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Anja Böckmann • Matthias Ernst • Beat H. Meier

Received: 28 March 2013 / Accepted: 17 June 2013 / Published online: 27 June 2013

� Springer Science+Business Media Dordrecht 2013

Abstract In this article, we describe third-spin assisted

heteronuclear recoupling experiments, which play an

increasingly important role in measuring long-range het-

eronuclear couplings, in particular 15N–13C, in proteins. In

the proton-assisted insensitive nuclei cross polarization

(PAIN-CP) experiment (de Paëpe et al. in J Chem Phys

134:095101, 2011), heteronuclear polarization transfer is

always accompanied by homonuclear transfer of the pro-

ton-assisted recoupling (PAR) type. We present a phase-

alternating experiment that promotes heteronuclear (e.g.
15N ? 13C) polarization transfer while simultaneously

minimizing homonuclear (e.g.13C ? 13C) transfer (PAIN

without PAR). This minimization of homonuclear polari-

zation transfer is based on the principle of the resonant

second-order transfer (RESORT) recoupling scheme where

the passive proton spins are irradiated by a phase-

alternating sequence and the modulation frequency is

matched to an integer multiple of the spinning frequency.

The similarities and differences between the PAIN-CP and

this het-RESORT experiment are discussed here.

Keywords Solid-state NMR � Heteronuclear correlation �
PAIN-CP � RESORT � Heteronuclear RESORT

Introduction

Polarization transfer between spins is one of the most

fundamental building blocks in NMR experiments in

material sciences, chemistry, and biology (Cavanagh et al.

2007; Ernst 1989). In multi-dimensional solid-state NMR,

dipolar-coupling based cross-peaks are key for the

assignment of resonances and the determination of dis-

tances and torsion angles that are needed to determine

protein structures (Castellani et al. 2002; Loquet et al.

2008; Manolikas et al. 2008; van Melckebeke et al. 2010;

Wasmer et al. 2008; Zech et al. 2005; Zhou et al. 2007).

However, dipolar couplings are averaged out under magic-

angle spinning (MAS), and they have to be selectively

reintroduced during polarization-transfer steps by means of

dipolar-recoupling schemes (Bennett et al. 1994, 1998;

Brinkmann et al. 2000; de Paepe et al. 2006, 2012; Hohwy

et al. 1998; Meier and Earl 1987; Nielsen et al. 2012;

Tycko and Dabbagh 1990; Verel et al. 1997, 2001). Most

recoupling techniques generate a zero-quantum (ZQ) or a

double-quantum (DQ) Hamiltonian in the first-order

effective Hamiltonian, and are subject to dipolar truncation

(Bayro et al. 2009; Hohwy et al. 1999, 2002). The term

‘‘dipolar truncation’’ relates to the phenomenon that

polarization transfer across weak couplings is strongly

attenuated in the presence of strong couplings. Dipolar
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A. Böckmann (&)

IBCP, UMR 5086 CNRS, Université de Lyon 1, 7 Passage du
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truncation implies that such recoupling sequences cannot

be used to sensitively measure long distances in uniformly

labeled samples if a pair of nuclei of the same type with a

shorter distance is present. While either measuring samples

with specifically labeled spin-pairs (Castellani et al. 2002;

Hong and Jakes 1999; LeMaster and Kushlan 1996; Loquet

et al. 2011; Zech et al. 2005) or frequency selective re-

coupling methods (Jaroniec et al. 2001; Verhoeven et al.

2004; Williamson et al. 2003) can alleviate the conse-

quences of dipolar truncation, there are many benefits of

working with uniformly [13C, 15N] labeled samples using

non-selective recoupling methods.

Second-order recoupling sequences provide a spectro-

scopic method to significantly reduce the problem of dipolar

truncation and allow the determination of long-range dis-

tance restraints in uniformly labeled biomolecules. Such

sequences are based on cross terms between homonuclear or

heteronuclear dipolar couplings to a ‘‘third spin’’, often a

proton, in the second-order effective Hamiltonian. Several

second-order recoupling sequences have been reported in the

literature e.g. proton-driven spin diffusion (PDSD) (Grom-

mek et al. 2006; Kubo and McDowell 1988; Suter and Ernst

1985; Szeverenyi et al. 1982), dipolar-assisted recoupling

(DARR) (Takegoshi et al. 2001, 2003; Morcombe et al.

2004, the CHHC/NHHC experiments (Heise et al. 2005;

Lange et al. 2002, 2003; Loquet et al. 2008), proton-assisted

recoupling (PAR) (de Paepe et al. 2008), proton-assisted

insensitive nuclei cross polarization (PAIN-CP) (de Paepe

et al. 2011; Lewandowski et al. 2007), mixed-rotational and

rotary-resonance recoupling (MIRROR) (Scholz et al. 2008)

and resonant second-order transfer (RESORT) (Scholz et al.

2010a). Some of the second-order sequences have been

shown to work at fast MAS frequencies despite the fact that

the magnitude of the cross terms decrease with increasing

MAS frequency (Lewandowski et al. 2009; Scholz 2010;

Scholz et al. 2008).

The PAR and PAIN-CP experiments are second-order

recoupling sequences that lead to polarization transfer

between two S spin nuclei (PAR) or an S-M spin pair (PAIN-

CP). The transfer is based on the cross terms between the two

I–S heteronuclear dipolar couplings (PAR) or the I–S and I–

M heteronuclear dipolar couplings (PAIN-CP). Here, the

‘‘third spin’’ is denoted by I, which is usually a proton that is

coupled to the two spins between which polarization transfer

is observed. Technically speaking, the PAR experiment is a

homonuclear non-resonant ZQ experiment, while the PAIN-

CP experiment is a heteronuclear resonant experiment that

promotes ZQ or DQ polarization transfer.

