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Abstract
Obtaining site-specific assignments for the NMR spectra of proteins in the solid state is a significant bottleneck in decipher-
ing their biophysics. This is primarily due to the time-intensive nature of the experiments. Additionally, the low resolution 
in the 1H-dimension requires multiple complementary experiments to be recorded to lift degeneracies in assignments. We 
present here an approach, gleaned from the techniques used in multiple-acquisition experiments, which allows the recording 
of forward and backward residue-linking experiments in a single experimental block. Spectra from six additional pathways 
are also recovered from the same experimental block, without increasing the probe duty cycle. These experiments give 
intra- and inter residue connectivities for the backbone 13C

�
 , 15N , 1H

N
 and 1H

�
 resonances and should alone be sufficient to 

assign these nuclei in proteins at MAS frequencies > 60 kHz. The validity of this approach is tested with experiments on 
a standard tripeptide N-formyl methionyl-leucine-phenylalanine (f-MLF) at a MAS frequency of 62.5 kHz, which is also 
used as a test-case for determining the sensitivity of each of the experiments. We expect this approach to have an immediate 
impact on the way assignments are obtained at MAS frequencies > 60 kHz.

Keywords Magic-angle-spinning solid-state NMR · Fast MAS · Multiplexing · Residue linking · Proton detection

Introduction

Magic-angle-spinning solid-state NMR employing spin-
ning frequencies > 60 kHz is rapidly emerging as a viable 
technique for understanding the structural biology of sev-
eral classes of proteins, including microcrystalline proteins 
(Knight et al. 2011; Agarwal et al. 2014; Andreas et al. 2016), 
membrane proteins (Linser et al. 2011b; Ward et al. 2011; 
Barbet-Massin et al. 2014; Dannatt et al. 2015; Lakomek et al. 

2017), aggregated proteins and supramolecular assemblies 
(Marchetti et al. 2012; Struppe et al. 2017). Methodological 
developments in the study of dynamics of such proteins (Smith 
et al. 2017; Asami and Reif 2017; Smith et al. 2018; Rovó 
et al. 2019; Jain et al. 2019), as well as experiments that pro-
vide long and short-range distance restraints (Jain et al. 2017; 
Duong et al. 2018), promise to provide a complete picture 
of their structure and function. These developments, includ-
ing assignment techniques have been reviewed elsewhere 
(Andreas et al. 2015a; Higman 2018). Despite the improve-
ments in the resolution of 1H resonances in fully protonated 
proteins at MAS frequencies > 60 kHz , obtaining site-spe-
cific assignments still remains the main bottleneck in these 
studies. The main reason for this is that the high resolution 
in the 13C and 15N dimensions alone is not sufficient to com-
pensate for the comparatively low resolution in the 1H dimen-
sion in fully protonated proteins, improvements due to the 
ever-increasing MAS frequencies notwithstanding. With this 
background, the ideal 3D or 4D experiment that helps remove 
degeneracies in assignments is the residue-linking experiment 
N(CoC

�
)NH

N
 (Andreas et al. 2015b; Xiang et al. 2015). This 

experiment encodes two dimensions with the chemical shift of 
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a nucleus that has the highest resolution ( 15N ). In the best of 
conditions, this spectrum may alone be sufficient to generate 
complete assignments in small proteins. The C

�
(CoN)C

�
H

�
 is 

the 13C-edited analog of the above experiment. Work from the 
Pintacuda group suggests that H 

�
 resonances have lower line-

widths than H 
N
 in proteins (Stanek et al. 2016) and the inher-

ent dependence of the C
�
 chemical shifts on amino-acid type 

makes this experiment a good candidate for assigning proteins 
as well. To the best of our knowledge, this experiment has 
not yet been reported for proteins, perhaps due to the higher 
resolution in the 15N dimension, which this strategy relies on, 
and the inherent insensitivity, which makes the acquisition of 
both these experiments unfeasible.

