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Abstract

This Letter reports significant excitation of '*C homonuclear double-quantum coherence in a solid-state magic-angle-spinning
NMR experiment, acquired without heteronuclear decoupling of abundant 'H spins. The heteronuclear decoupling efficiency of a
group of existing homonuclear polarization transfer sequences are investigated and optimal schemes are identified. Since the ap-
proach permits the application of fast MAS and significantly reduces the total radio-frequency power used, it is particularly well

suited to biomolecular applications at ultra-high magnetic fields.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Radio-frequency (r.f.) driven polarization transfer is
of central importance in many high-resolution (i.e.,
magic angle spinning, MAS [1]) solid-state NMR ex-
periments. Pulse schemes that enhance spin—spin inter-
actions are used throughout the structural
characterization of biomolecules, from the determina-
tion of individual distances [2-5] and torsional angles
[6-8] to spectral assignment and structural character-
ization in multiply labelled biomolecules [9-11]. While
significant progress has been made in optimizing the
efficiency and character of the polarization transfer be-
tween two isotope-labelled rare spins, the empirically
determined transfer efficiencies frequently fall consider-
ably below the theoretically expected maxima. Often,
these discrepancies are related to the presence of strong
heteronuclear couplings and homonuclear couplings
to surrounding protons that compromise the transfer
efficiency.
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Ishii et al. [12] investigated '3C—'H interactions under
the application of both r.f. driven polarization transfer
and 'H decoupling schemes in solid-state NMR. From
theory and experimental observations, they concluded
that, for the case of static, windowed transfer sequences,
a ratio for the nutation frequencies of the 'H (w;y) and
BC (wic) nuclei of three to one was desirable to avoid
loss of '3C-1*C polarization transfer efficiency due to
3C-'H interactions. They also observed experimentally
that similar sequences only required a value of
o /wic = 2.5 under MAS conditions. Since then, a
value of wip/wic = 2.5-3 has generally been taken as
optimal, combining good decoupling with minimal
power levels. However, with recoupling schemes such as
the C sequences [13], in which the rare spins are per-
manently irradiated at a nutation frequency propor-
tional to the MAS frequency, this condition can be
difficult to fulfil.

For polarization transfer at higher spinning fre-
quencies, experiments have been developed in which
the ratio of recoupling nutation frequency to MAS
frequency is low [14,15]. In addition, dipolar recou-
pling using an adiabatic modulation of the system
Hamiltonian has been demonstrated using no [16] or
small [17] r.f. fields on the recoupling channel. Al-
though these methods reduce the r.f. power necessary
at high MAS frequencies, they may suffer from a high
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sensitivity to isotropic or anisotropic chemical shield-
ing interactions or they may not be readily applicable
in the context of multi-dimensional multiple-quantum
spectroscopy.

Many of the well-performing dipolar recoupling
methods also suppress anisotropic chemical shielding
and heteronuclear dipolar interactions. Hence, it should
be possible to address both aspects with the same po-
larization transfer scheme. We will show that the selec-
tion of a pulse scheme well optimized for the
suppression of heteronuclear dipolar interactions can
remove the necessity of 'H decoupling during homo-
nuclear double-quantum excitation and reconversion,
without compromising the double-quantum filtering ef-
ficiency. Although we will only consider the case of
homonuclear dipolar recoupling between two 3C spins,
the theoretical principles are valid for application to
heteronuclear spin species or can be modified for the
case of scalar through-bond transfer where heteronu-
clear (solution-state NMR) decoupling sequences have
previously been used to establish through-bond polari-
zation transfer in rotating solids [18].

2. Theory

Assuming a general (I,S) spin system, we have ex-
amined several C sequences [13] as candidates for (S,S)
polarization transfer without heteronuclear (I) decou-
pling. From the symmetry theorem of C sequences, se-
lection rules can be constructed. Following the notation
of Levitt et al., the selection rule for the first-order av-
erage Hamiltonian [19] terms is
HY =0 if mn— puv+#NZ, (1)

Im,A,p

where the sequence symmetry is CN), / and m are the
space rank and component, and A and u are the spin
rank and component. For double-quantum homonu-
clear recoupling, terms with either {I,m, A, u} = {2, +1,
2,41} or {2,4+1,2,F1} are required. These retain ho-
monuclear first-order dipolar terms whilst suppressing
the other interactions to first-order. J-couplings and
isotropic chemical shifts are not removed by these
symmetries. A table of symmetries that select these
terms is given in [13].