The heteronuclear polarization transfer in PAIN-CP is

always accompanied by homonuclear PAR transfer, and it is

experimentally impossible to separate PAIN-CP from PAR by

optimizing the experimental rf amplitudes (vide infra). Hence,

in a 2D PAIN-CP spectrum, 15N–13C heteronuclear

polarization transfer is always accompanied by 13C–13C

homonuclear transfer, resulting in 15N–(13C)–13C peaks in the

PAIN-CP spectrum. The simultaneous occurrence of the two

polarization-transfer conditions has been exploited to simul-

taneously record PAIN and PAR spectra in a single two-

dimensional experiment without compromising the signal-to-

noise (Lamley and Lewandowski 2012; Nielsen et al. 2012).

In other situations, it is beneficial to suppress the 13C homo-

nuclear transfer to only detect direct 15N–13C correlations.

This is of particular interest in 13C/15N mixed samples that are

used to characterize interfaces, for example between mono-

mers in multimers or polymers, between proteins and their

ligands, or between different domains (de Paepe et al. 2011;

Etzkorn et al. 2004; Helmus et al. 2011; Marulanda et al. 2004;

Seuring et al. 2012; van Melckebeke et al. 2010).

In this contribution we propose a new heteronuclear

second-order recoupling sequence based on the principles of

RESORT (Scholz, 2010). The sequence, dubbed as hetero-

nuclear-RESORT (het-RESORT), promotes heteronuclear

polarization transfer while at the same time suppressing

homonuclear polarization transfer. We envisage the main

application of the sequence would be to attenuate homo-

nuclear transfer while still observing heteronuclear contacts

arising from third spin assisted recoupling. The advantage of

such a scheme is that the heteronuclear polarization transfer

will not be distributed over many different cross peaks

through the homonuclear relay transfer. Furthermore, longer

distances can be directly measured if the relayed transfer is

greatly attenuated. An important practical application is the

measurement of intermolecular distances in mixed-labeled

samples (de Paepe et al. 2011; van Melckebeke et al. 2010).

However for sensitivity reasons, this methodological study

is performed on uniformly labeled protein. The het-

RESORT is based on the resonant second-order cross terms

between the N–H and C–H dipolar couplings. First we

qualitatively explain the principles of het-RESORT and

compare it to PAIN-CP recoupling. Further, through simu-

lation and experiments, we demonstrate that the RESORT

condition can be used to separate the homonuclear and

heteronuclear transfer by appropriate setting of the experi-

mental parameters. 1,2-13C-glycine ethylester is used as a

model system to characterize the main features of the het-

RESORT recoupling scheme. As an application of the

method, the attenuation of the competitive homonuclear

polarization transfer, while maintaining the heteronuclear

transfer, is demonstrated on U-[13C,15N]-ubiquitin.

Qualitative description of the het-RESORT experiment

A description of the PAIN-CP experiment (Fig. 1a) has to

take into account the four frequencies that modulate the

interaction-frame Hamiltonian: the MAS frequency xr and
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the three nutation frequencies x1I, x1S, and x1M (typically,

I = 1H, S = 13C, M = 15N) corresponding to the rf-field

amplitudes of the three spin-lock fields. Such a time-

dependent Hamiltonian can be analyzed in the framework

of operator-based Floquet theory (Leskes et al. 2010;

Scholz et al. 2010b) to obtain effective Hamiltonians. The

PAIN-CP experiment can be performed at resonance con-

ditions given by n0xr ; x1S ± x1M = 0 where n0 = 0,

±1, ±2, ±3, ±4. Since PAIN-CP is a second-order re-

coupling condition, we need to discuss the second-order

effective Hamiltonian

�H
ð2Þ ¼H

ð0;0;0;0Þ
ð2Þ þH

ðn0;þ1;�1;0Þ
ð2Þ þH

ð�n0;�1;þ1;0Þ
ð2Þ ð1Þ

where H
ðn0;þ1;�1;0Þ
ð2Þ and H

ð0;0;0;0Þ
ð2Þ represent the resonant

and the non-resonant parts of the effective Hamiltonian.

The resonant second-order PAIN-CP Hamiltonian has the

form

H
ð�n0;�1;�1;0Þ
ð2Þ ¼

X

p;q;r

cIMSðp; q; rÞ2IpzM
�
q S�r

þ
X

p;q;r
p\r

cMSðp; q; rÞ2SpzM
�
q S�r ð2Þ

The three spin terms IpzMq
;Sr

± are responsible for

promoting second-order heteronuclear polarization transfer

between the S and M spins and results from the cross-term

between M–I and S–I dipolar couplings.

Note that, in addition, first-order heteronuclear polari-

zation transfer can occur at the n0xr ; x1S ± x1M = 0

resonance condition (Hartmann–Hahn CP) when n0 = ±2,

±1. These conditions have to be avoided for PAIN-CP

experiment, which is usually performed at the n0 = 0

condition, where the first-order contribution to the direct

M ? S CP transfer is zero. However, it is worth noting that

for all values of n0, in particular also for n0 = 0, there are

second-order CP conditions (Lange et al. 2009) with con-

tributions from cross terms between homonuclear (S–S) and

heteronuclear (M–S) dipolar couplings. The contribution of

the second-order CP terms, especially at longer mixing

times (10–20 ms), is on the order of one-bond nitrogen

carbon scalar couplings for directly bonded S–M spin pairs.

