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The observation of multiple-quantum coherence involving
H,O (1, 2) has spurred great interest. The past few years
have been punctuated by several publications dealing with
this subject (3—15) . Some of these effects are related to the
multi ple-echoes phenomenon first described in *He (16, 17).

Recently, we have demonstrated experimentally that *H
2D and 3D pure absorption double-quantum (DQ or 2Q)
experiments recorded with gradients tilted at the magic
angle (MAGS) resultsin spectrawith the almost complete
suppression of the H,O signal (18). Similar findings have
been obtained for the DQ-filtered COSY experiments
(9, 12). Furthermore, the use of MAGsin DQ experiments
achieves multiple-solvent suppression and suppression of
the signals originating from intermolecular DQ coherence
between solvent and solute (19). MAGs inhibit the con-
version of H,O antiphase magnetization present at the be-
ginning of the acquisition period to in-phase magnetiza-
tion and thus to observable signal (2, 7, 13). The effi-
ciency of the conversion is proportional to (3 cos? — 1)
where 4 is the angle between the gradient direction and
the static magnetic field direction. For 6§ = 54.7°, i.e., the
magic angle, the function has zero value.

It should be pointed out that, in DQ imaging, it was
observed that the use of composite gradients (i.e., gradi-
ents applied in all three directions x, y, and z) improved
the H,O signal suppression (20). However, no calibration
of the x, y, z gradients was carried out in order to find
the magic-angle condition. The better performance of the
composite gradients vs z gradients was ascribed to the
diminished probability of unwanted H,O signal being re-
phased by a spurious gradient during acquisition. The ex-
perimental behavior of the residual solvent signal in the
function of # (19) which correlates with the function (3
cos?9 — 1) appears to be strong evidence that the suppres-
sion of the H,O signal in high-resolution NMR PFG DQ
experimentsis dueto the zeroing effect of the demagnetiz-
ing field for § = 54.7°.

The presence of H,O DQ coherence during the evolution
period is likely due to different mechanisms. McCoy and
Warren (1) have shown that radiation damping (21—-24) can
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create H,O DQ coherence in some experiments. The cou-
pling of the spins with the coil generates multiple-quantum
coherence in a way similar to the bilinear scalar couplings
(1). If radiation damping were small, it would be refocused
at the end of the spin-echo period of a DQ experiment.
However, the use of high-Q prabes, the long multiple-quan-
tum excitation period, and probably deviation from the ideal
180° pulse makes the refocusing incomplete. Recently, we
have demonstrated how to suppress radiation damping dur-
ing the acquisition period of a PFG DQ experiment recorded
with detection pulses different from 90° (25).

We describe here a modified version of the pulse se-
quences for the 2D and 3D DQ experiments which achieves
suppression of radiation damping during the preparation pe-
riod. Thisis shown in Fig. 1 for the 90° echo—antiecho DQ
experiment. Two very weak gradients of equa sign and
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FIG. 1. Pulse sequence of the 2D 90° echo—antiecho PFG DQ experi-
ment for the suppression of radiation damping during the excitation DQ
period. The narrow and wide bars correspond respectively to 90° and 180°
hard pulses. The phases are ¢, = (X, =Y, — X, Y), ¢> = 4(X), 4(—Xx), and
bree = 2(X, —X), 2(—X, X). All other pulses have phase x. The 7 period
isthe DQ excitation period, and 6 corresponds to the length of the gradient
plus arecovery time. The first two gradients are weak PFGs applied at the
beginning and end of the DQ excitation period, respectively. The last three
gradients are used for the coherence-pathway selection. The strength of
these last three gradients must obey the ratio +1:—1:+4 for the selection
of one coherence pathway and —1:+1:+4 for the selection of the other
coherence pathway. The data sets are then properly added. If triple-axis
gradients are available, the last three gradients are magic angle gradients
(MAGsS) for efficient solvent suppression. The first two weak gradients can
also be MAGs.
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FIG. 2. One-dimensional spectra recorded with the basic pulse sequence of Fig. 1 for a7 mM solution of the protein chicken egg-white lysozyme
dissolved in 92% H,O and 8% D,O. The spectra have been recorded at T, = 300 K with a Bruker DRX-600 spectrometer. The gradients were generated
using a GREAT II1 unit connected to a5 mm triple-resonance broadband inverse probe equipped with actively shielded x, y, z-gradient coils. The spectra
are plotted at the same intensity level. The left side shows most of the spectrum, whereas the right side shows an expanded spectral region with reduced
intensity centered at the H,O chemical shift. The t; period was set to 10 ms, and only one coherence pathway was selected. Eight scans were recorded
with acquisition time 122 ms and repetition time 2.122 s. The excitation DQ period 7 was 30 ms long. The length of the sine-shaped gradients was 1.5
ms and the recovery time was 500 us. The data were simply multiplied with a cosine-squared window function prior to Fourier transformation. The
absolute value presentation is displayed. The spectra have been recorded without (&, ¢) and with (b, d) the first two weak z PFGs. The three coherence-
selection gradients were z PFGs in (a b) and MAGs in (c, d). The strength of the three MAGs in (c, d) was +16.2, —16.2 and +64.8% for the x and
y components and +11.9, —11.9 and +47.6% for the z component. The strength of the three coherence-selection z PFGs in (a, b) was +20, —20 and
+80%, whereas the strength of the first two z PFGs in (b, d) was +1%. The total strengths of the MAGs in (c, d) are equa to the strengths of the z

