen
(Fig. 2C), e-SNOB pulse24) with a duration of 1.468 ms (cor-
responding to Avz) were used for the selective 9@) pulses.
The nonselective 90and 18( pulses were implemented by the
same composite pulse2d) as in the simulations but with an
RF amplitude of 30.5 kHz. The isotropic mixing periods were
implemented using DIPSI-2 with an RF amplitude of 8.33 kHz
The periodr = 6.9 ms corresponded to two DIPSI-2 cycles
e I B e and the basic COIN building block shown in Fig. 1D in squar
C brackets had a duration of 73.8 ms. A good match was four

104 between theoretical and experimental transfer amplitudes.
T I The isotropy and selectivity of the COIN TACSY approach i
0.5 - demonstrated in Figs. 3A-3C which show the simulated tran
fer efficiency @, 23 of x, y, andz magnetization for an isolated
0.0 two-spin system under sequence D of Fig. 1. As expected, |
. LI T transfer is found to or from spins with offsets between and

T T

0 100 200 300 g ims] —3.4kHz, i.e., near the irradiation frequency-22.7116 kHz of
the selective Gaussian J@) pulses with a duration of 1.844 ms.

FIG. 2. Simulated transfer functions and experimental transfer amplitudEsx(:ept for this offset range the offset dependence of the ¢

of x magnetization for the spin system of alanine under (A) broadband isotrorﬁc t " ffici tches the offset d d "
mixing conditions using DIPSI-21(7), (B) the CABBY-1 sequence6], and erence transter erficiency maiches the ofiset dependence o

(C) the new COIN TACSY sequence shown in Fig. 1D. The solid curves rep@lPSI-2 sequencel( 17). In particular, the transfer of, y, andz
sent H—Hy transfer, the dashed curves show-H; transfer, and the dotted magnetization is almost identical in the entire active bandwidtl

curves correspond to +H, transfer (diagonal signal). The circles representlemonstrating that the transfer of coherence and polarizati
experimental transfer amplitudes; for experimental details see the text. is virtually isotropic. This makes it possible to use sensitivity
enhancement techniques that rely on the simultaneous trans
neglecting relaxation. RF inhomogeneity has been taken imibtwo orthogonal magnetization componerit§)( Sensitivity-
account, assuming a Gaussian distribution of the RF amplitudashanced 2D TOCSY and TACSY experiments were acquired
with a full width at half-height of 10% of the nominal RF am-the peptide fragment GIn-Lys-Leu-Glu-Ala-Met-His-Arg-Gin-
plitude. Transfer functions were calculated based on the exags-Tyr-Pro. The experimental parameters were identical to tt
effective Hamiltonian for one cycle. In order to increase the fipparameters for the experimental results shown in Fig. 2. Re
gerprint signals in the spectrum, a maximum transfer amplitudesentative NH—Kl cross peaks of the Leu, Ala, Arg, and Tyr
between H and Hy is desirable. Figure 2 shows the desiredesidues of the peptide are shown in Fig. 4. The mixing sequen
transfer ofx magnetization from K to Hy (solid curves). In of the sensitivity-enhanced TOCSY experiment was DIPSI-
addition, the transfer ok magnetization from K to the indi- with a duration of 44.9 ms (dashed traces in Fig. 4) and 58.7 r
vidual Hg spins of the methyl group (dashed curves) and tli{dashed-dotted tracesin Fig. 4). The solid curves representtra
transfer from H to H, (corresponding to the diagonal signalpf the sensitivity-enhanced TACSY spectrum with the COIN
are shown (dotted curves). As expected, in Figs. 2B and 2C, mixing sequence shown in Fig. 1D and a mixing time of 73.7 m:
transfer is observed between, ldnd H;. The simple transfer In addition, a non-sensitivity-enhanced version of the HNHA
characteristics of an effective two-spin systethdonsisting of TACSY experiment was acquired using the CABBY-1 sequenc
H, and Hy is approximated best by the COIN TACSY sequencgith a mixing time of 60.7 ms§). As this mixing sequence
(Fig. 2C), which achieves almost complete coherence transtetly allows the transfer of a single magnetization componer
from H, to Hy at a mixing timermix &~ 80 ms~ 1/(2Jx.). The the experimental traces were multiplied by a factor/& for
maximum amplitude of the desired transfer betwegrahld Hy  comparison (dotted traces). In the case of Leu, Ala, and A
is approximately increased by a factor of 4 compared to tifeigs. 4A—4C), the H protons were covered by the selective
TOCSY transfer under broadband isotropic mixing conditior® pulses of the COIN sequence. As expected, the sensitivit
(Fig. 2A). enhanced COIN TACSY peaks are between a factor of 1.8 a
Figure 2 also shows experimental transfer amplitudes (cB:3 more intense than the corresponding peaks in the broadb:
cles) for the alanine residue of the peptide fragment GIn-LyFOCSY sequence. No advantage of the COIN experiment
Leu-Glu-Ala-Met-His-Arg-GIn-Lys-Tyr-Pro which is part of the found for the Tyr residue (Fig. 4D) because thegptotons were
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FIG. 3. Simulated offset dependence of the transfer efficiedc29 of (A) x, (B) y, and (C)z magnetization for an isolated two-spin system under sequenc
D of Fig. 1 with selective pulses applied a2.7116 kHz using Gaussian 9(B) pulses with a duration of 1.844 ms. The level increment is 0.1 and the highe
contour level is 0.9.

not covered by the selective 9fulses of the COIN sequenceln a first (fast) averaging process broadband isotropic mixin
and hence were not decoupled during the mixing period.  conditions are created using well-known pulse sequences, su
In summary, the COIN experiment presented provides a flexs DIPSI-2. In a second (slow) averaging process, selected cc
ible and efficient experimental approach to reduce the effectipbngs are removed by applying carefully phase-cycled selectiv
size of coupled spin systems during isotropic mixing expenpulses to a chosen frequency range. As the large offset terms
ments. The experiment yields isotropic coherence and polaritlae free evolution Hamiltonian are already eliminated by the
tion transfer that allows for the first time one to combine thiérst averaging process, the second averaging process can
superior transfer efficiency of tailored correlation spectroscopylequately described using a zero-order average Hamiltoni:
(TACSY) experiments with standard sensitivity-enhancemeapproach. The modular construction of the COIN experimer
techniques. The new approach relies on two avaraging processaakes it possible to freely choose the desired active and nol
active frequency ranges by selecting the parameters of appr

priate band-selective 9Qulses from a large pool of known
A B c D pulse shapeg6). This is in contrast to the CABBY sequences
\ (6) which require the computer optimization of a new multiple-
pulse sequence if a different set of offset ranges is required for
given application. For simplicity, the COIN TACSY experiment
was demonstrated experimentally for linear coupling networks
ﬁ but it can also be applied to more general coupling topologies

N~
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