The non-resonant second-order contribution to the

effective Hamiltonian has the form

H
ð0;0;0;0Þ
ð2Þ ¼

X

p;q;r

cIMMðp; q; rÞ2IpzM
�
q M�r

þ
X

p;q;r

cISSðp; q; rÞ2IpzS
�
q S�r

þ
X

p

cMðpÞ2Mpz þ
X

p

cSðpÞ2Spz

þ
X

p

cIðpÞ2Ipz

ð3Þ

which is completely equivalent to the terms appearing in

the homonuclear PAR experiment (de Paepe et al. 2008;

Scholz et al. 2007). The presence of three-spin terms

(IpzSq
±Sr

; and IpzMq
±Mr

;), promote homonuclear S- and

M-spin polarization transfer responsible for the PAR

transfer during the PAIN-CP experiment. Individually,

both the PAR and PAIN-CP terms are large for all rf-field

amplitudes. However, the efficiency and details of both the

homonuclear and heteronuclear polarization transfer is

determined by the one-spin fictitious-field operators Spz and

Mpz in the non-resonant second-order Hamiltonian. As

discussed previously (de Paepe et al. 2008, 2011; Scholz

et al. 2007), these terms can truncate the transfer terms, and

both the homonuclear and heteronuclear polarization

transfers are only efficient in the regions where the con-

tribution of the one-spin operators Spz and Mpz is small

compared to the three-spin ZQ operators. There is no

obvious way to separate PAR and PAIN transfer pathways,

since conditions for good transfer are selected by mini-

mizing the same one-spin terms in the non-resonant part of

the effective Hamiltonian.

In the het-RESORT experiment (Fig. 1b), the continuous

wave (CW) irradiation on the protons is replaced by a phase-

alternating irradiation with a modulation frequency

xm while the two active spins are still irradiated with CW rf

fields corresponding to nutation frequencies x1S and x1M.

The Hamiltonian is again modulated with four frequencies,

Fig. 1 Pulse sequence for 2D 15N(M)–13C(S) chemical-shift corre-

lation experiment with a PAIN and b het-RESORT mixing. The

timing for the n = 2 het-RESORT condition is indicated in the figure.

In case of the PAIN-CP experiment the phase-alternating pulses on

the I (1H) spins is replaced with a cw spinlock pulse
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xr, x1S, x1M, and xm which need to be included in the

Floquet description. In general, the second-order heteronu-

clear transfer is achieved when the four modulation fre-

quencies satisfy the general resonance condition n0xr ?

k0x1S ± h0x1M ? ‘0xm = 0. Here, n0, k0, h0, ‘0 are the four

Fourier numbers corresponding to the four frequencies, and

can have the following values in order to achieve second-

order recoupling: ‘0 = -? to ??, k0, h0 = 0, ±1, ±2 and

n0 = 0, ±1, ±2, ±3, ±4. The different combinations of the

four Fourier numbers can generate a large number of reso-

nance conditions where a PAIN-CP-like second-order het-

eronuclear polarization transfer similar to the RESORT

experiment can be achieved, and careful adjustment of the

experimental conditions is necessary to choose the desired

effective Hamiltonian.

In particular, the combination of the Fourier numbers

n0 = 1, k0 = ±1, h0 = ;1, ‘0 = -1 generates a resonance

condition xr ± x1S ; x1M - xm = 0. The second-order

effective Hamiltonian at this resonance condition is given

by

H
ð1;�1;�1;�1Þ
ð2Þ ¼

X

p;q;r

cIMSðp; q; rÞ2IpzM
�
q S�r ð4Þ

and contains the heteronuclear three-spin terms that give

the desired second-order heteronuclear polarization

transfer, while the second-order non-resonant effective

Hamiltonian has the general form:

H
ð0;0;0;0Þ
ð2Þ ¼

X

p

cMðpÞ2Mpz þ
X

p

cSðpÞ2Spz

þ
X

p

cIðpÞ2Ipz ð5Þ

The H
ð0;0;0;0Þ
ð2Þ term contains only one-spin fictitious-field

terms, as the potential three-spin terms that appear in the

non-resonant terms of the PAIN experiment are zero due to

symmetry considerations for the Fourier coefficients of the

interaction-frame transformation (Ernst et al. 2006; Scholz

et al. 2010b). Again, the one-spin terms in the non-resonant

part of the Hamiltonian are responsible for determining the

experimental details of rf amplitudes and polarization-

transfer efficiencies. This appears to be an ideal scenario to

produce a pulse sequence that promotes only heteronuclear

transfer, as we have eliminated the homonuclear (in terms

of S and M spins) three spin terms (IpzSq
±Sr

;) from the non-

resonant second-order Hamiltonian, while at the same time

selecting only the heteronuclear three spin terms from the

resonant second-order Hamiltonian. This condition

promotes PAIN-like transfer without simultaneous PAR

transfer.

