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We propose a new broadband second-order proton-assisted 13C–13C correlation experiment, SHANGHAI.
The 13C–13C magnetization transfer is promoted by 1H irradiation with interspersed four phases super-
cycling. This through-space homo-nuclear sequence only irradiates on the proton channel during the
mixing time. SHANGHAI benefits from a large number of modulation sidebands, hence leading to a large
robustness with respect to chemical shift differences, which permits its use in a broad MAS frequency
range. At ultra-fast MAS (mR P 60 kHz), SHANGHAI is only efficient when the amplitude of 1H recoupling
rf-field is close to half the spinning speed (m1 � mR/2). However, at moderate to fast MAS (mR = 20–35 kHz),
SHANGHAI is efficient at any rf-power level larger than m1 � 10 kHz, which simultaneously permits
avoiding excessive heating of bio-molecules, and using large sample volumes. We show that SHANGHAI
can be employed at the very high magnetic field of 23.5 T and then allows the observation of correlation
between 13C nuclei, even if their resonance frequencies differ by more than 38 kHz.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Over the last approximately 10 years, Solid-State Nuclear Mag-
netic Resonance (SS-NMR) has become an important tool for struc-
tural investigations of proteins. Indeed, recent advances in SS-NMR
techniques have made possible the complete structural determina-
tion of micro-crystalline proteins [1–4]. A key tool for the protein
structural determination by SS-NMR is the observation of 13C–13C
through-space proximities in fully 13C-labeled proteins through
the use of two-dimensional (2D) correlation experiments. The
prominent role of 13C 2D correlations is owed to (i) its ubiquity
in the protein skeleton, (ii) its decent gyromagnetic ratio, (iii) its
large chemical-shift range, and (iv) the high-resolution of 13C spec-
tra under magic-angle spinning (MAS). Nevertheless, for uniformly
13C-labeled large bio-molecules, such as proteins, high magnetic
fields (B0 > 14 T) are usually required to obtain sufficient spectral
resolution. Furthermore, at B0 P 18.8 T, the spinning sidebands of
aromatic 13C sites displaying anisotropic chemical deshielding con-
stant as large as 120 ppm can only be suppressed by the use of MAS
frequencies, mR, larger than c.a. 24 kHz. Therefore, at B0 P 18.8 T,
rotor with a diameter smaller than 3.2 mm must be employed in
order to suppress all chemical shift anisotropy (CSA) spinning
sidebands. Furthermore, the difference in isotropic chemical shifts,
ll rights reserved.

.-P. Amoureux).
), jean-paul.amoureux@univ-
Ddiso, between carbonyl (C0) and aliphatic (Cal) sites can be as large
as Ddiso � 170 ppm. At B0 = 21.1 T, this maximum value corre-
sponds to a difference in resonance frequencies of Dmmax

iso � 39 kHz
and the Dmiso values for all different cross-peaks span the whole
interval [0, 39 kHz], as shown in Fig. 1. In an ideal 13C–13C
through-space correlation 2D experiment, the intensity of cross-
peaks should be independent of Ddiso values over the range [0,
170 ppm]. The development of such broadband methods is a
current challenge of SS-NMR methodology.

The 13C–13C through-space correlation 2D experiments serve
two purposes: the assignment of 13C resonances and the determi-
nation of protein folding. The most efficient strategy for the assign-
ment consists in the use of first-order dipolar recoupling schemes,
such as SPC-5 [5,6], DREAM [6,7], CMpRR [8], fp-RFDR [6,9], and
BR21

2 [10]. As these sequences are affected by dipolar truncation,
the large dipolar couplings average the small ones [11,12]. Conse-
quently, for short recoupling time, the first-order methods permit
the selective observation of one-bond cross-peaks, which facili-
tates the assignment of 13C resonance in the protein skeleton.

The three-dimensional structure determination of uniformly
13C-labeled proteins requires the use of dipolar recoupling meth-
ods with attenuated or quenched dipolar truncation. Different
strategies have been considered. One way is to use frequency-
selective methods, such as Rotational Resonance (R2) [13], COMICS
[14], DQ-SEASHORE [15], and MIRROR [16]. A second way is to
produce an Ising-type form for the dipolar Hamiltonian. These
methods include the Truncated Dipolar Recoupling [17], the
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mailto:bwhu@phy.ecnu.edu.cn
mailto:jean-paul.amoureux@univ-lille1.fr
mailto:jean-paul.amoureux@univ-lille1.fr
http://dx.doi.org/10.1016/j.jmr.2011.07.011
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