Both these strategies follow from the HNN experiment in 
solution NMR (Panchal et al. 2001), where the low dispersion 
in the 1H dimension for unstructured proteins is compensated 
by using two 15N dimensions with high resolution for assign-
ments. When combined with the standard triple-resonance 
experiments such as C

�
NH

N
 and NC

�
H

�
 (Linser et al. 2011b), 

these are expected to give complete assignments in even larger 
proteins. However, recording multiple 3D experiments in sol-
ids for the purpose of assignments is a time intensive task, 
requiring weeks of experimental time. One of the most prom-
ising approaches developed in the past few years has been the 
sequential detection of multiple experiments, which has been 
shown to allow 2–4 experiments to be detected in a single 
experimental block (Linser et al. 2011a; Gopinath and Veglia 
2012b). This strategy makes use of either additional sources 
of polarization that are detected independently (Herbst et al. 
2008; Gopinath and Veglia 2012a, b; Gopinath et al. 2019), 
or recovers polarization from coherence transfer pathways 
that are otherwise phase-cycled out in a traditional experi-
ment (Banigan and Traaseth 2012; Mote et al. 2013; Gopi-
nath et al. 2013; Gopinath and Veglia 2016). These strategies 
have also been adapted in oriented NMR studies of membrane 
proteins (Gopinath et al. 2015). They have been extended to 
1H detected experiments (Sharma et al. 2016; Das and Opella 
2016), where the presence of a third nucleus for correlation 
increases dramatically the number of ways in which multiple 
experiments can be combined. Fast MAS frequencies and 1H 
detection also allow for a comparatively higher efficiency of 
transfers (Penzel et al. 2015) and the aforementioned residue-
linking experiments become feasible (Andreas et al. 2015a; 
Xiang et al. 2015) under these conditions. However, with 
the presence of multiple coherence transfers, the number of 
coherence transfer pathways that are discarded in the course 
of traditional phase cycling also increases.

Using the strategies gleaned from those used in experi-
ments that involve sequential detection, we present here an 
approach that does the following two things: (i) simulta-
neously record the forward and backward residue-linking 
experiments C

�
(CoN)C

�
H

�
 and N(CoC

�
)NH

N
 , and (ii) 

recovers spectra from six other pathways that give intra- and 
inter-residue connectivities, which are otherwise discarded. 
A unique aspect of this experiment is that these gains are 
achieved with a single direct acquisition and no increase 
in the probe duty cycle, which avoid some of the problems 
associated with multiple sequential detection strategies. This 
results in simultaneous recording of eight complementary 
2D experiments or six 3D intra- and inter-residue-linking 
experiments that are expected to give complete assignments 
in small to medium sized proteins, at MAS frequencies 
> 60 kHz . A proof-of-principle demonstration is shown on 
a standard tripeptide MLF at a MAS frequency of 62.5 kHz. 
The availability of multiple spectra for assignments also 
improves the ability of automated assignment protocols such 
as ssFLYA (Schmidt et al. 2013), to improve the accuracy 
of assignments. In this context, the C

�
(CoN)C

�
H

�
 experi-

ment is expected to be very useful in assigning proteins and 
further improve the resolution of degeneracies in automated 
assignment procedures. Given that CP based transfer effi-
ciencies are expected to remain constant for a wide variety of 
samples in the solid state, we anticipate that this strategy will 
be a very efficient way to address the assignment problem 
for proteins at MAS frequencies > 60 kHz.

Results and discussion

The pulse sequence

Figure  1 shows the pulse sequence which combines 
N(CoC

�
)NH

N
 and C

�
(CoN)C

�
H
�
 pulse sequences as in pre-

viously described multiple-acquisition experiments (Gopi-
nath and Veglia 2012b, 2013; Sharma et al. 2016; Kupče 
et al. 2019). The 1H magnetization is initially transferred to 
13C and 15N using simultaneous cross-polarization (Herbst 
et al. 2008; Linser et al. 2011a; Gopinath and Veglia 2012b) 
and the 13C

�
 and the amide 15N nuclei are encoded in the 

first indirect dimension. A series of transfer steps, start-
ing with C

�
→ Co (DREAM), followed by Co ↔ N and Co 

→ C
�
 (DREAM), and finally N 

�
 ↔ C

�
 leave the polariza-

tion originating on 13C
�
 nucleus on the 13C

�
 nucleus of the 

next residue, while the polarization originating on the amide 
15N nucleus now resides on the amide 15N nucleus of the 
preceding residue. The chemical shifts of these nuclei are 
now encoded in the second indirect dimension during a 3D 
experiment. Finally, the polarization is transferred to 1H for 
detection after a water-suppression element. The 15N polari-
zation is kept along the longitudinal axis during the course 
of the DREAM transfers. This design ensures that there 
is no increase in the probe duty cycle. In cases of highly 
resolved spectra of small proteins, the N(CoC