However, on closer examination of the xr ± x13C ;

x15N - xm = 0 resonance condition, it is apparent that

depending upon the chosen parameters two more resonance

conditions can be independently and simultaneously satis-

fied: the two-frequency resonance condition described by

n0xr ? ‘0xm = 0, and the three-frequency resonance

condition defined by n0xr ± x1M ; x1S = 0. Similar to

the PAIN-CP experiment, the three-frequency matching

condition represents the Hartmann-Hahn CP condition and

can contribute to both first and second-order effective

Hamiltonians. The first-order contribution becomes sig-

nificant only if x1I � 3x1S, 3x1M or when the spin-lock rf

amplitudes on the S and M spins are sufficiently high that

no decoupling is required on the I spins. But even in the

regime when x1I * x1S, x1M, there will always be some

amount of direct M ? S transfer. Again, like in the PAIN-

CP there will be a small second-order Hartmann-Hahn CP

contribution. The first- and second-order effective Hamil-

tonians for the conditions are given by:

H
ð1;�1;�1;0Þ
ð1Þ ¼

X

q;r

cMSðq; rÞ2M�q S�r

H
ð1;�1;�1;0Þ
ð2Þ ¼

X

p;q;r
p\r

cMSðp; q; rÞ2SpzM
�
q S�r

ð6Þ

The two-frequency resonance condition n0xr ? ‘0xm = 0

is the general condition for the homonuclear RESORT

experiment (Scholz et al. 2010a). The second-order

effective Hamiltonian at the two-frequency resonant

condition is given by:

H
ðn0;0;0;‘0Þ
ð2Þ ¼

X

p;q;r

cIMMðp; q; rÞ2IpzM
�
q M�r

þ
X

p;q;r

cISSðp; q; rÞ2IpzS
�
q S�r þ

X

p

cMðpÞ2Mpz

þ
X

p

cSðpÞ2Spz ð7Þ

and contains homonuclear RESORT-type three-spin terms.

When optimizing the het-RESORT experiment, we have to

choose the rf-field amplitudes and modulation frequencies

such that (1) the contribution by the H
ðn0;0;0;‘0Þ
ð2Þ term is

minimized (homonuclear transfer), (2) the contribution by

the H
ðn0;�1;�1;‘0Þ
ð2Þ terms (heteronuclear transfer) is maxi-

mized and (3) the one-spin terms in H
ð0;0;0;0Þ
ð2Þ are mini-

mized. To summarize, the complete effective Hamiltonian

at the xr ± x1S ; x1M ? xm = 0 resonance condition is

given by:

�H
ð2Þ ¼H

ð�n0;�1;�1;0Þ
ð1Þ þH

ð0;0;0;0Þ
ð2Þ þH

ð�n0;0;0;�‘0Þ
ð2Þ

þH
ð�n0;�1;�1;0Þ
ð2Þ þH

ð�n0;�1;�;�‘0Þ
ð2Þ ð8Þ

We have investigated this resonance condition in detail

through simulations and experiments and present our

results below.
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There are a large number of further resonance conditions

such as x1S ; x1M ± ‘0xm = 0, ±4xr ± x1S ; x1M ;

5xm = 0 or even xr ± x1S ; x1M ? xm = 0 at specific

rf amplitudes that selectively promote only second-order

heteronuclear transfer. The main differences between all

these conditions are: (1) the scaling factor in front of the

different spin operators and (2) the number of different

sub-resonance conditions. Here we concentrate on the

xr ± x1S ; x1M ? xm = 0 resonance condition. A

detailed analysis, comprising a full description and com-

parison of all possible resonance conditions is complex and

will be the subject of future studies.

Numerical simulations

To explore the parameter space of both the PAIN-CP as

well as the het-RESORT experiments, numerical simula-

tions were performed using the GAMMA spin-simulation

environment (Smith et al., 1994). The results support the

difference in the properties of the PAIN-CP/PAR and the

het-RESORT/RESORT resonance condition as discussed

above. Figure 2 shows a plot of the polarization-transfer

efficiency as a function of selected parameters for the

heteronuclear as well as homonuclear transfer pathways for

the two experiments. Simulations were performed for

I = 1H, S = 13C and M = 15N. At a chosen spinning fre-

quency, the PAIN-CP experiment has three independent

parameters (x1H, x13C, x15N) that can be optimized, while

the PAR experiment has only two independent parameters

(x1H, x13C). From the theory shown above, the resonance

conditions for the PAIN experiment are given by

x13C ± x15N = nxr. From the work of Griffin and co-

workers (de Paepe et al. 2008, 2011) we know that the best

condition to perform PAIN-CP is at x13C = x15N. Hence,

in the present context, only a two-parameter (x1H,

x13C = x15N) simulation is required for optimization of

the PAIN-CP and PAR condition. Figure 2a, b show the

dependence of the PAIN-CP and PAR transfer on the 1H

and 15N (equal to 13C) nutation frequencies. As predicted

by the Floquet description, the plot shows that the PAIN-

CP and PAR recoupling schemes have an identical

dependence on these two experimental parameters and will,

therefore, always appear simultaneously. This confirms that

the heteronuclear PAIN transfer is always accompanied by

a homonuclear PAR transfer. These simulations were per-

formed on a four spin system of the type: N(1)–H $ H–

C(2) and C(1)–H $ H–C(2) where the dashes indicate

directly bonded nuclei and the arrows through-space con-

tacts. The detailed spin-system parameters are listed in the

Supplementary Information.

In the case of het-RESORT, again at a given MAS fre-

quency, four independent parameters (x1H, x13C, x15N, xm)

need to be optimized, while the RESORT condition

depends only upon three independent parameters (x1H,

x13C, xm). In principle, a four dimensional simulation

needs to be performed in order to find the optimum exper-

imental het-RESORT condition. To explore the influence of

these parameters, two frequencies were held constant while

the other two were varied in order to find all possible res-

onance conditions. Ideal three-spin systems of the type

N(1)–H $ C(2) and C(1)–H $ C(2) were considered during

simulation of the two experiments. At constant 1H (67 kHz)

and 15N (50 kHz) nutation frequencies, the polarization

transfer was simulated as a function of the modulation

frequency xm and the 13C nutation frequency x13C. Fig-

ure 2c shows, as expected, a large number of resonance

conditions at which het-RESORT polarization transfer is

possible. All the resonance conditions are explained by

varying the allowed Fourier number in the general reso-

nance condition n0xr ? k0x13C ± h0x15N ? ‘0xm = 0.

