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Abstract

We show that adiabatic fast passage (AFP) pulses are robust refocusing elements of tr&fGvaesgnetization
in multidimensional NMR experiments. A pair of identical AFP pulses can refocus selected parts or a complete
13C chemical shift range it®C spectra. In the constant tirhéC-'H HSQC, replacement of attenuated rectangular
pulses by selective AFP pulses results in a sensitivity enhancement of up to a factor of 1.8. In the 3D CBCA(CO)NH
the signal-to-noise ratio is increased by a factor of up to 1.6.
Rotations by 180 belong to one of the most basic
manipulations of spin systems in NMR experiments \\ Hm mml H “HWH
(Abragam, 1961). Adiabatic fast passage (AFP) pulses 1l L PR
(Abragam, 1961; Baum et al., 1983) are especially 2005 0 5

il

suited for these rotations because they provide ba- ° H
o . o i ; W L
with high tolerance to spatial variations in RF field ll il

A

sically unlimited bandwidth and accurate flip angles b 4‘{‘ H m
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intensity (Baum et al., 1983; Hioe, 1984). A draw- o

back of a single AFP pulse is that a spectral phase [ J\ ) Ll
roll is observed as a function of frequency offset after Hﬁw\w Jr‘;Hﬁ' vﬁ‘%
an AFP pulse is used for refocusingdurbil et al., e s
1988). High quality elimination of this phase roll can offset [kH]

be achieved, however, with the even-numbered spin- Figure 1. Symmetric refocusing profiles of pairs of identical HS
echoes using a pair of identical AFP pulses (Levitt Pulses (duration, sweep width SWyHT™* = 30 kHz, 1% cut-off
and Freeman 1961, Coroly etal, 1991, Zwecksteter 7, () e e, O B im0 e,
and Holak, 1998). Especially useful are AFP pulses (o o Sign?Nas emplqued g9

when used for selective refocusing or in NMR ex-

periments involving manipulations 3fC spins with

their broad chemical shift range. Here, we describe head (TXI X/Y/Z-grad) operated at 300 K. For mea-
multidimensional NMR experiments, including a fully  surement of refocusing profiles a sample of G0®f
13C-refocused 2DYC-'H HSQC, 2D 13C-1H CT- paramagnetically doped 90% GEH/10% DO was
(constant time) HSQC, 3D HCCH-TOCSY and 3D utilized. The pulse schemes were applied to a sample
CBCA(CO)NH, in which both broadband and selec- containing 1.7 mM of uniformly*C/*°N-labelled seg-
tive refocusing of transvers&C magnetization is  ment 4 of the rod domain of the gelation factor from

achieved by a pair of identical AFP pulses. D. discoideuntissolved in 90% HO/10% DO at pH
NMR experiments were performed on a Bruker 7 (Fucinietal., 1997).
DRX-600 spectrometer equipped with a triple- The quality of refocusing achievable with pairs

resonance YH/1°N/13C) three-axes gradient probe- of identical hyperbolic-secant (HS) pulses is demon-
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Figure 2. Pulse schemes of AFP-enhanced fulijC-refocused!3c-1H HSQC (A), 13C-1H CT-HSQC employing coherence trans-
fer pathway selection (B), 3D HCCH-TOCSY (C) and 3D CBCA(CO)NH (D). Narrow and wide rectangles indicate Rarah®0
180° pulses, respectively, with phase x, unless otherwise indicaté@-broadband, noh3C’-selective and3C'-selective refocus-
ing/inversion is achieved with the HS pulses (bell-shaped symbols) of Figures 1A, 1B and 1C (carriers at 106 ppm, 70 ppm
and 176 ppm, respectively). Pairs of AFP pulses used for refocusing are shown in light grey. Quadrature detection in all indi-
rect dimensions (except for the pulse scheme B) is obtained by STATES-TPPI (Marion et al., 1989) (&), of ¢1 and ¢2

(C) and of $3 and ¢7 (D). Delay durations are;g = 1.6 ms and (A)3$ pw(H — 180 + ty (initial) + 4/7pw(C — 90); (B)