B. Hu et al. / Journal of Magnetic Resonance 212 (2011) 320–329 321
multiple-oscillating-field techniques [18], and the ZQ-SEASHORE
[19]. A third way is to produce a stochastic Hamiltonian [20].
However, all these very recent broad-band methods [17–20] need
to be brought to a better level of maturity. A fourth approach to
attenuate the dipolar truncation relies on the use of second-order
recoupling schemes. Most of these 2D methods are based on the
same three-step scheme (Fig. 2a): (i) after evolution of the sin-
gle-quantum (1Q) 13C coherences during t1, the carbon magnetiza-
tion is stored along the B0 axis, (ii) during the mixing period (smix)
diffusion process and/or proton-assisted homo-nuclear recoupling
generate transfer of longitudinal magnetization between the dif-
ferent 13C nuclei, and (iii) at the end of smix a 90� pulse converts
back the longitudinal 13C magnetization into 1Q coherences which
Fig. 1. Schematic distribution of Dmiso difference at 21.1 T for the 13C–13C cross-
peaks between the different 13C sites in peptides and proteins. The carbon nuclei are
noted C0 , Car and Cal for carbonyl, aromatic and aliphatic sites, respectively. For each
type of cross-peak, the range of Dmiso is represented by a rectangle. The schematic
distribution of Dmiso difference was calculated using the following isotropic
chemical shift range: 170 6 diso (C0) 6 185 ppm, 110 6 diso (Car) 6 150 ppm,
13 6 diso (Cal) 6 80 ppm.

Fig. 2. (a) General scheme of the 2nd-order 13C–13C correlation experiments
without 13C irradiation during the mixing period. (b) PDSD, (c) DARR/RAD and
MIRROR, (d) PARIS, (e) PARISxy (m = 1, 2), (f) SHANGHAI. In (d–f) each pulse length is
equal to TR/2.
evolve during the acquisition period, t2. Presently, such second-
order recoupling sequences include the Proton Driven Spin Diffu-
sion (PDSD) (Fig. 2b) [21–23], the Dipolar Assisted Rotational Res-
onance (DARR) [24] and its akin version Rf-Assisted Diffusion
(RAD) [25] (Fig. 2c), and the Phase-Alternated Recoupling Irradia-
tion Schemes: PARIS [26] (Fig. 2d) and PARISxy (Fig. 2e) [27].
Strictly speaking, the DARR and RAD experiments employ radio-
frequency (rf) nutation frequency, m1, equal to mR or 2mR. Neverthe-
less, continuous wave (CW) 1H irradiation with other m1 values are
able to promote efficient magnetization transfers owing to the res-
onance interference recoupling [24b], also called MIxed Rotational
and ROtary Resonance (MIRROR) conditions [16]. For the sake of
conciseness, in the following, the DARR experiment will refer to
any 13C–13C dipolar recoupling assisted by CW 1H irradiation.
PARIS recoupling employing pulse lengths of half rotor period cor-
responds to the symmetry-based sequence C10

1 (h0 h180), where hu
indicates a rectangular, resonant rf pulse with flip angle h and
phase u with angles written in degrees. The m parameter of PAR-
ISxy sequences is the number of alternations between opposite
phases comprised between two p/2 phase shifts (see Fig. 2e). If
the rf-field is equal to mR, the pulses are inversion elements and
PARIS, PARISxy (m = 1) and PARISxy (m = 2) schemes correspond to
the symmetries ½R21

1�270, ½R21
1�270½R21

1�180 and ½R42
2�270½R42

2�180.[28].
Here the subscripts after the brackets denotes overall phase shifts
of the scheme inside the brackets.

In this article, we introduce a new recoupling sequence close to
the PARISxy (m = 2) scheme, the only difference being the succes-
sion order of the four phases, x, y, �x, and �y (see Fig. 2f). We call
this sequence: SHANGHAI, because the recoupling results from a
Second-order Hamiltonian among Analogous Nuclei Generated by
Hetero-nuclear Assistance Irradiation.
2. Simulations

The simulations were performed using SPINEVOLUTION soft-
ware [29]. The powder averaging was accomplished using 1680
orientations (168 {aMR, bMR}-pairs � 10 cMR-angles). The 168
{aMR, bMR}-pairs, which relate the molecular and rotor frames,
were selected according to the REPULSION algorithm [30]. Simula-
tions presented in Figs. 3 and 4, and S1 were performed on a
C1H–C2 spin-system, where the inter-nuclear distances are
r(C1–C2) = 153.2 pm, r(C1–H) = 107.9 pm and r(C2–H) = 215.2 pm.
For all the simulations presented in the article, the CSAs of 13C
and 1H nuclei were zero, but we have observed (not shown) that
the polarization transfer conditions in Figs. 3 and 4, and S1 are
broadened by their introduction. To test the effect of 1H–1H dipolar
interactions, similar simulations were performed for C1H–C2H2–
H2 spin system (see Fig. 5 and Section 2.3). For this spin system,
the inter-nuclear distances are those between the aliphatic sites
in a crystal of L-glutamine with C1H = CaHa, C2H2 = CbHb