PFGsin (a b). The relative integral of the residua H,O signal is about 40 (a), 10 (b), 1.1 (c), and 1 (d).

intensity are applied at the beginning and at the end of the
DQ excitation period, respectively. The H,O magnetization
in this case remains completely defocused during the entire
length of the spin-echo period and thus the radiation-damp-
ing effect is removed. Note that the two z gradients must be
weak in order to minimize the effectiveness of the long-
range part of the dipolar Hamiltonian in coherence transfer,
according to Eq. 9 of Ref. (5). An dternative is the replace-
ment of these two weak z gradients with two MAGs which
suppress the effect of the demagnetizing field.

Figure 2 shows one-dimensional spectrarecorded with the
basic pulse sequence of Fig. 1 for a sample of the protein
chicken egg-white lysozyme dissolved in H,O. Only one of
the two possible coherence pathways was selected with the
gradients. The spectrain Figs. 2a and 2c have been recorded

with only the three gradients for coherence selection,
whereas the spectra in Figs. 2b and 2d have been recorded
with the addition of two weak z PFGs located in the excita-
tion double-quantum period. The residual H,O signal is four
times stronger in the experiment recorded with only 3 z
PFGs (Fig. 2a) compared to the respective experiment re-
corded with 5z PFGs (Fig. 2b). Thisis clearly experimenta
proof that some of the residual H,O DQ signal observed in
the DQ experiments originates from the radiation-damping
mechanism acting in the preparation period. However, radia-
tion damping cannot account for the total H,O DQ signa
present in the evolution period as shown by the residual
signa in Fig. 2b. Other mechanisms such as the effect of
long-range dipole—dipole interactions and violation of the
high-temperature approximation may be responsible for the
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remaining H,O DQ signal. The use of MAGs for coherence
selection results in excellent solvent suppression in both
types of experiments as shown in Fig. 2c and Fig. 2d. Al-
though the DQ signal present in t, is significant in the experi-
ment lacking the first two weak PFGs, the use of MAGs
efficiently suppresses this signal (Fig. 2c).

Two gradients have been implemented immediately be-
fore and after the 180° pulse of the DQ excitation period in
DQ imaging (20). These act as a perfect EXORCY CLE
(26, 27), assuring that only the magnetization inverted by
the 180° pulse will be refocused. However, during the rest
of the DQ excitation period, water magnetization is not defo-
cused and thus radiation damping will be effective. This does
not represent a problem in DQ imaging because radiation
damping is very small, and consequently, both possible
schemes for the first two PFGs would give similar results.
However, differences are expected in high-resolution NMR
DQ experiments recorded at high magnetic fields for biomol-
ecules dissolved in H,O. This can be appreciated in Fig. 3
which shows the residual H,O signal present in the one-
dimensional DQ spectra recorded with the basic pulse se-
guence of Fig. 1. The spectra have been recorded with only
three coherence-selection z PFGs (Fig. 3a), and with the
addition of two z PFGs located in the DQ excitation period
(Figs. 3b, 3c). The two gradients were applied around the
180° pulse (Fig. 3b) and at the beginning and the end of
the DQ excitation period (Fig. 3c). The relative integral of
the residual H,O signal in Fig. 3is13(a), 6 (b), and 1 (¢),
thus showing that the best solvent suppression is achieved in
the experiment where radiation damping is suppressed for
the entire length of 7.