Of these symmetries, C7} [6] is the most commonly
used, as in POST-C7 [20] where the C element is
900360;39270¢ (known as the POST eclement). This ele-
ment is robust towards chemical shift offsets and is
preferred for double-quantum homonuclear recoupling.
Alongside C7., we have investigated a number of other
CN, symmetries, listed in Fig. 1, first by calculating the
desired first-order homonuclear dipolar term (]:II<)1‘)SS)
and the undesired second-order heteronuclear dipolar
term (Hl()2 )IS)' The magnitude of H](Dl.)SS is given by the
scaling factor, , defined by '
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Fig. 1. (a) The powder average of the magnitude of the second-order
heteronuclear dipolar average Hamiltonian, {, plotted against the
homonuclear recoupling scaling factor x (lower scale) and the r.f.
nutation frequency divided by the MAS frequency, s/, (upper
scale) for several pulse sequences. (b) Maximum simulated *C, 2QF
efficiencies for a '"H-*C-13C-'H spin system, as described in the text,
of the same sequences, plotted against «/{. The simulation parameters
are given in the text. The dashed curve is drawn as an aid to the eye.

I:II()IEQ,S = (Kefim Tzs,g + el Tstz) bss sin(2fpr ), (2)

where bgs is the homonuclear dipolar coupling constant
and fpr and ypr are Euler angles relating the principal
axis system of the dipolar interaction to the rotor frame.

To count the number of allowed Hl(az,)rs terms, the
second-order selection rules may be employed [13].
These are

mn — (v # NZ,
man — W,V # NZ,
(my +ma)n — (u + pp)v # NZ.

3)

For all the sequences investigated, we have found that
the same eight terms are allowed, with only C7; and C8}
permitting additional terms (12 and four terms, respec-
tively). To assess the actual magnitude of the second-
order heteronuclear dipolar term, we calculated the term
Flg }s, defined as

a% =0 if

Lmy, Ay yslama o iy
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_ tOer'r 15}
o) = / / Hio (1), Hivas (12)]dty dis, (4)
t t

using the semi-continuous Baker—Campbell-Hausdorff
expansion [20,21], with the average being taken over n
rotor periods, i.e., over the repeating unit of the se-
quences. We then calculated the powder average of the
magnitude of this term (removing the factor big/w;,)

2n pm 1/2
Wy =(2) + 752
=i [ [ re{agiag)
IS /0 0
x sin(Bpr )dPpr dVpr (5)

approximated by summing over a set of 50 angles gen-
erated by the ZCW algorithm [22]. It should be noted
that { has no direct physical meaning and is used here as
an approximate measure of the size of [ ;S, indepen-
dent of the MAS frequency (w,) and the dipolar cou-
pling constant, since a scaling factor cannot be defined
in the same way for all the symmetries as they have
different fpr and ypr dependencies. Fig. 1a shows a plot
comparing k and { for the different symmetries. For the
POST element, the scaling factor, k, is related to the
symmetry numbers N and # by

| = 4(N /n)’ sin(mn/N) ©)
V2r(16(N/n)* = 1)

For this element, the r.f. nutation frequency, w,, of the

sequence is given by

o _ N (7)

Hence, Fig. 1a includes a scale of w,/w, as well as that
of x. Unique among the symmetries tested, C7} allows
terms in Flg )IS which are not proportional to Sz, giving
rise to a large value of (.

Fig. 1 includes SPC5 [23], which uses the C5} sym-
metry and the POST element. Because C5) does not
exclude all first-order CSA terms from the average
Hamiltonian, an XX sugercycle is used. This also re-
moves those parts of H, ( ?15 not proportional to Sz. We
have therefore applied this supercycle to POST-C7 to
create a sequence we call SPC7, equivalent to POST-C7
POST-C7. This sequence is also included in Fig. 1.

In general, large x and small { are preferred, such as
for POST-C8). However, lower r.f. amplitudes are also
useful. Although sequences such as POST-C20} have
smaller values of x than POST-C8}, the reduction in r.f.
power may allow faster spinning. This would improve
the overall experimental performance and would also
reduce the size of FII()Z_)IS, since it is proportional to
b%s/ Wr.