Ta = T—pw(C — 180 — pw(C — 180 — tq/2(initial) and Tg = T — pw(C' — 180 — pw(C — 180 — 4/mpw(C — 90) — A, where T=

29 ms, A = ty/2(initial) andn 2/npw(C — 90); (C) r% 1 — 1/7tpw(C — 90) — 0.5pw(H — 90), r% T + 0.5pw(H — 90),

1l = 1¢ — pw(H — 90) — 2/7pw(C — 90), 12 = ¢ 4+ pw(H — 90) + 2/7pw(C — 90), where 21 = 0.95 ms andic = 1.1 ms; (D)

e =23ms, Ta = T—pw(C — 180 — pw(C — 180 — 4/mpw(C — 90) — t1/2(initial) and lg = T — pw(C' — 180 — pw(C — 180,
where T= 3.3 ms,ga = ¢ — pw(C — 180— bb) — 4/ntpw(C — 90) and¢g = ¢ — pw(C — 180— bb), wheret = 3.7 ms,n = 4.7 ms,

SN 0 —n — pw(C' — 180 — pw(C — 180 — 4/npw(C’ —90) and6g = 6 — pw(C' — 180 — pw(C — 180, where® = 114 ms,

Tn = 112 ms,k = 5.4 ms ancky = 2.4 ms. pwH/C — 90/180 and pwC' — 180 are the durations of the 90.80° 1H/13C and the
180° 13¢/ pulses, respectively (‘bb’ indicates a rotation of the comrﬂé@chemical shift range). Strength and duration of gradients (maximal
strength of 50 G/cm) are (A)1g= (16%, 0.5 ms), g = (50%, 1 ms), g = (—60%, 1 ms), g = (20%, 0.5 ms); (B) g = (50%, 4 ms), g =
(50%, 3.5 ms), g = (+100.0%, 2 ms), g= (50.4%, 1 ms); (C) g= (16%, 0.5 ms), g= (30%, 2 ms), g = (75%, 2 ms), g = (66%, 2 ms),

g5 = (50%, 0.5 ms); (D) g = (50%, 1 ms). Phase cyclings are () = X, —X, $2 = 2(X), 2(=Xx), $3 = 4(X), 4(=X), IR = X, 2(—X), X; (B)

¢1 =Y, =Y OR = X, —X. (C) ¢1 =X, =X, ¢2 =2 (X)! 2(7)()! ¢3 = 4(X)! 4(7)()! OR =X, 2(7)()1 X; (D) ¢l =Y, ¢2 =X, =X, ¢3 =X, ¢4 =

8(x), 8(y), 8x), 8(-y), $5 = 4(x), 4(—X), $6 = 2(X), 2(—Xx), ¢7 = 4(X), 4(—X), $8 = 8(X), 8(—X), 4R = X, 2(—X), X, =X, 2(x), —x. All 13¢c
pulses are applied at high power. Exceptions are: (C) 2 msp8lse, DIPSI-3£y) mixing scheme (Shaka et al., 1988) with the adjadéa

90° pulse with RF field strengths of 8.2 kHz; (D) 963C and!3C’ pulses are adjusted to yield zero excitation at#@ and3c* position,
respectively13C carrier positions are 43 ppm (C) and 46 ppm/177 ppm f6r'$e¢/23C’ pulses (D). The CBCA(CO)NH is a water flipback
version.

strated in Figure 1. Within about 70% of the sweep proved to be unnecessary making the implementation
width of the RF of the HS pulses, uniform refocus- of AFP-based refocusing very easy.
ing is achieved with no phase errors remaining. No Figure 2 shows pulse sequences of the fdfig-
signal losses occur due to frequency offsets. Different refocused13C-1H HSQC, 13C-1H CT-HSQC, 3D
bandwidths of refocusing or inversion were obtained HCCH-TOCSY and 3D CBCA(CO)NH experiments
by adjusting the duration and sweep width of the HS in which refocusing of transverséC magnetization
pulses. Broader chemical shift ranges or better selec-is achieved by HS pulses (Silver et al., 1984). The
tivity can be achieved by variation of the sweep width fully 13C-refocused*C-1H HSQC experiment (Fig-
of the RF of HS pulses or by optimizing the shapes of ure 2A) is similar to the one proposed by Ogura et al.
the AFP pulses (Rosenfeld et al., 1997; Hwang et al., (1996). Instead of a shaped, non-adiabatic V1 pulse
1998). At 600 MHz and for the current application this (broadband refocusing pulse described in Table 2.C
of Abramovich and Vega, 1993), however, a pair of