For ZQ transfer (represented by positive contours and

superimposed red lines in Fig. 2c) the signs of k0 and ‘0

have to be opposite, while for DQ transfer (represented by

negative contours and superimposed black lines) the signs

of k0 and ‘0 have to be the same. In principle, the het-

RESORT recoupling experiment can be performed at any of

these recoupling conditions, bearing in mind that the cor-

responding RESORT transfer should be minimized.

From the large set of resonance conditions available, we

choose to investigate the one corresponding to xr ?

x13C - x15N ? xm = 0. From the properties of the

RESORT experiment we know that the RESORT transfer

is poor when the nutation frequency of the heteronuclear

spins is larger than 80 kHz (Scholz et al. 2010a). There-

fore, the rf field on 13C was set to 90 kHz while the 15N

amplitude was kept at 50 kHz. These conditions leave us

with only two parameters (x1H, xm) that need to be opti-

mized. The resulting heteronuclear polarization-transfer

dependence is shown in Fig. 2d. The corresponding

homonuclear RESORT polarization-transfer dependence is

shown in Fig. 2e. From the comparison of the two simu-

lations it is apparent that there are many regions where both

hetero and homonuclear polarization transfer are equally

efficient. However, there exist at least two conditions

(indicated by black dotted boxes) where the heteronuclear

transfer is good while the homonuclear transfer is weak.

Figure 2d shows that the resonance condition in the xm

dimension are very narrow (in fact a narrow as the

x15N = x13C condition in PAIN) and should be set accu-

rately in order to get heteronuclear polarization transfer. As

this is a modulation frequency, it can be set accurately and

no experimental optimization of xm is required. The

complexities of setting up experimental parameters on 13C

and 15N channels remain identical in the PAIN and the het-

RESORT experiment.
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Fig. 2 Numerical simulation of the polarization-transfer efficiencies

for heteronuclear and homonuclear PAIN-CP/PAR recoupling

schemes in comparison to the het-RESORT and RESORT recoupling

scheme. All simulations were performed in GAMMA simulation

environment using a three or a four spin system of the types: (1) N(1)–

H $ C(2) and C(1)–H $ C(2) or (2) N(1)–H $ H–C(2) and C(1)–

H $ H–C(2) spin systems for heteronuclear and homonuclear transfer

respectively, where (1) and (2) represent spin numbers. Simulation a, b,

g and h were performed with a spin-system having four spins while c–

f were performed with spin-system having only three spins. All

dipolar couplings were included except the N–C dipolar coupling in

the heteronuclear and the C–C dipolar couplings in case of the

homonuclear transfer simulation. The isotropic chemical shifts and

scalar couplings were set to zero. All spins are irradiated on

resonance. The MAS frequency was set to 40 kHz and the 1H and 15N

rf fields were varied from 1 to 150 kHz in steps of 1 kHz. The mixing

time was set to 4 ms in all the simulations. 144 crystal orientations

were considered for powder averaging. The initial magnetization was

on spin (1). Intensity optimization plot for a PAIN-CP and b residual

PAR at commonly used experimental condition of m13C = m15N.

c Simulation of different possible resonance condition for het-

RESORT recoupling sequence at m15N = 50 kHz while

m1H = 67 kHz. A very large number of resonance conditions are

observed. d Optimization of mxix versus m1H for het-RESORT at the

resonance condition xr = x13C - x15N. The m15N and m13C nutation

frequencies were set to 50 and 90 kHz respectively. e The dependence

of residual homonuclear RESORT transfer as a function of mxix versus

m1H at m13C = 90 kHz. f Simulation at exactly identical condition as

simulation in d except that direct N–C couplings were included.

Intensity optimization for het-RESORT g at the resonance condition

xr = xm - x15N ? x13C (and sub-resonance conditions xm = 2xr,

xr = x13C - x15N). h RESORT at the resonance condition

xm = 2xr. i Slice out of the 2D optimization in g and h at

m15N = 50 kHz for a four-spin system. For comparison identical

simulation for a three spin system NHC and CHC is shown
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The simulations of Fig. 2d, e were performed with direct

N–C dipolar and scalar couplings set to zero. Including the

direct N–C coupling into the simulations (Fig. 2f) results in

substantial changes in the heteronuclear polarization-

transfer profile. The simulation shows an increase in effi-

ciency and broadening of the N ? C transfer condition. As

discussed above, these additional contributions arise from

simultaneous N ? C cross-polarization type transfers

occurring simultaneously with the desired third-spin med-

iated transfer.

Figure 2g, h show a simulation of heteronuclear and

homonuclear RESORT transfer as a function of 1H and 13C

nutation frequencies at a selected resonance condition,

xr = xm - x15N ? x13C, which simultaneously satisfies

the sub-resonance conditions xm = 2xr, xr = x13C

- x15N. This is the condition we used experimentally.

From a comparison of the two polarization-transfer plots it

is clearly visible that RESORT and het-RESORT show

different dependencies on the experimental parameters.