To account for the effects of 'H-'H dipolar couplings
and J-couplings, we have simulated double-quantum
filtering (2QF) using the SIMPSON program [24]. The
model spin system was constructed from two '3C nuclei
and two 'H nuclei arranged in an L-shape, as show in

Wy n

the inset to Fig. 1b. The '3C parameters (chemical shift,
CSA, dipolar couplings and J-couplings) were taken
from glycine [25,26], whilst the shortest 'H-"*C dis-
tances were set to 1.15 A with a corresponding J-
coupling of 150 Hz. The MAS frequency was constant
at 12 kHz. Fig. 1b shows the 2QF efficiency, simulated
for the same pulse sequences as in Fig. la, plotted
against /(. A relatively good correlation between the
maximum simulated efficiency and «/{ can be seen, with
a curve being added to the graph as a guide to the eye.
POST-C7 stands out as being better than expected from
the value of x/(. This may be due to the lesser impact of
the off-diagonal terms in Flg‘}s on the double-quantum
excitation.

From Fig. 1, we would expect to see reasonable
performance from POST-C7 without decoupling but we
would also expect sequences such as POST-C202 to
perform better, despite using slightly lower r.f. power.
Furthermore, SPC7 would be expected to be superior to
all other sequences with an equal or lower r.f. power. In
contrast, the sequence POST-C20] would be expected to
perform poorly, despite using the same r.f. power as
POST-C20;.

3. Experimental results and discussion

We have carried out a series of 2QF experiments on a
600 MHz wide-bore instrument (Bruker Biospin/Ger-
many) using a standard 2.5 mm MAS probe. First, we
measured, at three different MAS frequencies, the 2QF
efficiency, using POST-C7, as a function of 'H decou-
pling nutation frequency (Fig. 2). At all three MAS
frequencies, 2QF signal is observed with zero and high
'H decoupling. There is a broad minimum in the inter-
mediate regime, which moves to higher nutation fre-
quencies with higher MAS frequencies. As a result, at 12
kHz MAS, the 2QF efficiency is higher for no decou-
pling than for 120 kHz decoupling.

Fig. 3a shows experimental 2QF build-up curves,
obtained on [*C,]glycine, for five experimental schemes
that may be split into two categories. The first, referred
to as HP-DEC, has a low MAS frequency (7 kHz) and a
high '"H decoupling nutation frequency (105 kHz). The
second, referred to as NO-DEC, has a higher MAS
frequency (12 kHz) and no 'H decoupling. To demon-
strate the HP-DEC type of experiment, we used POST-
C7, whilst for the NO-DEC type of experiment, four of
the above-mentioned sequences were used, POST-C7,
SPC7, POST-C20} and POST-C20]. Both approaches
lead to similar build-up characteristics with some addi-
tional damping for the NO-DEC conditions. The max-
imum for the NO-DEC experiments is around 500 ps,
whilst it is around 600 us for the HP-DEC experiment.
Of the five experiments, HP-DEC POST-C7 gives the
most signal. NO-DEC POST-C7, SPC7 and POST-C20}
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Fig. 2. Experimental POST-C7 2QF efficiency for ['3C;]glycine as a function of 'H decoupling nutation frequency at three different MAS frequencies,
7 kHz (dashed line), 10 kHz (thin solid line) and 12 kHz (thick solid line). Double-quantum excitation times (equal to reconversion times) were 0.53
ms, 0.4 ms and 0.3 ms, respectively.
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Fig. 3. (a) Experimental 2QF build-up curves of ['*C,]glycine. The signal intensity is given in arbitrary units. (b) Simulated 2QF efficiency build-up
curves of a 'H-'3C-13C-"H spin system, as described in the text. In both plots, the thick black lines represent POST-C7 HP-DEC, thin black lines
represent POST-C7 NO-DEC, dashed black lines represent SPC7 NO-DEC, solid grey lines represent POST—CZO% NO-DEC and dashed grey lines
represent POST-C20] NO-DEC. The HP-DEC and NO-DEC conditions are defined in the text.