Note that the superior H,O suppression in Fig. 3c is not
due to the H,O diffusion process occurring between the first
and second gradient. This can be shown with a simple calcu-
lation. The signal intensity present at the end of the second
refocusing PFG normalized to the signal intensity obtained
in the absence of the two weak sine-shaped z PFGs is given
by (28)

A = exp[ — y2G252D (4A — 8)I77, [1]

where G and 6 are the strength and duration of the two
PFGs, respectively, A is the time between the start of the
two PFGs, vy is the proton gyromagnetic ratio, and D is the
trandational diffusion coefficient of H,O which at 25°C is
2.3 X 107° cm?/s (29). With the parameters used for Fig.
2b and Fig. 3c, namely G about 0.5 G/cm, § = 1.5 ms, and
A = 28 ms, we abtain a value for A which is very close to
unity, indicating that there is no H,O-signal attenuation due
to diffusion. Thiswas also demonstrated experimentally. By
tripling the strength of the first two z PFGs used for the
spectra recorded in Fig. 2b and Fig. 3c, we did not obtain
better solvent suppression. On the contrary, the spectra con-
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FIG.3. One-dimensional spectrarecorded with the basic pulse sequence
of Fig. 1 for a7 mM solution of the protein chicken egg-white lysozyme
dissolved in 92% H,O and 8% D,O. The spectra have been recorded at T,
= 300 K using the same hardware described in the legend of Fig. 2. Only
the spectral region centered at the H,O chemical shift is displayed. The t;
period was set to 10 ms and only one coherence pathway was selected.
Eight scans were recorded with acquisition time 488 ms and repetition time
12.5 s. The excitation DQ period 7 was 30 ms long. The length of the sine-
shaped gradients was 1.5 ms and the recovery time was 500 us. The data
were multiplied with a cosine-squared window function prior to Fourier
transformation. The absolute value presentation is displayed. The spectra
are plotted at the same intensity level. The experiments have been recorded
with only the three coherence-selection z PFGs (a) and with the addition
of the two z PFGs applied close to the 180° pulse (b) and at the beginning
and at the end of the DQ excitation period (c). The strength of the coherence
selection z PFGs was +20, —20 and +80% in (a—c) and the strength of
the first two z PFGs was +1% (b, ¢). The relative integral of the residual
H,0 signa is 13 (a), 6 (b), and 1 (c).

tained more H,O residual signal, probably due to a more
pronounced effect in coherence transferring of the long-
range part of the dipolar Hamiltonian (data not shown). It
should be pointed out that when the first two PFGs are made
very strong, excellent H,O suppression is again achieved.
With strong PFGs, the effectiveness of the long-range part
of the dipolar Hamiltonian in transferring coherence is ap-
proaching the zero value. Furthermore, the H,O signal is
reduced due to spatial diffusion occurring in the interval
between the two PFGs. Although the signals of slowly dif-
fusing macromolecules are not affected by the use of strong
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FIG. 4. Two-dimensiona DQ spectra recorded with the basic pulse sequence of Fig. 1 for a7 mM solution of the protein chicken egg-white lysozyme
dissolved in 92% H,0 and 8% D,0. A small region centered at w, = wy,0 ad w; = 2wy IS displayed. Eight scans were recorded for each of the 512
t; increments (256 t; values for both the echo and anti-echo pathway selections). The experiments have been carried out at T, = 300 K with the hardware
described in the legend of Fig. 2. The w; and w, spectral widths were 12 and 15 ppm, respectively. The repetition time and = were 1.5 s and 30 ms,
respectively. The length of the sine-shaped gradients was 1.5 ms and the recovery time was 200 us. The spectra have been recorded without (&, ¢) and
with (b, d) the first two weak z PFGs. The three coherence-selection gradients were z PFGs in (g b) and MAGs in (c, d). The strength of the three
MAGs in (c, d) was +16.2, ¥16.2 and +64.8% for the x and y components and +11.9, ¥11.9 and +47.6% for the z component. The strength of the
three coherence-selection z PFGs in (a, b) was =20, 20 and +80%, whereas the strength of the first two z PFGs in (b, d) was +1%. The total strengths
of the MAGs in (c, d) are equd to the strengths of the z PFGs in (& b). No treatment of the data was done for H,O signal reduction. The weak H,O
residual signal in (d) allows the observation of several remote peaks at w, = w*H and w; = w"H + w?H which are almost degenerate with the H,O