333

A | [B.
| | B
. ,WHL.W b ’FW“‘«'” e |

08 6 4 2 O0lpem] 10 8 6 4 2 0 [ppm]

18 ‘
‘1 | 8HY=-0.17 pprn
i
.y -

45 40 35 30 25 20 Islepml 45 40 35 30 25 20 15(ppol
13

[

(1) 3,76 ppm “
Sl e

‘" [N
ey o el

45 40 35 30 25 20 Islppm] 45 40 35 30 25 20 15 [ppm)

B

! - IR
,»*m‘\u“a-“\‘.lluﬂm h A0 s s )

23("¢)

A“ﬂm*‘«]

o e T

S R Figure 4. First 1H(F3)-13C(F;) plane (A) and sensitivity enhance-
Figure 3.Comparison of 13ClH CT-HSQC (A) and ment with respect td3C-offset A5(13C) (B) of the AFP-enhanced
HCCH-TOCSY (B; mixing time of 19 ms) (pulse schemes 3D CBCA(CO)NH spectrum (pulse scheme of Figure 2D). (A) No
of Figure 2) employing pairs of identical HS pulses (left column) baseline correction and no phase correction alopgvés applied
or single rectangular pulses (right column; attenuated with the (acquired data size 43&) x 1024 (t3); spectral widths of 5713.1
carrier at 37 ppm (A) or high power (B)) for refocusingC carrier and 7507.5 Hz inw1(13C) and w3(*H), respectively; zero-filled
positions are 29.5 ppm (A) and 43 ppm (B). First transients and to final matrix size of 258(t;) x 1024'(t3)). (B) The gain in
1H-F; cross sections (A) are showC-1H CT-HSQC: acquired signal-to-noise ratio is given with respect to a 3D CBCA(CO)NH
data size 256 x 1024"; spectral widths of 5640.79 and 7507.5 Hz ~ experiment in which all three AFP-based refocusing elements were
in w1(13C) andwo(1H), respectively; zero-filled to final matrix size  replaced by attenuated square pulses {188C%/P: carrier at
of 512* x 1024). 46 ppm, yH; = 114 kHz; 180 13C': carrier at 177 ppm,
yH1 = 105 kHz; additional 180 13C’ inversion pulse in the mid-
dle of ¢: sinc shape, duration of 2Q2s). The factor of sensitivity

: ; enhancement with respect to frequency offset from the carrier of the
AFP pulses is used for broadband refocusind@ 180° 13¢c%/B refocusing pulses was determined by summing the ab-

mggnetizat_ion. Thi§ has the advantag? of high insen- gyte value of signal intensity along For both the AFP-enhanced
sitivity against a wide range of experimental errors CBCA(CO)NH and the non-AFP-enhanced spectrum. Data points
(Baum et al., 1983; Hioe, 1984). Additionally, since shown are amplitude ratios for the most prominent peaks of these
the V1 pulse is shaped but not adiabatic it requires high Pro/ections:

power which causes stability problems when the linear

range of the amplifier is exceeded. Another alternative, gdiabatic AFP pulses may be used; however, at the
composite pulses (Levitt and Freeman, 1981), are alsoexpense of a reduced number of possible increments
inferior to AFP pulses for broadband refocusing or for frequency discrimination in th€C dimension. In
inversion. Even very elaborate composite pulses have non-CT-elements, on the other hand, the total dura-
limited bandwidths and are far more sensitive to RF tjon is slightly increased upon incorporation of AFP
field inhomogeneity (gurbil et al., 1988). The AFP-  pyises due to the requirement for two AFP pulses
enhanced®C-'H CT-HSQC of Figure 2B is similar  and the longer duration of the AFP pulses. The sec-
to the one recently proposed by Ottinger et al. (1998) ond drawback, however, can be relaxed by employing
for measuring residual dipolar couplings. To achieve App pulses optimized for fast inversion (Hwang et al.,
a more reliable sequence, however, € mag- 1998).