The red boxes in Fig. 2g, h denote the realistically avail-

able experimental conditions where substantial heteronu-

clear transfer is possible while simultaneously attenuating

homonuclear transfer. An overlay of slices from Fig. 2g

and h at m15N = 50 kHz is shown in Fig. 2i. The het-

RESORT (black) and RESORT (red) transfer curves for an

ideal three-spin system (NHC & CHC) show that at

m1H = 80 kHz the homonuclear transfer is completely

suppressed. An identical simulation (green and blue) for a

more realistic four spin-system shows that the homonuclear

transfer is not zero but attenuated five to eightfolds in

comparison to the heteronuclear transfer for 1H amplitude

between 55 and 80 kHz. So, by simply adjusting the 1H

amplitude one can tune the efficiency and the ratio of the

heteronuclear to homonuclear polarization transfer. The

exact degree of attenuation of homonuclear transfer and

details of the intensity optimization curves will vary from

the ideal simulation depending on the geometry of the spin

system, chemical-shift anisotropy and offsets.

Materials and methods

Uniformly [13C, 15N] labeled microcrystalline ubiquitin

was prepared as described previously (Schubert et al.,

2006). The experiments at 40 kHz MAS were carried out

on a 14.1 T (corresponding 1H-resonance frequency

600 MHz) NMR spectrometer (Bruker Biospin, Germany)

equipped with a home-built 1.8 mm triple resonance probe

(Samoson et al. 2001). All experiments were performed at

cooling gas temperatures of 298 K (U-[13C, 15N] glycine

ethylester), and 235 K (Ubiquitin) resulting in a sample

temperature of about 12 �C, as determined from the water

resonance (Böckmann et al. 2009). Rotors were filled using

an ultracentrifugation tool (Böckmann et al. 2009).

Experiment-specific details are provided in the corre-

sponding figure captions and in the Supporting Informa-

tion. All spectra recorded on Ubiquitin were processed in

TopSpin 2.0 (Bruker Biospin) by zero filling to no more

than double the number of points measured and apodized in

both dimensions using a 2.2 shifted squared sine-bell

function. The spectra were analyzed and plotted by using

CCPNmr Analysis (Stevens et al. 2011; Vranken et al.

2005).

Experimental results and discussion

Based on the theoretical calculations and the numerical sim-

ulations, we experimentally investigated a particular reso-

nance condition in more detail. The selected resonance

condition is characterized by xm - xr ? x13C - x15N = 0

leading to satisfaction of the xm = 2xr and xr = x13C

- x15N resonance conditions. Under these conditions, setting

the spinning frequency to 40 kHz directly fixes the modula-

tion frequency to 80 kHz (sp = 6.25 ls) and the difference

between the x13C and x15N rf fields. Hence, only two exper-

imental parameters need to be optimized: the proton rf-field

amplitude x1H and either the x13C or x15N rf-field amplitude,

while independently crosschecking that the corresponding

homonuclear transfer is minimized for those values.

Figure 3 shows the experimental polarization-transfer

efficiencies for the RESORT/het-RESORT and PAR/

PAIN-CP experiments as a function of the mixing time

(smix) and the proton rf-field amplitude m1H at a MAS

frequency of 40 kHz on a model compound, 1,2-13C–15N-

glycine ethylester. The pulse sequence depicted in Fig. 1

was used to monitor the 1D heteronuclear transfer from

N ? Ca. The homonuclear transfer was also followed in a

1D experiment by selecting the Ca resonance and moni-

toring the build up on the C0 resonance. For the homonu-

clear case, the 1H ? 15N CP was replaced by a 1H ? 13C

CP step, and after the CP step an additional filter was used

to select only the Ca resonance. The filter consisted of a

delay (1/(4Dmiso)) followed by a z-filter that ensured the C’

resonance is dephased out in the X–Y place and only the

Ca resonance is selected.

The plots in Fig. 3a, b show the homonuclear

(Ca ? C0) and heteronuclear (N ? Ca) polarization-

transfer profiles for 1,2-13C–15N-glycine ethylester for the

RESORT and the het-RESORT experiment. Figure 3c

shows a horizontal slice at a mixing time of 4 ms for the

homonuclear RESORT (to be minimized) and the het-

RESORT (to be maximized). Vertical traces through

Fig. 3a, b, at 70 kHz rf field, are shown in Fig. 3d and

represent the buildup of the RESORT and het-RESORT

crosspeaks at the condition where the RESORT transfer is
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minimized. The predicted effects are clearly seen. The

corresponding experimental data for the PAR/PAIN

sequences using cw irradiation on protons is given in

Fig. 3e–h. The 13C and 15N rf amplitudes were set to 90

and 50 kHz respectively, during the resonant experiment

while the 13C and 15N rf amplitudes were set to 50 kHz for

the PAR/PAIN-CP experiment.

From Fig. 3a, b it is clearly evident that it is possible to

separate the homonuclear and heteronuclear polarization

transfer regimes for the amplitude-modulated sequences.

At m1H of 60–70 kHz, the heteronuclear transfer is maxi-

mum, while the residual homonuclear transfer is minimum.