signal.

gradients, the signals of small and medium-size molecules
are partialy attenuated.

The use of two weak additional gradients does not affect
the intensity of the resonances of the molecules of interest
as shown in Fig. 2. Therefore, we recommend the use of
these two weak PFGs, as shown in Fig. 1, in al the 2D and
3D H PFG DQ experiments devel oped up to now, especially
when only z gradients are available.

Figure 4 shows an expanded spectra region centered at
wa = wh,o @Nd wy = 2wy,0 Of the 2D DQ spectra of lysozyme.
The experiments have been acquired with the basic pulse
sequence of Fig. 1. The spectra in Figs. 4a and 4c have
been recorded with only the coherence-selection gradients,

wheresas the spectra in Figs. 4b and 4d have been recorded
with the addition of the two weak z PFGs in the excitation
DQ period. The results are similar to that observed in the
1D spectra. The spectrum recorded with 5 z PFGs (Fig.
4b) contains significantly less H,O signal compared to the
spectrum recorded with only 3 z PFGs (Fig. 4a). Note the
remarkable H,O suppression in the spectra recorded with
MAGs (Figs. 4c, 4d). The spectra recorded with 3 MAGs
and 2 z PFGs (Fig. 4d) have dlightly better solvent suppres-
sion than the spectra recorded simply with 3 MAGs (Fig.
4c). Proton resonances close to the H,O chemical shift are
clearly visible in the spectra of Figs. 4c and 4d. The weak
residua solvent signal has a lineshape which is dispersive
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in both dimensions. The presence of this signal could be
ascribed to different effects. One of these is the differential
nonlinearity of the x, y, and z gradients (30) which results
in deviation from the magic-angle condition for some part
of the sample with consequent leakage of the H,O signal.
Due to the fact that the amount of antiphase H,O magnetiza-
tion present at the beginning of t, is larger in the DQ experi-
ment recorded without the first two weak z PFGs, more H,O
magnetization will become observable via this mechanism.
This explains the small differencesin residual H,O observed
between Fig. 4¢c and Fig. 4d. It should be pointed out that
the replacement of thefirst two weak z PFGswith two MAGs
resulted in only marginal improvement of H,O suppression
compared to the spectra of Fig. 2d and Fig. 4d (data not
shown). This is because the two z PFGs employed for the
spectra of Fig. 2d and Fig. 4d are weak, and consequently,
the effectiveness of the long-range part of the dipolar Hamil-
tonian in transferring coherence during the DQ excitation
period is small.

In conclusion, we have shown that the radiation-damping
mechanism acting in the double-quantum excitation period
is responsible in part for the DQ H,O signal present during
the evolution period. The use of two weak PFGs applied at
the beginning and end of the spin-echo period suppresses
this mechanism. If z gradients are used, these should be
strong enough to defocus the H,O magnetization, but at the
same time should be weak in order to minimize the effect of
the long-range part of the dipolar Hamiltonian in transferring
coherence. For proteins and other large macromolecules, the
two PFGs can be made very strong in order to take advantage
of the large difference in the self-diffusion coefficients of
H,0 and proteins. However, the use of strong gradients will
have the effect of reducing the intensity of the fast-exchang-
ing NH resonances. We recommend the use of the two PFGs
in the DQ excitation period of al the 2D and 3D 'H PFG
DQ experiments, in particular in the DQ experiments re-
corded with only z gradients.
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