2 and
H2 = Hc

2. In the simulations, all protons have identical isotropic
chemical shifts, and on-resonance irradiation was applied to the
1H channel. The difference in resonance frequencies, Dmiso, be-
tween the C1 and C2 nuclei was varied between 0 and values
slightly larger than the MAS frequency, mR. Such an interval allows
the observation of all the relevant magnetization transfer condi-
tions. Simulations were performed at MAS frequencies of 32 and
64 kHz. The pulse length was equal to half rotor period for PARIS,
PARISxy and SHANGHAI methods and the mixing time was
smix = 250 ms. The radio-frequency (rf) nutation frequency, m1,
was varied between 0 and values slightly larger than mR. Figs. 3–5
plot the efficiency of the magnetization transfer from the C1 to
the C2 site as function of Dmiso, and m1 frequencies. This efficiency
is defined as the amplitude of the cross-peak for smix = 250 ms
divided by the amplitude of the diagonal peak for smix = 0.



Fig. 3. Simulated recoupling efficiency of the 1H assisted 13C–13C recoupling sequences versus the rf-field amplitude, m1, and the carbon frequency difference, Dmiso. The
following 13C–13C recoupling sequences were used: (a) PDSD, (b) DARR/RAD and MIRROR, (c) PARIS, (d) PARISxy (m = 1). The spin-system is C1H–C2 and mR = 64 kHz. We have
limited the color representation to 0.2. When the efficiency is larger than 0.2, the zone is indicated in white. These high efficiencies are obtained around the R2B and ZB
conditions. The display limit of 0.2 allows emphasizing the foot of R2B and ZB as well as the SBs. The maximum signal is always observed at Dmiso = mR and it reaches 0.35 for
(a) and 0.25 (b–d). In (b–d) a horizontal white line shows the position of the rows shown in Fig. S1.
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2.1. C1H–C2 spin-system under ultra-fast MAS

MAS frequencies larger than 50 kHz and hence small rotor
diameters offer several advantages for the study of proteins: (i)
efficient low-power hetero-nuclear decoupling, which allows
avoiding rf heating and is especially advisable in the case of aque-
ous, fragile biological systems with high salt concentration and
high dielectric constant [31], (ii) enhanced sensitivity by the use
of 1H indirect detection under high-resolution [32], (iii) high sensi-
tivity per spin, which is advantageous for volume-limited samples,
such as isotopically labeled bio-molecules, and (iv) enhancement
in sensitivity and resolution for paramagnetic proteins [33]. In
Figs. 3, 4a, and b, the magnetization transfer efficiencies of the sec-
ond-order recoupling sequences displayed in Fig. 2 were calculated
for C1H–C2 spin-system at mR = 64 kHz. They are plotted versus
Dmiso frequency difference and rf-amplitude m1 for sequences other
than PDSD. Indeed, in PDSD sequence, no pulse is sent during the
mixing period (Fig. 2b) and the 13C signal is transferred via the pro-
ton-assisted carbon–carbon flip-flop terms [22]. PDSD presents
two cases of good efficiency which occur when the frequency dif-
ference is either small (Dmiso � 0), or when it meets the very nar-
row R2 condition, Dmiso = mR, [13] (Fig. 3a). It must be reminded
that the R2 recoupling leads to a broadening of the resonances
and hence the exact matching condition, Dmiso = mR, should be
avoided in case of proteins which always present crowded 13C
spectra. PDSD is mostly used under quasi-static conditions
(mR < 7 kHz) because its efficiency largely decreases when the
MAS speed increases.

The DARR and RAD sequences (Fig. 2c) have been proposed to
facilitate the 13C–13C recoupling by using a continuous-wave pro-
ton irradiation. Fig. 3b shows the recoupling efficiency of DARR
versus the rf-field amplitude, m1, and the Dmiso frequency differ-
ence. In the following, we will call R2B, ZB and SB the R2-Band
(Dmiso � mR), Zero-Band (Dmiso � 0), and the other Side-Band recou-
pling conditions, respectively. Four bands are observable in Fig. 3b,
three weak oblique SBs and the R2B. Two oblique SBs correspond to
the MIRROR conditions, m1 = mR ± Dmiso [16], and the third MIRROR
condition, m1 = Dmiso, corresponds to the overlap of the modulation
sideband of one carbon site with the resonance of the other carbon.
When m1 is smaller than mR, the R2B condition is narrow and similar
to that observed under exact R2 condition. So, for m1 6 mR, the only
advantage of DARR sequence over PDSD is the presence of the
three additional SBs. However, the DARR sequence also benefits
from a broad recoupling zone, observed when m1 � mR and circled
in Fig. 3b, which corresponds to the rotary resonance recoupling
(R3) n = 1 condition [34], and is the really used DARR condition
[24]. Under this condition, all the 1H–13C and 1H–1H dipolar inter-
actions are reintroduced and efficient polarization transfer occurs
if the spinning sideband of one carbon site overlaps the recoupled
hetero-nuclear dipolar coupling pattern of the other carbon sites



