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The B, gradient pulses can be replaced with long high-power
pulses (RF-gradients) in z-rotation composite sandwiches. By do-
ing this, practically all B, gradient-based pulse sequences can be
performed with instruments lacking a field gradient accessory. We
have implemented RF-gradients into selective 1D and nonselective
2D TOCSY and NOESY experiments. The spectral quality ob-
tained with the RF-gradient method was comparable to that of the
B, method for small- to medium-sized molecules. There are also
some advantages in using RF-gradients instead of B, gradients.
There is practically no shift or coupling evolution during
RF-gradient pulses. This may be significant in some experi-
ments. © 1998 Academic Press
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INTRODUCTION

Selective 1D versions of TOCSY1{4 and NOESY

magnetization or to encode the desired coherences with sp
tially dependent phase during the pulse sequence and to decc
them before acquisition. In theory, the dephasing effect of th
gradient pulses is reversible but in practice some amount c
magnetization will be lost due to diffusion effects3].

There are different ways to use RF-gradients. One is t
disperse magnetization ky-plane, just like B-gradients along
z-axis do B, 9). Other possibilities include dephasing the mag-
netization that is not along thB, field axis (L4), and using
RF-gradient pulses as excitation pulsé&®,(11, 15 and qua-
drupolar RF-gradientsl§), just to mention some.

In our approactB, gradients along the-axis are replaced by
conventional long proton pulses of rotation angleimple-
mented into simple-composite rotation clusters: §6-8_,—
90y, (9, 16, 19. More complicated clusters have been pre-
sented previouslyd). TheB, inhomogeneity of normaiH coil
during the longB-pulse disperses the magnetization vectors ir
theyzplane. This fan of vectors is then brought back into the

(1, 2, 57 offer a short measurement time and good resolutioxy-plane by the last 90° pulse of thecomposite rotation
The information obtained from these experiments often solveister. Typical lengths for RF-gradient pulses are 1-3 ms
the usual assignment verification problems encountered in fAieese clusters mimic the effect of ti#g gradients on proton
“spectroscopic phase” of synthetic work. Most of the finesmagnetization and can therefore replace conventional gradie
methods require gradient capabilitis-f) and some necessi- pulses in pulse sequences.
tate the calibration of the phase difference between hard andhlthough RF-gradients have the same effects as the B
soft pulse power levels. In this paper we present radio frgradients, there are some basic differences. First, RF-gradier
guency gradient (RF-gradient$£12 based methods for 1D are frequency selective and act on nutation rather than o
TOCSY and NOESY which are applicable to instrumenfgrecession. Dephasing of magnetization du@®tonhomoge-
lacking the B-gradient unit. Further, these sequences are basegity is not a function of one particular axis as is the case witl
on selective 180° pulses and thus avoid the problems in phasgmalB, gradients (usually along treaxis) (3). The chem-
shifts. Due to their simple setup these sequences can easilydaé shift and coupling evolution is active during tBg gradi-
incorporated into basic set of experiments which are routinetyt. The situation is different with RF-gradients. During the
performed by the casual NMR user. The application of tHeng B-pulse of thez-composite rotation cluster the magneti-
RF-gradient method to 2D-experiments (in a similar way tzation is spin-locked along the,Bield and thus practically no
Bo-gradients) is also described. Previously, the RF-gradiemisemical shift orJ-coupling evolution takes place. As tiidg
have been applied to COSY,(10 and NOESY 11). Re- gradient method is based on RF-pulses, off-resonance effec
cently, we have applied them for excitation sculpting in 2Bannot be avoided. Off-resonance effects will cause some lo:
HSQC (double-SLBIRD-HSQC)1Q). of coherences for off-resonance spins. However, this loss is n
Gradient pulses (botB, and RF) are used to defocus osignificant when theB; field is strong and the chemical shift
refocus magnetization. Thus, it is possible to select desirsthge is relatively narrow ( this is usually true for proton
spectral features using gradients, i.e., to destroy the unwanésgeriments). When strong spin-lock pulses are applied th
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Hartmann—Hahn condition is fulfilled. This will also lead tosides of selective 180° pulse and the desired magnetization
coherence loss, but in practice as fhg's are around 2—-20 Hz not affected. This method preserves the coherence order. Aft
and the lengths of RF-gradient pulses on protons are on the sculpting (one or two aforementioned clusters) step, th
order of 1-3 ms, the Hartmann—Hahn transfer will not causecanventional MLEV-17 with trim pulses on both sides is
significant contribution. The effects of ROESY transfer are napplied for appropriate time. The pulse sequence for selectiv
significant either. This is, again, due to the relatively shottd RFG-TOCSY (1D radiofrequency gradient TOCSY) is
spin-locking periods. shown in Fig. 1A. To reinforce the echo formation, the first
Diffusion can also cause a decrease in signal intensity in allective pulse was phase cycled using EXORCYCPH).(