are relatively similar to each other and give maxima at over POST-C7 is not observed, although the damping of
approximately 70% of that for the HP-DEC scheme. the signal is somewhat less, suggesting that these se-
The expected improvement for SPC7 and POST-C202 quences may be better suited to recoupling more distant
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Fig. 4. (a) POST-C7 2QF spectrum of ['3C,]glycine at 7 kHz MAS with 105 kHz decoupling. Excitation and reconversion times were 530 ps. (b) SPC7
2QF spectrum of [*C,]glycine at 12 kHz MAS with no decoupling. Excitation and reconversion times were 500 ps. (c) POST-C7 (2Q,1Q) 2D
correlation spectrum of U-['*C,>"N]JAGG at 12 kHz MAS with no decoupling. Excitation and reconversion times were 333 ps. 256 increments in #;

were acquired, with a total acquisition time of 4.6 h.

spins, when longer excitation and reconversion times are
needed. As predicted in Fig. 1, POST-C20] performs
very poorly.

Fig. 3b shows simulated build-up curves for the same
five experimental schemes, using the same arrangement
of two 13C and two 'H nuclei as used for Fig. 1b. The
match to the shapes of the experimental build-up curves
for NO-DEC POST-C7, SPC7 and POST-C20; are
good but the relative intensities are not as observed
experimentally. Although NO-DEC POST-C20/ per-
forms poorly in the simulation, there is not a good
match to the shape of the experimental curve, indicating
that the simple model for the 'H nuclei is not good
enough for a case where the first-order heteronuclear
term is large. As is expected, the shape of the HP-DEC
POST-C7 simulation matches the experimental curve
well, since the 'H nuclei can be expected to play a
minimal role here.
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Fig. 5. POST—CZO% (2Q,1Q) 2D correlation spectrum of U-
[P C,’N]ubiquitin at 12 kHz MAS with no decoupling. Excitation and
reconversion times were 525 ps. 128 increments in #; were acquired,
with a total acquisition time of 9.5 h.

200 v
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Fig. 4 shows results of the 1D 2QF experiment on
[*C,]glycine using optimized excitation and reconver-
sion times. Here, 2QF spectra are compared for POST-
C7 under HP-DEC conditions and SPC7 under NO-
DEC conditions. The latter approach reduces the total
r.f. power deposition during double-quantum recou-
pling by a factor of two without significant loss in signal
intensities. In fact, the carbonyl (left-hand) peak is sig-
nificantly more intense under NO-DEC conditions,
partly as a result of more efficient spinning sideband
suppression. In Fig. 4c, we demonstrate the use of a NO-
DEC recoupling approach in a standard (2Q,1Q) 2D
correlation experiment, which is, for example, of para-
mount importance for the assignment of 13C spectra of
large biomolecules [27]. In Fig. 4c, all intra-residue
correlations expected for U-[3C,’'NJAGG are easily
detected and corroborate the spectral assignments pre-
viously obtained [28].

Finally, Fig. 5 illustrates the potential of one of the
new schemes discussed above, POST-C202 at 12 kHz
MAS with no 'H decoupling, on a Img, U-['*C,'>N]-
labelled sample of the 76 residue protein ubiquitin (VLI
Research, Malvern, PA). The (2Q,1Q) 2D correlation
spectrum shows that POST-C20? without 'H decoupling
is capable of exciting double-quantum coherence be-
tween all directly bonded '3C-'3C pairs, irrespective of
the degree of protonation of the carbon positions.

4. Conclusions

We have shown that efficient homonuclear polariza-
tion transfer in protonated spin systems is possible at
fast MAS rates without 'H decoupling. Such conditions
are particularly relevant for ultra-high-field solid-state
NMR, where fast MAS is necessary to suppress aniso-
tropic chemical shielding and unwanted dipolar recou-
pling effects. Under these conditions, double-channel,
high-power r.f. irradiation may be replaced by the
presented NO-DEC dipolar recoupling approach. Our
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results, obtained with the POST-C7, SPC7 and POST-
CZOg recoupling schemes, provide a practical basis for
further methodological extensions, which, for example,
employ slow phase modulations and low decoupling
fields in concert with fast MAS to further improve the
details of polarization transfer among rare spins for
MAS frequencies above 10 kHz. Since the removal of
'"H decoupling significantly reduces the total r.f. power
used, we expect the presented concept to be particularly
useful for biomolecular applications.
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