Fig. 4. Simulated recoupling efficiency of the sequences versus the rf-field amplitude, m1, and the carbon frequency difference, Dmiso, at mR = 64 (a and b) or 32 (c and d) kHz.
The 13C–13C recoupling sequences are PARISxy (m = 2) for (a and c) and SHANGHAI for (b and d). The spin-system is C1H–C2. The maximum signal is always observed at
Dmiso = mR and it reaches 0.3 for (a, b, and d), and 0.25 (c). In (b–d) a horizontal white line shows the position of the rows shown in Fig. S1.
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[24]. The frequency width of the DARR condition is determined by
the 1H–13C and 1H–1H dipolar couplings. However, Figs. 3b and S1a
of Supplementary information show that even under the DARR
condition, the efficiency exhibits a strong dependence on Dmiso.
Therefore, the DARR experiment is inefficient as soon as the mR

frequency exceeds the maximal Dmiso values since there are no effi-
cient recoupling condition for 0 < Dmiso < mR [28]. In addition, the
sensitivity of R3 to rf-inhomogeneity decreases in practice the effi-
ciency of DARR experiments [26], as only a small part of the rotor
fulfills the R3 conditions and contributes to the cross-peak inten-
sity. Another limitation of DARR experiment is that the condition
mR � Dmiso � m1 entails the use of high rf-power at high MAS
frequency, which may denaturate the proteins.

The PARIS sequence, which has recently been proposed, em-
ploys phase-alternated (x, �x) pulses with the length equal to half
the rotor period (Fig. 2d) [26]. Fig. 3c shows that with respect to
DARR, PARIS, which is an amplitude-modulated sequence, benefits
from a lower dependence of ZB and R2B transfer efficiency on the
m1 rf-amplitude, which means also a lower dependence on the rf-
inhomogeneity. The better robustness of R2B condition results
from the matching of the PARIS modulation frequency with the
MAS frequency as the pulses last TR/2 [26]. Furthermore, this lower
dependence with the rf-amplitude m1 permits the use of weaker rf-
power, which minimizes the risk of proteins denaturation (see
Fig. S1a and b). In addition, the R2B zone is much broader than
the narrow exact R2 condition, which allows efficient homo-nucle-
ar magnetization transfer without deleterious line broadening.
This wide R2B zone, which is also observed for PARISxy and
SHANGHAI methods (vide infra), is partly responsible for the
higher efficiency of these techniques with respect to DARR. It is
interesting to note that with increasing rf-value, the effective R2B
region broadens around mR.

The PARISxy sequences have been proposed very recently to fur-
ther broaden the rf-matching profile of PARIS, while keeping the
same robustness with respect to rf-inhomogeneity [27]. They also
use half rotor-period phase-alternated 1H pulses with x or y phases
and an additional super-cycling that depends on the m value (see
Fig. 2e). The efficiencies of magnetization transfer as function of
m1 and Dmiso are displayed in Figs. 3d and 4a for PARISxy sequences
with m = 1 or 2, respectively. In addition to the ZB and R2B already
observed for the previously described methods, PARISxy introduces
one SB at Dmiso/mR � 1/2 when m = 1 and two SBs at Dmiso/mR � 1/4
and 3/4 when m = 2, see Fig. S1c and d, respectively. Furthermore,
Figs. 3d and 4a show that as PARIS, PARISxy displays a weak depen-
dence on m1 frequency.

To further improve the robustness to isotropic chemical shift of
13C–13C dipolar recoupling assisted by 1H irradiation, we introduce
here the SHANGHAI sequence. Its super-cycling was derived using
Floquet theory [35] in order to produce, for weak rf-field, many
recoupling conditions in the useful region for 13C–13C correlations:
Dmiso 6 mR. Actually, in addition to the ZB and R2B, there exist math-
ematically eight SBs, which can be grouped in five SB zones, as
shown in Fig. 4b. The HORROR condition, m1 = mR/2, which restores
the 1H–1H dipolar interaction in the first-order average Hamilto-
nian, also results in the largest spread in Dmiso positions between
the five SB zones. A comparison of the magnetization transfer



Fig. 5. Recoupling efficiency of the sequences versus the rf-field amplitude, m1, and the carbon frequency difference, Dmiso, with mR = 64 (a and b) or 32 (c and d) kHz. The
13C–13C recoupling sequences are (a and c) PARISxy (m = 2) and (b and d) SHANGHAI. The spin- system is C1H–C2H2–H2. This figure should be compared with Fig. 4.
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efficiencies of PARISxy (m = 2) and SHANGHAI methods at
m1 = 36 kHz is shown in Fig. S1d. This figure demonstrates that
PARISxy (m = 2) benefits from higher efficiency at the ZB and broad-
er R2B condition than SHANGHAI. In contrast, SHANGHAI method
is complementary of PARISxy (m = 2) since it displays five SBs at
Dmiso values where PARISxy (m = 2) is inefficient.