gradient-based experiments. These effects are common e§pee selective 1D RFG-TOCSY spectra (Fig. 2) were recorde
cially with small molecules in nonviscous solvents. The effeétom 0.5 M sucrose in BO at 298 K by selectively exciting the

is greatest when the gradient is used to label (dephase) #m@meric proton and using the same receiver gain in all expe
selected coherence and the rephasing is done just beforeiments. Four-step EXORCYCLE is not necessarily needed, &
quisition (i.e., the delay between the labeling and rephasingtlie first two steps of EXORCYCLE give an acceptable spec
relatively long). The effect is particularly significant in NOEtrum (Fig. 2). There is practically no difference between the
experiments with small molecules, as there is plenty of time fepectra obtained using RF- &, gradients when one of the

diffusion during the mixing time. selective pulses is phase cycled. If a single-scan spectrum
needed, thd3, gradient version performs better, but the sup-
RESULTS AND DISCUSSION pression of the unwanted signals is not complete. As two scar

become acceptable, the performances of these two experimel

The selective 1D TOCSY is especially valuable when Recomes practically eq'ual. The diﬁere.nces in linewidths pe
molecule contains several spin systems in which the protdi§é€en RF- andB, gradient methods (lines are narrower in
can exchange magnetization during TOCSY mixing time. WitlﬁF-gradlent.experlments!) are possibly dge to the fact that wit
long enough mixing time the whole subspectrum of the pa'ihe RF-grgdlent method thg lock system is enabled througho
ticular subspin system to which the selectively excited protdi€ €xperiment, whereas in case of #emethod, the lock -
belongs can be achieved. This can be of great importanceS¥stem IS enabled only during the relaxation delay, resulting il
accomplishing the assignment, especially when overlap tak¥gader lines. .
place between the resonances of the separate spin systerfsidure 3 presents selective 1D TOCSY spectra of sucros
Further, the extracted signals (in favorable cases) can be uggPrded with the double-echo sequence shown in Fig. 1A ar
like a normal*H spectrum to analyze the coupling constant§€ corresponding Bgradient version using different mixing
The simplest way to perform selective 1D TOCSY, ?) is a  tIMmes. Figure 4 shows.the quality of single echq mthod (Fig
selective 90° pulse followed by spin-lock period (for examplt”, second echo omitted). As can be seen in Fig. 4, th
a MLEV-17 cycle) (8). In practice, however, this method@Ptimization of the spin-lock pulse length to achieve a contin
suffers from the phase difference between the soft pulse 2fHS distribution over all effective rotation angles (to enforce

hard pulse power levels. Phase distortions will also arise dugitg-in"homogenity) can yield a significant improvement in sig-

evolution of couplings and chemical shifts during the soft 9g¥@! intensity.