Figure 3c shows that at a mixing time of 4 ms the homo-

nuclear transfer is attenuated by about a factor of 6–8 in

Fig. 3 Experimental

polarization-transfer efficiencies

from the Ca to C0 (plots a,

e) and from the N to Ca (plots

b, f) in 1,2-13C-glycine ethyl

ester as a function of the mixing

time and the proton rf-field

amplitude at a MAS frequency

of 40 kHz. The 13C and 15N rf

amplitudes were set to 90 and

50 kHz respectively for the

amplitude modulated sequence

while they were 50 kHz in case

of the spin-lock sequences. In

the remaining plots, slices for

the efficiency of each

polarization transfer are

represented as a function of 1H

rf-field amplitude for a mixing

time of 4 ms or as a function of

the mixing time for a proton rf

field amplitude of 70 and

110 kHz (maximum

heteronuclear transfer in plots

c and g for XiX decoupling and

CW, respectively
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comparison to the heteronuclear transfer, even though the

resonance condition (xm = 2xr) for the homonuclear

RESORT experiment is fulfilled. This experimental trans-

fer profile of the RESORT and het-RESORT as a function

of m1H closely resembles the one in the simulations

(Fig. 2i). Figure 3d indicates that at the optimized condi-

tion, the build up of the homonuclear RESORT is slower

than the heteronuclear transfer even though the cross-term

between the two C–H dipolar couplings is bigger than the

heteronuclear cross-term between the C–H and N–H

dipolar couplings.

In contrast, the optimization of the continuous-wave

second-order recoupling sequences as a function of m1H

field shows that transfer profiles of the PAR and PAIN-CP

condition are approximately similar (Fig. 3e–g). As

expected from the magnitude of the second-order homo-

nuclear and heteronuclear cross-terms, the buildup of the

homonuclear transfer is much faster than the heteronuclear

transfer (Fig. 3h).

Thus, as predicted from theory and simulation, it is

indeed possible to separate the homonuclear and hetero-

nuclear transfer condition in the recoupling sequences

based on third-spin-mediated recoupling if phase-alternat-

ing sequences are used instead of cw irradiation. In general,

the experimental results obtained on the model substance

are consistent with the numerical simulations. Other reso-

nance conditions were also investigated during the course

of this research work; however the het-RESORT condition

given by xm - xr ? x13C - x15N = 0 gave so far the

best results.

To demonstrate the applicability of the het-RESORT

sequence, we measured two-dimensional 15N–13C correla-

tion spectra of U-[13C, 15N] Ubiquitin at a MAS frequency

of 40 kHz. Figure 4 shows an overlay of the 2D 15N–13C

het-RESORT (red) and PAIN-CP (black) two-dimensional

correlation spectra acquired with a mixing time of 4 ms.

The het-RESORT was acquired at the resonance condition

xm - xr ? x13C - x15N = 0 while the PAIN-CP spec-

trum was acquired at the condition x13C = x15N. For the

PAIN-CP experiment, the 1H rf field was optimized to

obtain maximum intensity, while for het-RESORT the

proton rf field was set to approximately 60 kHz corre-

sponding to minimum homonuclear transfer (see Fig. 3c)

as demonstrated above through simulations and experi-

ments on the model compound. No optimization of the 1H

amplitude was carried out for the het-RESORT experiment.

Analogous to PAIN-CP, the most intense correlations

appear in the N–Ca and N–CO regions of the 2D spectra.

As predicted from theory and simulations, both sequences

do not rely on direct N–C coupling for polarization trans-

fer. However, for both the het-RESORT and PAIN-CP

experiments, either first-order or second-order CP transfers

can take place in uniformly labeled samples due to the

presence of one-bond N–C and C–C dipolar couplings. The

presence of direct N ? C transfer pathways, which are

usually neglected but can be significant, makes a direct

quantitative comparison of the efficiency of the PAIN–CP

and het-RESORT transfer difficult. We note that at best

heteronuclear transfer conditions, both sequences have

approximately the same performance, as can be seen in the

extracted slices in Fig. 4b, c. An empirical comparison of

the direct N–Ca and N–CO peak intensities in the het-

RESORT and PAIN-CP spectra is provided in Fig. S3. We

note that both spectra show essentially the same crosspeak

intensities with increased sensitivity in the het-RESORT

spectrum for Gly and Pro residues.

The main difference between the two spectra lies in the

intensity of the side-chain atom resonances. At a mixing

time of 4 ms, the het-RESORT spectrum (red, Fig. 4) has

much less transfer out to the sidechains than the PAIN-CP

spectrum (black, Fig. 4). While the significant sidechain

intensity in the PAIN-CP experiment is easily explained by

relayed processes, e.g. of the type N(CA)CX where CX

denotes a sidechain carbon nucleus, which is fast due to the

efficient PAR recoupling of the 13C–13C pathway, the

peaks in the het-RESORT have two possible explanations

(1) in an ideal experiment the transfer should be caused by

direct N–C transfer either from the backbone or from

sidechain nitrogen to the respective 13C nuclei or (2) they

could stem from relayed transfer which is not completely

suppressed. A zoomed region of the het-RESORT spec-

trum of Fig. 4 is shown in Fig. 5 and the most important

signals are assigned. Most observed peaks correspond to
15N and 13C nuclei with an internuclear distance of less

than about 3.2 Å. For example intra-residue N–Ca and

N–Cb as well as N–Cc correlations and sequential Ni–

COi-1, Ni–Cai-1 correlations (see Fig. 5). A few peaks that

correspond to medium-range correlations with distances up

to about 4.5 Å are also visible (Fig. 5). Spectra at different

mixing times are shown in the supporting information

(Fig. S2).