Globally, at mR = 64 kHz, the 13C recoupling sequences present in
the interval of Dmiso = 0–40 kHz useful for high magnetic fields, the
following number of SBs: zero for PDSD and PARIS (see Fig. 3a and
c), one for PARISxy (m = 1 and 2) (see Figs. 3d and 4a), two for DARR/
RAD (see Fig. 3b) and four for SHANGHAI (see Fig. 4b). However,
even in the case of the SHANGHAI sequence, which displays the
largest number of SBs, there is always Dmiso values in the interval
[0, 40 kHz] for which the magnetization transfer is inefficient. A
solution consists in the use of a lower MAS speed, only slightly lar-
ger than the maximum value, Dmmax

iso . This condition allows match-
ing the correlation of peaks with maximum frequency difference
with the R2B condition and shifting all the SBs in the relevant inter-
val [0, Dmmax

iso ]. The exact matching, Dmmax
iso = mR, should be avoided in

order to prevent the line-broadening occurring at exact R2B condi-
tion. Therefore, the best MAS frequency at B0 = 21.1 T should be
about mR = 40 kHz.

Furthermore, while the R2B condition reintroduces the dipolar
interaction in the first-order effective Hamiltonian, the ZB and
SBs only reintroduce the dipolar interaction in the second-order
terms [35]. The magnitude of second-order terms is inversely pro-
portional to the MAS speed and hence, to obtain the same transfer
efficiency, the mixing time is proportional to the mR value. Fig. S1d
and e shows the difference of recoupling mechanisms between R2B
and ZB/SB conditions. For a given mixing time, smix = 250 ms, the
efficiency of R2B condition is unaffected by a doubling of the
MAS speed, whereas the efficiency of ZB/SB conditions exhibits a
twofold decrease between mR = 32 and 64 kHz. Consequently,
SHANGHAI, PARIS and PARISxy methods should result in more effi-
cient recoupling at mR = 40 than at 64 kHz.

In the following, we focus on PARISxy (m = 2) and SHANGHAI
since these methods present the largest numbers of SBs and hence
the lowest dependence on the rf-amplitude m1.

2.2. C1H–C2 spin-system under fast MAS

In this section, we investigate the efficiency of PARISxy (m = 2)
and SHANGHAI at MAS speed of 32 kHz. With respect to ultra-fast
MAS, mR = 32 kHz is advantageous since it is compatible with the
use of bigger rotors and the efficiency of ZB and SBs is inversely
proportional to the speed. Both these features contribute to en-
hance the sensitivity. A drawback can be a loss in spectral resolu-
tion for C0–Cal correlation matching the exact R2B condition (Fig. 1).
In Fig. 4c and d we have simulated the efficiency versus Dmiso,
which can be obtained at mR = 32 kHz, with PARISxy (m = 2) and
SHANGHAI. Two rows of Fig. 4c and d are extracted and shown
in Fig. S1e. As already stated, the comparison of Fig. S1d and e
shows that lower MAS speed results in higher efficiency for the
ZB and SBs since they correspond to second-order recoupling. As
the ZB, SB and R2B conditions cover a narrower Dmiso interval at
mR = 32 kHz and their widths are slightly modified by MAS fre-
quency (Fig. S1), the average recoupling efficiency of PARISxy

(m = 2) and SHANGHAI over the interval [0, Dmmax
iso ] is higher at
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mR = 32 kHz than at mR = 64 kHz. As already observed at mR = 64 kHz,
the widths of all the recoupling conditions increase with rf-ampli-
tude m1. However, mixing times are always in the order of several
hundred milliseconds, especially when observing long distance
cross-peaks, and it may thus be dangerous practically to use too
large rf-amplitudes, which may destroy the proteins.

PARISxy (m = 2) and SHANGHAI are complementary since their
SBs cover different Dmiso intervals. SHANGHAI displays a larger
number of SBs, but both methods are inefficient for some Dmiso val-
ues. Furthermore, lower rf-amplitudes are required at mR = 32 kHz
since Fig. 4 shows that the width of the recoupling conditions de-
pends on the ratio m1/mR and in the case of SHANGHAI, the best dis-
tributed SB positions are obtained when m1 � mR/2, also called
HORROR condition.
2.3. C1H–C2H2–H2 spin-system under fast and ultra-fast MAS

Previous simulations have been performed with a single-proton
C1H–C2 spin-system, disregarding CSA and 1H–1H dipolar interac-
tion. This over-simplified spin-system is rarely encountered in bio-
molecules. The effect of 1H–1H dipolar homo-nuclear interactions
was investigated by performing numerical simulations of recou-
pling efficiency for PARISxy (m = 2) and SHANGHAI methods in
the case of C1H–C2H2–H2 spin system. The results corresponding
to mR = 32 and 64 kHz are shown in Fig. 5.