pulse. A better way to sel_ectively excite a p_articular resonanggherence Selection Using RF-Gradients for Selective

|s_to use a (anrd)_—gradlent—18goﬁ)—gradle_nt) cluster. In " 1p TOCSY

this case, the gradient pulse can be used either to dephase all ) i
magnetization except that of the desired one (excitation sculptRF-gradients can also be used for coherence selection
ing) (19) or to encode the desired magnetization and decodef€ctive 1D RFG-TOCSY experiment (sequence in Fig. 1B)
before acquisition (gradient selection). The basic advantage!dfthis case the RF-gradients have opposite polarity (i.e., th
this approach is that the calibration of the 180° soft puld@nd pulses on both sides of the selective pulse have opposi
length is easier than the length of 90° soft pulses and ther&,gase@. This cluster labels thg selectively inverted magnetiz
no need for calibration of the phase relation to hard pulses. i With twofold phase encoding. The subsequent MLEV-17
selective 1D TOCSY with gradient-echo cluster can also B4th rim pulses on both sides transfers the labeled magnet
performed using RF-gradients, produced by norftl coil zation thro'ugh t.he spin system. The phase decoding is pe
instead of conventionaB, gradients. For 1D TOCSY both formed by implying the RF-gradient of double length after the
excitation sculpting and selection with RF-gradients are appi?Xing sequence. This method also works fine and basicall

cable. only a two-step phase cycle is needed, as was also the case
excitation sculpting method. Now, however, due to sieéec-
Excitation Sculpting Method for Selective 1D TOCSY tion method, half of the signal will be lost, as only one of the

two coherence pathways is selected. The selective 1D RFC(
In the excitation sculpting methodl4, 20, the unwanted TOCSY spectrum of sucrose recorded using the coherenc
magnetization is destroyed by the RF-gradients placed on bstiection method (sequence in Fig. 1B) is presented in Fig.
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The second echo can be omitted

FIG. 1. Pulse sequences for the selective 1D RFG-TOCSY, excitation sculpting approach (A), the RF-gradient selection approach (B), and the selec
RFG-NOESY approach (C). Narrow black and white bars indicate 90° hard rectangular pulses in the basic sequera®@tidinclusters, respectively. The
long B-pulses are represented by wide gray bars denoted “SL.” Selective 180° pulses are represented by dark gray half-ellipses. Wide gray bars denote
represent low-power trim pulses. (A and B) Basic phase cygles X, y, =X, —V; &, = 4(—y), 4(y); receiver= X, —x, X, —X. (C) Basic phase cyclé; = X,

y, —X, —Y; receiver= X, —X, X, —X.

Coherence Selection Using RF-Gradients for Selective aligned along the-z or the+z axis (cosine function) due to the
1D NOESY gradient-induced, spatially dependent phase, and so only he
II the magnetization creates NOBY. Further reduction of