netization is inverted adiabatically and the inversion The AFP-enhanced pulse sequences were com-
is compensated for Bloch—Siegert shifts (Freeman, pared to corresponding square-pulse refocused exper-
1987). In contrast to th&’C-"H CT-HSQC proposed  ments (Figures 3 and 4). For the AFP-enhanced fully
by Hallenga and Lippens (1995), the AFP-enhanced 13¢.refocused'®C-'H HSQC the sensitivity is now
13C-'H HSQC experiments of Figure 2 do not require - similar to that of the non-refocusédC-tH HSQC

any higher-order phase correction along tf@ axis.  experiment with a signal enhancement of 15% and
This makes the incorporation of AFP-based refocus- 2004 for the methyl and aromatic resonances, re-
ing elements into multidimensional experiments like, spectively (data not shown). In contrast to the non-
for example, 3D HCCH-TOCSY (Kay et al., 1993) or  refocused!3c-H HSQC experiment, however, all
3D CBCA(CO)NH (Grzesiek and Ba992) feasible  sjgnals have the same phase irrespective of the de-
(Figures 2C and 2D). The introduction of AFP pulses gree of folding. Similar or even more pronounced

for refocusing into CT-elements does not change the improvements are obtained when the AFP-enhanced
duration of these elements. Accordingly, longer, more
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fully 13C-refocused'3C-'H HSQC is incorporated

into three- and four-dimension&C NOESY-HSQC

experiments (Muhandiram et al., 1993; Vuister et al.,
1993; Baur et al., 1998). Another potential applica- field or the RF field intensity. Since the bandwidth
tion for broadband AFP-based refocusing are HCC- of AFP pulses is basically unlimited, the increased
type experiments, for example the three-dimensional chemical shift ranges at even very high magnetic
HCCH-TOCSY. In Figure 3B first transients of the field strengths do not result in an increased offset-

AFP pulses allows NMR experiments which achieve
highest sensitivity, despite off-resonance effects, pulse
miscalibration or inhomogeneity of the static magnetic

AFP-enhanced and the high power square-pulse refo-

cused HCCH-TOCSY are compared. Sensitivities of
these two experiments are comparable for the entire
spectral width with the AFP-enhanced version giving
a significant improvement for the aromatic resonances
and a 10% to 20% higher signal-to-noise ratio in the
methyl region. More spectacular improvements were
observed for CT-experiments with selective refocus-
ing pulses. This is demonstrated in Figures 3A and
4. In the 13C-IH CT-HSQC experiment the signal-
to-noise ratio of resonances in the aliphatic region is
enhanced by up to a factor of 1.8, and in the aro-
matic region, only the AFP-enhanced version results
in undisturbed correlation peaks. The signal-to-noise
ratio of signals with different>C chemical shifts does
no longer depend on the specific value of the excitation
frequency of the refocusing pulse. Some improvement
with respect to sensitivity can also be achieved by em-
ploying high power, non-selective square pulses for
refocusing of'3C spins. However, high power square
pulses still have only a limited bandwidth, and due
to their non-selectivity, artefacts are caused for nuclei
that are coupled t&°C’ spins (Vuister and Bax, 1992).

A similar enhancement as in tHéC-'H CT-HSQC

is expected for théH-detected long rang&®C-13C
correlation experiment (Bax et al., 1992).

The sensitivity gain which can be achieved by
AFP-based refocusing in experiments with several se-
lective 13C refocusing elements is highlighted in Fig-
ure 4 for 3D CBCA(CO)NH. A high quality spectrum
with no phase roll and a very flat baseline in €
dimension is obtained (Figure 4A). As no attenuation
of off-resonance signals is introduced, a factor of up
to 1.6 in signal-to-noise ratio is gained for thérés-
onances. The square-pulse refocused CBCA(CO)NH

dependent sensitivity degradation.
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