The efficiencies calculated with (Fig. 5a and b) and without
(Fig. 4a and b) 1H–1H interactions at mR = 64 kHz are similar and
they only differ by a small broadening of the recoupling bands.
The smallness of the differences is related to the large attenuation
of the 1H–1H dipolar interactions at ultra-fast MAS. This is not the
case at mR = 32 kHz, where the widths of recoupling conditions
strongly differ from those calculated previously (compare
Figs. 5c, d, 4c, and d). This broadening of recoupling conditions
arising from 1H–1H dipolar interactions has already been described
in the case of DARR and PARISxy [24,27]. In addition, at mR = 32 kHz,
a third recoupling SB at Dmiso = mR/2 appears for PARISxy (m = 2).
With this more realistic spin-system, one thus observes a relatively
continuous recoupling (zones that are not in black) for Dmiso going
from zero to mR, as long as the rf-field is larger than c.a. 10 kHz for
SHANGHAI and 15 kHz for PARISxy. Nevertheless, even in the pres-
ence of 1H–1H dipolar interactions, the recoupling conditions of
PARISxy (m = 2) and SHANGHAI are still complementary.
Fig. 6. 1D rows extracted from 2D spectra shown in Fig. S2a and b and recorded at
18.8 T with mR = 32 kHz, m1 = 18 kHz and smix = 250 ms. Un-informative auto-peaks
are indicated by filled circles at their feet. PARISxy is shown with black curve and
SHANGHAI with red curve. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
3. Experimental verifications

Experimental verifications were performed on Bruker AVANCE-
III 800, 900 and 1000 spectrometers with B0 = 18.8, 21.1 and 23.5 T,
respectively. Commercial Bruker double-resonance £ = 1.3 mm
MAS probes, which permit spinning frequencies of up to
mR = 70 kHz, were used for all experiments. Using the same probe,
the same sample volume and the same mixing time of
smix = 250 ms at fast and ultra-fast MAS, allows an easy quantita-
tive comparison of the transfer efficiencies. Typical 90� pulse
lengths were 2 ls on both channels. The contact time for cross-
polarization was 3 ms, and PISSARRO [36] proton dipolar
decoupling was used during evolution and detection periods.
Recycle delays were 3 s for all experiments. Additional experimen-
tal details are given in the figure captions.

Experiments were performed on samples of L-[U–13C]-histi-
dine�HCl�H2O with 99% 13C purity, which were purchased from Cor-
tecNet and used without purification.

SHANGHAI and PARISxy (m = 2) were first compared experimen-
tally at 18.8 T with two different spinning speeds: mR = 32 kHz with
m1 = 18 kHz and mR = 64 kHz with m1 = 36 kHz. The corresponding
2D spectra are displayed in Figs. S2, S3a, and b, respectively. It
must be reminded that only the cross-peaks, not the auto-peaks,
are meaningful in this type of experiments. By comparing the
cross-peak intensities, one observes a much larger sensitivity at
mR = 32 kHz with respect to mR = 64 kHz; which is consistent with
the simulations shown in Figs. 4 and 5, and S1. The rows along F2

axis corresponding to the six carbon peaks in the spectra of
Fig. S2 (mR = 32 kHz) are shown in Fig. 6. In this figure, the intensi-
ties of most cross-peaks are higher in the case of SHANGHAI, and
we observe at least a twofold enhancement for twelve cross-peaks
out of the 30 ones. PARISxy (m = 2) produces higher intensity for the
two pairs of cross-peaks C4–C5 and C0–Cb, which correspond to
Dmiso = 1.7 kHz and 29 kHz, respectively. These experimental
results agree with the numerical simulations, which show that
PARISxy (m = 2) shows a higher efficiency around the ZB and R2B
conditions.

Fig. S3 also shows that the HORROR condition (m1 � mR/2) is the
most efficient to promote the magnetization transfer among the
carbon nuclei, especially for the SHANGHAI method. This is verified
experimentally at mR = 64 kHz by comparing the cross-peaks ob-
served with m1 = 64 (Fig. S3c and d) or 18 (Fig. S3e and f) kHz, with
those recorded with m1 = 36 kHz (Fig. S3a and b). This experimental
result again agrees with the numerical simulations shown in
Fig. 5a and b. Indeed, the HORROR condition has the advantage
of combining significant efficiency and broadening of the recou-
pling conditions. For m1 > mR/2, the efficiency of the recoupling con-
ditions decreases, whereas for m1 < mR/2, the width of the
recoupling condition decreases. The broadening of the recoupling
around the HORROR condition arises from the reintroduction of
1H–1H dipolar interactions, which are averaged out by ultra-fast
MAS. Fig. S3c and d shows that the R3 condition (m1 � mR) is less
efficient than the HORROR condition to promote magnetization
transfer in the case of PARISxy (m = 2) and SHANGHAI at ultra-fast
MAS.
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In a general way, at fast MAS (mR � 30–35 kHz), we have always
observed experimentally that an rf-field close to the HORROR con-
dition (m1 � mR/2) always gives the best compromise in terms of
efficiency and dissipated rf-power.