ﬁ%ae signal is caused by diffusion. This is particularly problem-

NOE spectra provide valuable information about molecul
structure and can be very useful in verification of the synthe ? . .
or natural productss, 22—23. Here, the GOESY is a virtually at!c.wnh. small molecules in nonviscous solvents because th
artifact-free, selective 1D method. As GOESY is basedgn MXing time needed to develop NOE is often near 1 s.
gradients, it is not accessible for spectrometers lacking the field! "€ 1D RFG-NOESY sequence was tested using the san
gradient accessory. Again, the RF-gradient approach can$#"0seé sample as for 1D RFG-TOCSY spectra. Figure
found useful. The pulse sequence for selective 1D RFEPNOWS selective 1D RFG-NOESY spectra of anomeric protol
NOESY is shown in Fig. 1C. The combination of selectivéecorded with different mixing times. For comparison, a slice
inversion and RF-gradient selection yields the 1D RFdF2 trace of the anomeric proton) from a 2D NOESY spectrun
NOESY (1D radiofrequency gradient NOESY) spectrum witfecorded with mixing time of 1.0 s is included. The spectrum
no significant artifacts, which are usual when the conventior&@corded with mixing time of 4s after the purge RF-gradient
NOE-difference method is used. To minimize thpeaks, an Sshows an antiphaskpeak at 3.4 ppm. Appearance of small
extra RF-gradient was applied prior to the mixing time. Sindeeaks, although a purge RF-gradient is applied, is possibly dt
theselectionmethod is used instead of excitation sculpting, th@ J evolution during the small interpulse delays, coherenc:
signal loss of three-quarters must be accepfie®,(25. Loss transfer induced by the-rotation pulses, deviations in pulse
of one-half arises from the fact that only half of the magnet&ngles, incomplete averaging by RF-gradients, TOCSY an
zation can be refocused by the final gradient. Additional sign@OESY effects 11), uneven excitation of multiplet by selec-
loss occurs since the magnetization of the target signal is phéige pulse, and imperfect 90° pulsezb|. Generated antiphase
encoded by the first two gradients and the 90° pulse prior teagnetization is converted into zero- and double-quantur
NOE mixing time creates longitudinal magnetization, which isoherences by the 90° pulse prior to mixing time. If the
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FIG. 2. The quality of anomeric proton selective 1D TOCSY spectra with 1, 2, and 4 scans. The spectra were recorded using the double-echo seqt
Fig. 1A and the corresponding sequence vBthgradients. The spectra were recorded on a Bruker DRX-500 spectrometer equipped with a triple-reson
probehead incorporating a single shielded gradient coil. Relaxation éef s, acquisition time= 1.36 s, selective 180° pulse 20 ms Gaussian, RF-power
for trim pulses and MLEV-17% 5.48 kHz, trim-pulse lengtk 2.5 ms, isotropic mixing time= 152.5 ms; an exponential weighting function (0.3 Hz) was applied
prior to Fourier transform. RF-gradient method: S£11.8 ms, SL2= 2.2 ms.B, gradient method: gradient shape is sinusoid, gradient-pulse lendtims,
recovery delay= 200 us, gradient amplitudes: 7.2 and 3.0 G/cm. The small signals at 4.05, 3.90, 3.70, and 3.50 belong to the fructose ring and are d
incoplete suppression by the RF-gradients. Similar residual signals (although smaller) can also be fougchdiet-based experiments.
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FIG. 3. Selective double-echo 1D RFG-TOCSY (sequence in Fig. 1A) and correspaBgliigdient TOCSY spectra of sucrose recorded with different
isotropic mixing times. Number of scans was 8 for all spectra. Other parameters are the same as for spectra presented in Figure 2.
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FIG. 4. Comparison of single-echo and double-echo selective 1D RFG-TOCSY spectra with different RF-gradient pulse lengitetiam clusters.
Number of scans= 8.

selective pulse excites resonance unevenly, and the 90° pulsgDsExperiments with RF-Gradient Selection

not perfect, so-called Zzterms” will also be created. The

zero-quantum coherence is not suppressed by the purge RELhe RF-gradient selection can be easily implemented in 2I
gradient and is converted into single-quantum coherence by tHeCSY and NOESY experiments. Magnitude mode spectr
NOESY read pulse. The Zzterms” will also survive the are readily obtained with a single scan per increment. Thi
purging, as their coherence order is zero. Due to the imperfégeans at least fourfold savings in measurement time. Th
tion of the read pulse they will be converted to observabRhase sensitive versions were also tested. The dephasing F
magnetization Z5). The magnitude of thel peak remains gradient was applied after the period and refocusing with
constant and as NOE starts to develop the resulting in-ph&¥e-gradient of same length was performed prior to acquisitior
NOE-peak overruns the small antiphab@eak when proper In addition, during the NOESY mixing time a purge RF-
mixing times are used (1.0 s in this case). The spectra wgradient was applied. The echo—antiecho metlas] 27 was
recorded with 32 scans using the four step EXORCYCLE applied to the refocusing gradient to obtain phase-sensitiv
the selective 180° Gaussian pulse. Although the four-stepectrum (both P- and N-type spectra are recorded for one tin
phase cycle is enough, increasing the number of scans imsrement). No trim pulses were applied in TOCSY. The pulse
proves the signal-to-noise ratio. sequences for phase-sensitive, RF-gradient-selected TOC:

B B

L e e A A
56 54 52 50 48 46 44 42 40 38 36 34 32 ppm

FIG. 5. The anomeric proton selective 1D RFG-TOCSY with coherence selection using RF-gradients (sequence in Fig. 1B) of sucrose. Number of s
2, proton 90° pulse= 16.0 us, relaxation delay= 4.0 s, SL1= 2.8 ms, SL2= 5.6 ms. Other parameters are the same as for spectra in Fig. 2.
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FIG. 6. Four selective 1D RFG-NOESY (sequence in Fig. 1C) spectra with different mixing times (A—D) and the anomeric proton slice of NOESY spe«
(E) of 0.5 M sucrose at 298 K. 1D spectra (A-D): Number of scar®2, relaxation delay= 10.0 s, acquisition time= 1.36 s, selective 180° pulse 20 ms
Gaussian, SLE 1.4 ms, SL3= 1.7 ms, SL2= 2.8 ms,t,, = 4 us (A), 125 ms (B), 500 ms (C), and 1000 ms (D); an exponential weighting function (0.3 Hz
was applied prior to Fourier transform. NOESY (E): Relaxation deita®.0 s, number of transients 16, number of increments 256,t,, = 1.0 s, resolution
in f,-dimension= 7.82 Hz/pt. The TPPI-incrementatio@8) was applied to the first pulse of NOESY.

and NOESY are presented in Fig. 7. Figure 8 represents cor- SUMMARY
responding 2D RFG-TOCSY and RFG-NOESY spectra of 0.5

used to avoid axial peaks. can be readily used for coherence selection/rejection. The ma
advantages of this method are that no hardware modificatior

A are needed, no problems due to eddy currents are involved, |
shift or coupling evolution takes place during RF-gradients

uJ % lock system can be engaged throughout the experiment, and

RF-gradients are created with long inhomogeneous pulses in
plemented ire-rotation composites, all homonucleag-Bradi-
ent-based experiments can be easily converted into RF-grac
ent-based ones by simply replacing tBg gradients with
B zrotations. As a drawback, effective RF-gradients produce
with a normal coil and proton transmitter tend to be somewha
longer than conventional Bgradient pulses. This is not usu-
ally a problem with small- and medium-sized moleculesT as
relaxation times are long. However, with large molecules (i.e.
short transverse relaxation times) increasing the duration c
FIG. 7. Pulse sequences for phase-sensitive 2D RFG-TOCSY (A) apflilse sequence might decrease the signal intensity.
RFG_-NOES\_( (B). !\lotation is the same as in Fig. 1. Phase-s_ensitive spectraargrha RF-gradient methods should not be considered as :
obtained by inverting the phase of the refocusing RF-gradient to record bat . . .
echo- and antiecho-type spectra for the same increment (echo—antiecho m%ﬂ]e—matlve tOBO gra@ents, b_Ut rather_ asa SL_ijtltUte for those
od). (A) Basic phase cycle, = x, —x; ¢, = X, —x; receiver= x, —x. (8) SPectrometers lacking the field gradients. Simultaneous use
Basic phase cycle, = x, —X; receiver= x, —x. B, and RF-gradients would be an interesting possibility to
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FIG. 8. 2D RFG-TOCSY (A) and RFG-NOESY (B) spectra of 0.5 M sucrose j@ @t 298 K recorded using sequences presented in Fig. 6. Experiment
parameters: Bruker DRX-500 NMR spectrometer equipped with Bruker triple-resonance probevasigradient system, 500 MHH frequency, relaxation
delay= 4.0 s,t;hax = t, = 85.2 ms, number of transients 2, number of time increments 256, number of sampled points 256, (A) SL1= 1.8 mst,,i,
= 147.4 ms, RF-power for MLEV-1#% 5.48 kHz, (B) SL1= 1.8 ms, SL2 (spoil= 1.4 ms,t,, = 1.0 s. The; andt, domains were zero-filled once, and both
dimensions were multiplied with squared cosine function prior to Fourier transformation.
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