Comparison of residual homonuclear transfer

by PAR and RESORT

To estimate the degree of suppression of the homonuclear

transfer in the PAIN/het-RESORT experiment we selec-

tively observe the homonuclear relayed transfer step by

replacing the 1H ? 15N CP step in the pulse sequence of

Fig. 1 by a 1H ? 13C CP transfer step while leaving the

mixing element and all experimental parameters of the het-

RESORT and PAIN mixing element exactly identical to

the one used in recording the heteronuclear correlation

spectra. This essentially corresponds to recording a PAR/

RESORT spectrum at the experimental conditions of the

PAIN/het-RESORT. This modification leads to 2D
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Fig. 4 a Two dimensional
15N–13C correlation experiment

(red het-RESORT, black PAIN-

CP) on a crystalline sample of

U-[13C, 15N] Ubiquitin with the

mixing time of 4 ms and MAS

of 40 kHz. During the spin lock,

the 13C rf amplitude was set to

90 kHz (het-RESORT) and

50 kHz (PAIN-CP), the proton

rf amplitude to 60 kHz (het-

RESORT) and 83.1 kHz (PAIN-

CP) and the 15N rf amplitude

was set to 50 kHz in both cases.

The XiX modulation frequency

mm was set to mm = 2mr. Two

slices taken from the 2D spectra

are represented in the figure

corresponding to b 124.8 ppm;

c 112.3 ppm. For both data sets,

a total of 500 t1 points with 32

scans each were acquired along

the F1 dimension with a recycle

delay of 3 s corresponding to a

total acquisition time of 13.5 h
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Fig. 5 a Zoomed region (N–Ca) from the 2D 15N–13C het-RESORT

spectrum shown in Fig. 4. In most cases, the observed peaks are due

to intra-residue or iN–(i-1)Ca correlations corresponding to the two

shortest distances. Besides these, a few other correlations are also

observable. For example, the peaks on the green dotted line include a

medium-range correlation between Thr55Cb and Asn58N (shown by

dotted green line). b Schematic representation of different residues

from the Ubiquitin structure (PDB code: 1UBQ, Vijay-Kumar et al.

1987). The spatial distances between different nitrogen’s and carbons

are indicated with dotted lines. c Trace extracted at a nitrogen

frequency of 128.2 ppm (6LysN and 50LeuN) resonances (red)

compared with the corresponding frequency from the PAIN-CP

spectrum (black). Strong peaks in the het-RESORT (with red label)

correspond to short N–C distances (for the corresponding distances

see Supplementary information) while most peaks that only appear in

the PAIN-CP spectrum (black labels) correspond to longer N–C

distances. These peaks can be assigned to relayed transfers
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13C–13C homonuclear correlation spectra showing only the

undesired homonuclear transfer during the PAIN/het-

RESORT mixing elements. Figure 6 shows an overlay of

the resulting 13C–13C 2D correlation spectra recorded using

PAR and RESORT mixing with a mixing time of 4 ms.

From the 2D plot, and in particular from the 1D traces b–e,

it is clearly visible that the RESORT spectrum shows

considerably less, and weaker, cross-peaks than the PAR

spectra. Homonuclear correlations between side chain and

carbonyl carbons are almost completely suppressed; cor-

relations from Ca to side-chains and within the sidechain

are significantly attenuated (by a factor of 3, typically).

Most of the remaining peaks in the homonuclear RESORT

spectra can be attributed to intra-residue correlations. They

could not only result from the three-spin dipolar cross term

but also from evolution of 13C–13C homonuclear one-bond

scalar coupling during the spin-lock pulse or spin diffusion

in the rotating frame.

Conclusions

We have introduced a heteronuclear resonant second-order

recoupling experiment for the intermediate (about

20–50 kHz) MAS frequency range. We show that ampli-

tude modulated sequences provide an efficient method to

disentangle simultaneously occurring recoupling mecha-

nism. In principle, there exist numerous conditions for

Fig. 6 a Two dimensional
13C–13C correlation spectra (red

RESORT, black PAR) of a

crystalline sample of U-[13C,
15N] Ubiquitin recorded with a

mixing time of 4 ms and a MAS

rate of 40 kHz. During the spin-

lock, the 13C rf amplitude was

set to 90 kHz (for RESORT)

and 50 kHz (PAR), the proton rf

amplitude to 60 kHz (RESORT)

and 83.5 kHz (PAR) and the
15N rf amplitude was set to

50 kHz in both cases. The XiX

modulation frequency mm was

set to match the RESORT

condition mm = 2mr. For both

data sets, a total of 600 t1 points

with 16 scans each were

acquired along the F1

dimension with a recycle delay

of 3 s. The base contour level is

set to 0.4 % of the maximum

intensity in both the spectra.

Several one dimensional (1D)

slices taken from the 2D spectra

(represented in Fig. 5)

corresponding to b T55,

72.7 ppm; c S65, 64.4 ppm,

d L15, 47.4 ppm and e I23

(8.3 ppm)
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heteronuclear polarization transfer with or without the

presence of sub-resonance conditions. Similar to the PAR

and PAIN-CP experiments, the new sequence uses the

third-spin assisted recoupling mechanism for polarization

transfer and the effective Hamiltonian contains cross-term

between two heteronuclear dipolar (N–H & C–H) cou-

plings. In contrast to the PAIN-CP experiments, it is pos-

sible to experimentally separate, in good approximation,

the homonuclear and heteronuclear polarization transfer

pathways. This goal can be achieved at several resonance

conditions, and here we discussed the xm - xr ? x1S -

x1M = 0 resonance condition in detail. The method was

applied to U-[15N, 13C] labeled ubiquitin to record a 2D

het-RESORT spectrum. At a mixing time of 4 ms most

correlations observed can be attributed to a direct PAIN
15N–13C transfer without PAR relays.
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