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Adiabatic spin inversion has been used in the liquid state very
efficiently for decoupling purposes. Here we show that it can
also be adapted for spin mixing experiments, such as the
TOCSY and clean TOCSY experiment, and is superior to pre-
viously employed mixing sequences. The main advantage of
adiabatic mixing sequences over the conventional mixing
schemes used in liquid state experiments is an extremely low
sensitivity to RF field inhomogeneity and miscalibration of the
B, field strength. The method is evaluated experimentally by
comparing results obtained with different mixing schemes in
the basic 2D TOCSY experiment. In addition to higher reliabil-
ity, adiabatic mixing provides a sensitivity improvement of ca.
20% as compared to conventional mixing schemes. This is
explained by higher signal losses due to RF inhomogeneity in
the experiments employing traditional mixing schemes. More
significant sensitivity improvements can be expected in situa-
tions where RF homogeneity is traditionally poor, for example,
in large volume probes and magnetic resonance imaging
experiments. © 1998 Academic Press

Clear advantages of adiabatic decouplidg) over tra-
ditional (composite pulse) decoupling methods 7) sug-

the decoupling experiments adiabatic pulses are used !
invert spins adiabatically, whereas in the cross-polarizatior
experiments, the Hartmann—Hahn conditiob6)( is ap-
proached adiabaticallylQ, 11). Although the latter tech-
nique can be used in liquid4 7, 18, its main disadvantage
is that considerably longer contact (mixing) times are
needed, which makes it unattractive for applications tc
molecules with fast relaxing spin systems, such as biopoly
mers. To cope with this, we show below that adiabatic
inversion pulses can be optimized for use in spin mixing
experiments, such as in adiabatic TOCSY and clean TOCS'
experiments. Since the principle of matching the Hartmann-
Hahn condition used here is different from that publishec
previously (0, 17, 18, we call this experiment adiabatic
mixing of the second kind.

Both, the wide band spin mixing and decoupling experi-
ments are based on repetitive application of composite invel
sion pulses to the given spin system, and therefore both expe
iments may appear very similar at first glance. Nevertheless
the theoretical requirements for obtaining a good performanc
are quite differentX9).

The effective HamiltonianH,,,;,, in an offset range where

gest that similar benefits could be expected from adiabatlte isotropic mixing is efficient can be written & @)

methods in experiments involving spin mixing as a coher-

ence transfer step8(9). Consistently, adiabatic cross-

polarization techniques have recently become very popular

in solid state NMR {0-12. Here we demonstrate that

adiabatic inversion pulses can be used to construct efficievhiere the effective scalar couplind,;, determines the effi-

isotropic mixing schemes for coherence transfer in homoiency of the polarization transfer. The effective coupling car

nuclear spin systems in liquid4J). be related to the unperturbedl coupling by introducing a
The main advantages of using adiabatic pulses as maialing factori .

building blocks for constructing spin decoupling waveforms

are extremely efficient use of RF power, high tolerance to

RF field inhomogeneity and miscalibration, and excellent

off-resonance performance in band-selective homodecou-

pling (4, 14, 15 applications. Similar advantages have beeh similar scaling factoriy.. is introduced in the theory of

demonstrated in adiabatic cross-polarization experimemigdeband decoupling6( 7). Note, however, that good de-

in solids @2). A principal difference between the two ap-coupling requires tha ..be as small as possibla .. < 1),

plications, decoupling and cross polarization, is that mwhereas in spin mixing experiments considerable efforts ar

Hmix = _wleqfl

— W, S+ 2mdel - S, [1]

Jeff = )\mixJ- [2]

361 1090-7807/98 $25.00

Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



362 KUPCE ET AL.

kHz kHz

4

4 0 4 ki 8 0 8 kHz

FIG. 1. The coherence transfer efficiency calculated for different mixing waveforms assdmin@0 Hz. (a) A planar WURST-8 pulse with MLEV-16
phase cycleT, = 0.1 ms,B,(max) = 6.95 kHz,B,(RMS) = 5.57 kHz. (b) The same as in (a) but with a 20-step supercycle. (c) Frequency-modulated WURS'
pulse, T, = 0.25 ms, sweep width of 16.0 kHB,(max) = 5.60 kHz, corresponding tQ, = 2.0 andB,;(RMS) = 4.52 kHz. (d) The same as in (c) except
sweep width of 32 kHz was useB,(max) = 9.70 kHz, corresponding tQ, = 3.0, B,(RMS) = 7.84 kHz.