In Fig. 7, we show the 2D spectra of both sequences recorded at
23.5 T. The spinning speed, mR = 40 kHz, has been chosen slightly
Fig. 7. Experimental 13C–13C correlation maps of histidine recorded at 23.5 T with mR

SHANGHAI and (b) PARISxy (m = 2). Only 28 complex t1 points have been recorded wi
spectrum was 23 min.

Fig. 8. 1D rows extracted from 2D spectra recorded at 21.1 T with mR = 40.5 kHz = 1/Dt1,
feet. PARISxy (m = 2) is shown with red dashed curves and SHANGHAI with black curv
experiment time of 230 min for each spectrum. (For interpretation of the references to
larger than the maximum carbon frequency range
Dmmax

iso = 38 kHz. This choice allows matching Dmmax
iso with the R2B

condition and using a rotor-synchronized experiment (t1 = kTR),
which avoids spinning sidebands along F1, hence simplifying the
spectrum. All cross-peaks are larger with SHANGHAI than with
PARISxy (m = 2), even those close to the diagonal, which
= 40 kHz, m1 = 15 kHz and smix = 250 ms. The 13C–13C recoupling sequences are (a)
th States-TPPI, which leads to F1 truncation. The experiment time to record each

m1 = 20 kHz and smix = 250 ms. Un-informative auto-peaks are indicated by � at their
es. 280 complex t1 points have been recorded with States-TPPI, which leads to an
color in this figure legend, the reader is referred to the web version of this article.)
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corresponds to the ZB condition. SHANGHAI is especially more effi-
cient for cross-peaks with Dmiso values in the interval [mR/3, 2mR/
3] = [13, 26 kHz], which corresponds mainly to cross-peaks involv-
ing one aromatic carbon nucleus (Fig. 1). It is important to note
that even with only 1.5 ll of sample (£ = 1.3 mm), and with a very
short acquisition time of 23 min, we have been able to see all cross-
peaks. We even observe those related to inter-molecular magneti-
zation exchange, such as C2–C0 with r(C2–C0) � 4.05 Å and Dmi-

so = 9.25 kHz, or C2–Ca with r(C2–Ca) � 4.6 Å and Dmiso = 20.5 kHz.
This contribution should disappear with a sample diluted by natu-
ral abundance histidine.

We have also recorded the 2D spectra of both sequences at
21.1 T, but with rf and spinning speed specifications optimized
for PARISxy (m = 2) [27]. Indeed, in this case, the speed has been
chosen to promote simultaneously under PARISxy (m = 2) the mag-
netization transfer between aliphatic (�40 ppm) and aromatic
(�130 ppm) carbons (Dmiso = 90 ppm � 20.3 kHz) and between ali-
phatic and carboxyl carbons (Dmiso = 174–40 = 135 ppm �
30.5 kHz). The only way to match simultaneously both transfers
with PARISxy (m = 2) is to use the two recoupling bands at mR/2
and 3mR/4 (Fig. 5c). In order for these two modulation bands to
recouple optimally and simultaneously all cross-peaks, the spin-
ning speed has thus been fixed to mR = 40.5 kHz � 2 � 20.3 kHz �
1.333 � 30.5 kHz. The third recoupling modulation at Dmiso = mR/4
can help the exchange between spectrally closer carboxyl and aro-
matic regions. The rf-field has been fixed to its previously used
condition for PARISxy (m = 2) to m1 = 20 kHz [27]. The rows of the
2D spectra are presented in Fig. 8. At least 16 cross-peaks display
larger intensities for SHANGHAI than for PARISxy (m = 2). However,
ten cross-peaks display larger intensities in the case of PARISxy

(m = 2); those with Dmiso 6 6.2 kHz (C2–C4, C4–C5, C2–C5, Ca–Cb)
and Dmiso P 33 kHz (C0–Cb). This observation agrees with numeri-
cal simulations, which show that PARISxy (m = 2) is more efficient
than SHANGHAI around ZB and R2B conditions, whereas otherwise
SHANGHAI is more efficient than PARISxy (m = 2).