made in order to maximize the scaling factor,(, = 1). where
Stated otherwise, the quality of broadband decoupling
mainly depends on the long-term properties of the RF field,

whereas for broadband spin mixing experiments the short- b= ﬂ [4]
term properties are the primary concern. As pointed out by [ Jetd
Fujiwaraet al. (20), there is a direct relationship between 1
the intensity of sidebands in a decoupling experiment and Qs = > \/AﬁH + J% [5]
coherence transfer efficiency in a corresponding mixing
experiment. Therefore, we can expect that relatively short Ajy = We — Wes [6]
adiabatic pulses will be most efficient in mixing experi-
ments. Jeir = 3 J[1 + cog 6, — 6] [7]
In homonuclear spin mixing experiments employing a
monochromatic (CW) RF field, the coherence transfer function We = \fwf + Aw? [8]
a,s can be expressed analyticall®1j as A
tan6 = —w. [9]
w1

1
= —— sirf(Qqt), 3 . . .
ds=14+p" (€hist) 3] Aw is the offset from the carrier frequency angl is the RF
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FIG. 2. Tolerance of 1D TOCSY spectra to miscalibration of the RF field strength. (a) DIPSI-2 composite pulse was used for spifT mixiigs6 ms,
with optimumB; field strength of 3.75 kHz; the RF power level was incremented in 1-dB steps from 2.16 to 6.84 kHz. (b) WURST-8 mixing waVgform
= 0.25 ms,sweep width of 16.0 kHz, was used with a 20-step superc@fle the RF power level was increased in 1-dB steps from 3.96 kHz (3.2 kHz RMS
to 12.52 kHz (10.12 kHz RMS). The spectra were recorded with the 14-kDa protein villin 28);T5(mM in D,O, using a mixing time of 60 ms on a Varian
UnityPlus spectrometer operating at a frequency of 400 MHz.

field strength; all frequencies are in rad/s. The transfer is masbdulation depth of the adiabatic pulse increases, it become
efficient if the Hartman—Hahn mismateyy,,, = 0. less efficient for spin mixing.

In the presence of a frequency-modulated adiabatic pulse|n order to achieve efficient spin inversion in a short time
the effective coupling and the Hartmann—Hahn mismatch b&cale we must use optimized frequency sweep pubea?|.
come time dependent and the efficiency of the coherenicew RF peak amplitudes, which are usually preferred in ex-
transfer is most conveniently analyzed numerically. On theeriments employing relatively long irradiation schemes, car
other hand, we can predict the efficiency of the adiabationveniently be generated using the so called WURSed-
mixing by decomposing the adiabatic pulse iNasteps such ulation scheme2) employing the optimum frequency sweep
that for each step of length, there is a corresponding fixed(22), which can be defined in terms of RF amplitudg
frequency Aw,. This essentially can be represented as an
interleaved DANTE sequence consisting Nf independent o4(t) = w(max[1 — [sin(Bt)|"], [10]
monochromatic mixing fields which match the Hartmann—

Hahn condition for all spin pairs symmetric with respect to thend frequency offseAw from the carrier

instant frequencyAw,. Obviously, for the given total length

of the adiabatic puls&, the timer, spent at each particular Aw(t) = )\modf [1 — |sin(Bt)|"]?dt, [11]
frequencyAw, will be less for largerN. Therefore, as the
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FIG. 3. Comparison of the first increments from the 2D spectra shown in Fig. 4 acquired with (a) DIPSI-2 mixing sequence and (b) WURST-8 mixir

wheref is a time scaling factor ankl,,.4is a frequency scaling pulses for spin mixing is a high tolerance to RF inhomogeneity
factor (modulation depth). The RF field strength for adiabatend miscalibration. The increase in the effective bandwidth i
pulses {04 > 0) is determined by the adiabaticity fact@), not nearly as efficient as it is in the case of adiabatic decou
pling.
w1 (MaxX) = QA modB. [12] The benefits from the increased tolerance of the adiabatic
mixing are demonstrated in Fig. 2, where the spectra of the firs

The overall coherence transfer efficiency of adiabatic mixiigcrement of the standartH—'H correlated 2D TOCSY ex-
for various frequency modulation schemes is displayed in Figeriment are compared at different levels of missetting of the
1. If the modulation depth, .4 is set to zero (no frequency RF field amplitude. The traditional mixing sequencés 9
modulation), the overall performance of the mixing schenfdich as DIPSI-2 (Fig. 2a), DIPSI-3, FLOPSY-8, or M@S-
using the MLEV-16 phase cyclé) is shown in Fig. 1a. The (not shown here) are highly sensitive to RF field strength
20-step supercycle(, 23, which thus far has been used onlyMissetting the RF amplitude of the mixing waveform by only
in decoupling experiments, does not improve the overall efff-dB can substantially degrade the overall sensitivity of suct
ciency of the coherence transfer (see Fig. 1b). However, it ds@eriments. In contrast, the adiabatic mixing is extremely
make the mixing sequence less sensitive to the RF field migsensitive to RF field strength once the necessary intensit
setting @3). threshold is reached (Fig. 2b).