However, it must be noted that at very high magnetic fields, the
optimum conditions for PARISxy (m = 2) lead to spinning speeds
that are only available with very small rotor diameters
(£ 6 1.3 mm), thus leading to very small sample volumes. As
example, with histidine (Dmmax

iso = 135 ppm), the spinning speed is
then related to the proton Larmor frequency by mR (Hz) � 45m0H

(MHz). This means that a small rotor diameter (£ 6 1.3 mm) must
be used as long as the magnetic field is larger than 17 T. On the
contrary, due to the larger number of SBs, optimum conditions
for SHANGHAI are more ‘broad-banded’ from the speed point of
view, and spectra can be recorded optimally with a 2.5 mm £ ro-
tor, even at very high magnetic fields, which leads to much larger
S/N ratio, due to larger sample volume and increased efficiency.
4. Conclusion

There are two types of methods for structural analyzes of bio-
molecules, which are based either on first- or on second-order
transfer schemes. Actually, the two types of methods are
complementary. Indeed, first-order methods mainly give access
to one-bond correlations, thus allowing the protein skeleton to
be assigned easily [10b] while second-order 1H assisted methods
permit observing longer distance contacts, thus allowing the
observation of protein folding.

We have proposed a broadband super-cycled four-phase dipolar
recoupling scheme, SHANGHAI, for second-order 1H assisted
13C–13C correlation experiments. This method, which has been
demonstrated at the very high magnetic field of 23.5 T, comple-
ments the previous recoupling schemes, especially the PARISxy

(m = 2) sequence [27]. The efficiencies of the two methods have
been compared in the present article. PARISxy is more efficient
around ZB (Dmiso � 0) and R2B (Dmiso � mR) conditions, whereas
SHANGHAI exhibits higher efficiency for intermediate conditions
owing to a larger number of SBs. For both SHANGHAI and PARISxy

(m = 2), the optimal speed mR is slightly superior to the largest
Dmmax

iso value in order to benefit from the R2B recoupling, while
avoiding the line broadening produced at the exact R2 condition
Dmiso = mR. At B0 P 17 T, Dmmax

iso is larger than 35 kHz, and hence also
the optimal MAS speed. Therefore, rotors with outer diameters
strictly smaller than 2.5 mm must then be used. However, owing
to a larger number of SBs, SHANGHAI benefits from a better flexi-
bility in the choice of MAS frequency than PARISxy (m = 2) and was
demonstrated to be more efficient at mR = 32 and 64 kHz. Experi-
ments at mR = 30–35 kHz allow an enhancement in sensitivity since
they are compatible with larger rotor outer diameter (2.5 mm for
instance) and they benefit from a faster magnetization transfer
for these second-order dipolar recoupling methods. Nevertheless,
when mR < Dmmax

iso , the MAS frequency must be carefully chosen to
avoid the exact R2 condition for any 13C resonance pairs. This is
easy for small organic molecules exhibiting a limited number of
resonances, but is more difficult in the case of proteins.

Whatever the spinning speed, the HORROR condition (m1 � mR/2)
produces the most uniform recoupling distribution in SHANGHAI
experiment. At ultra-fast MAS (mR > 60 kHz), the SHANGHAI meth-
od is only efficient close to this HORROR condition. Conversely, at
moderate to fast MAS (mR = 20–35 kHz), it can be used with any rf-
amplitude larger than m1 > 10 kHz (see Fig. 5d), which prevents
potentially damaging heating of the sample.

As the recoupling conditions of SHANGHAI and PARISxy (m = 2)
complement each other (see Fig. 5c and d), it may be possible to
combine sequentially the two super-cyclings to excite more uni-
formly the carbon frequency range.

These two methods, which only use 1H irradiation during mix-
ing time, can be complemented with another second-order meth-
od, PAR, which irradiates simultaneously the 1H and 13C channels
and is very efficient at ultra-fast MAS [37].

Owing to their limited sensitivity to dipolar truncation, all sec-
ond-order methods are especially useful to the analysis of long-
range distances, which can be used to determine the folding of
the protein. Nevertheless, the dipolar truncation is not fully can-
celled out with these sequences. Therefore, determination of accu-
rate distances is problematic, because (i) the geometry of the two
carbons and their local surroundings, including the protons and
other carbons, should be taken into account for distance determi-
nation and (ii) cross-peaks related to long distances are often mix-
tures of direct and relayed polarization transfers [38,39], which
strongly complicates the simulations. Nevertheless, it has very re-
cently been shown that ‘transfer efficiency of PARISxy (m = 2) re-
veals a linear dependence on the strength of the dipolar
coupling, which permits one to relate weak cross-peak intensities
with long distances’ [27a]. A similar behavior is anticipated for
SHANGHAI.

It must be reminded that another way to increase the efficiency
of these homo-nuclear methods is to reduce their experimental
time by decreasing the number of t1 steps required to acquire
the spectra without loss of resolution along F1. This can be ob-
tained by using a covariance data treatment, either with uniform
[40] or non-uniform [10a,41] indirect sampling.

Moreover, SHANGHAI and PARISxy (m = 2) can be used to access
in a quantitative way to thermal equilibrium magnetizations in
single-pulse [42] or CP [43] MAS experiments.
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