Introduction of a relatively mild frequency modulatioky,{,4 The overall performance of the conventional (DIPSI-2) and
= 4) improves the overall performance of the mixing experidiabatic (WURST-8) mixing sequences is shown in Figs. 3:
ment by making the effective bandwidth somewhat wider (s@ad 3b, respectively. The correspondit-"H correlated 2D
Fig. 1c). At the same time the tolerance to the RF fiellOCSY experiments24) employing the two mixing tech-
miscalibration increases considerably. Making the modulatitvgues were recorded for the 14.4-kDa protein villin 14T.
deeper by increasing the pulse length or sweep width, or bofii{hough the overall performance is comparable, for the rea
leads to further improvement of the inversion properties of tis®ns discussed above, the adiabatic experiment (Fig. 3b) pr
adiabatic pulse. Unfortunately, this does not increase the gfdes a slightly better sensitivity (15-20%). This can be attrib-
fective coherence transfer bandwidth. Although the mixingted to signal loss in the conventional mixing experiments dut
bandwidth readily extends along the diagonal of the 2D map RF inhomogeneity, whereas the experiments based on ac
(see Fig. 1d), the coherence transfer efficiency along the afatic mixing are affected to a much lower extent. Overall, the
tidiagonal is essentially conserved and does not extend beyaaibbatic TOCSY is much more reliable in practical biomolec-
the bandwidth of the planar waveform (Fig. 1a). Therefore, thidar NMR, where the actual strength of the RF field is strongly
main advantage of using the frequency-modulated adiabatample dependent.
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FIG. 4. Comparison of a selected region of 2B-'H correlated TOCSY spectrd a 5 mM lysozyme sample (standard Wilmad reference sample) in 90%
H,0/10% D,O, 25°C. The spectra were acquired at 600 MHz, using a 60 ms mixing time and a RMS RF field strength of 10.5 kHz for the adiabatic m
(a) Contour plot of the relaxation-compensated (“clean”) TOCSY spectrum, acquired with the WURST-2 mixing sequence. (b) Positive and (c) negative c
levels for the uncompensated TOCSY spectrum, acquired with the WURST-8 mixing sequence. Both mixing sequences uséond5fulses and
35-kHz-wide frequency sweeps superimposed with a 20-step super@@l@3. The two spectra were acquired, processed, and plotted with identice
parameters.

An inherent problem infH-"H TOCSY experiments is the representing coherence transfer through scalar couplings, al
deleterious effects of nuclear spin cross relaxation during th@nimum contributions from cross-relaxation pathways. Since
mixing period 6—28. A significant loss in sensitivity can the original clean TOCSY experiments were reported, a num
result from the destructive interference of coherent and incoer of variations have been developed to try to improve the
herent magnetization transfer processes, since the nuclear gficiency of the mixing sequence8). The most common
cross relaxation during the mixing time is normally dominateapproaches involve the incorporation of time delays at appro
by transverse cross relaxation. Such cross-relaxation effegt@te points in the mixing sequence, as in the original cleat
can also generate cross peaks from two-step transfers, whi€dCSY experiments 26, 27, or the use of crafted pulses
have the same sign as most TOCSY peaks, thus leadingd&signed to balance the effects of longitudinal and transvers
ambiguity in the origin of the observed cross peaks. Griesingeoss relaxation48). Relaxation compensation can easily be
et al. (26) and Bearderet al. (27) introduced a general meth-built into adiabatic mixing sequences by simply adjusting the
odology for minimizing the effects of cross relaxation irpower indexh (see Egs. [10] and [11]). Both simulations and
TOCSY spectra which relies on the fact that longitudinal arekperimental observations indicate that optimum performanc
transverse cross-relaxation rates have opposite signs in lasgebtained by using the WURST-2 puls#).(Similar results
molecules. By designing a mixing sequence such that the span be expected with optimum sweep Gaussian and WURST-
trajectories balance the longitudinal and transverse cross-relpuises 22). Note that increasing the RF peak power (decreas
ation rates, a so-called “clean” TOCSY spectrum can be oing the indexn) does not affect the RMS power requirements
tained with optimum sensitivity for the desired cross pealer adiabatic mixing sequences. This is a remarkable advantag
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