�
)NH

N
 experi-

ment is alone expected to give nearly complete assignments 
(Andreas et al. 2016; Stanek et al. 2016). Given the inherent 
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dependence of the C
�
 chemical shift on the amino-acid type 

and the high resolution for the H 
�
 resonances, we expect 

the C
�
(CoN)C

�
H

�
 experiment to perform similarly well for 

this purpose. This sequence can be modified with selective 
� pulses on the carbonyl nuclei during the indirect evolu-
tion times for achieving scalar decoupling of both 15N and 
13C

�
 nuclei. However, if the 15N–13C

�
 scalar coupling is to 

be refocused, the two nuclei will need to have independent 
evolution periods. This can be easily achieved by storing 15N 
polarization along the longitudinal direction during 13C evo-
lution, and vice-versa (Gopinath and Veglia 2013; Sharma 
et al. 2016). Note that this increases the duty cycle compared 
to the standard experiment. It is also possible to use INEPT 
instead of the DREAM to achieve C

�
 ↔ Co transfers. The 

relative merits of using INEPT and DREAM depend on the 
MAS frequency, and these issues have been discussed else-
where (Barbet-Massin et al. 2013; Penzel et al. 2015; Fraga 
et al. 2017). 15N and 13C nuclei in proteins exhibit different 
T
2
 relaxation and chemical-shift dispersions, and are often 

recorded with different spectral widths and indirect evolution 
times. In the design where 15N and 13C are co-evolved, an 
arbitrary setting of spectral width and evolution times can be 
achieved by first storing both polarizations along the longi-
tudinal axis, and then recalling them with �∕2 pulses in such 
a way that the evolution times for a particular indirect point 
end at the same time, as has been shown before (Gopinath 
and Veglia 2013; Sharma et al. 2016).

Recovering orphan pathways using multiplexing

At this point, a simple 8 or 16-step phase cycle can be 
used to select out the desired pathways, the minimum 
being a 4-step phase cycle (vide infra). A 16-step phase 
cycle that achieves this is given in Fig. 1. The most promi-
nent alternate pathways that are cancelled out during the 
course of this phase cycling arise due to the inefficiency 
of 15N ↔ 13C transfers. There are pathways that result from 
polarization not transferred at the N ↔ Co step ( C

�
 NH 

and NC
�
H

�
 ), the N ↔ C

�
 step ( C

�
(Co)NH, N(Co)C

�
H

�
 ), 

or both the steps ( C
�
C
�
H

�
 and NNH

N
 ). As their names 

suggest, these pathways can complement the residue-
linking experiments by providing additional intra- and 
inter-residue connectivities. They can be selected from 
the pulse sequence in Fig. 1 with an identical phase cycle 
as long as the receiver phase is adjusted for the pathway 
of interest. Here, we recover all of these pathways, and 
make use of multiplexing (Ivchenko et al. 2003) to do so. 
Each individual free-induction-decay (FID) resulting from 
the phase cycle is stored separately and then multiplied 
with an appropriate phase factor before adding all of the 
FIDs to give the signal from the desired pathway. Thus, 
the same dataset processed with eight different combina-
tions of phase factors will result in 8 independent spectra. 
One needs to only ensure that selecting out one particular 
pathway completely cancels out all other pathways. This 

(a) (b)

Fig. 1  a Pulse sequence for the acquisition of multiple 1H detected 
experiments in a single experiment. The pathway for the acquisi-
tion of the C

�
(CoN)C

�
H

�
 and N(CoC

�
)NHN experiments are shown 

by yellow and pink arrows, respectively. b Colour-coded pathways 
for all the experiments encoded by this pulse sequence. The start 
and the end of each pathway on either 1H

�
 or 1HN are indicated by 

arrows. The numbers that represent each of the pathways are 1: 
N(CoC

�
)NHN , 2: C

�
(CoN)C

�
H

�
 , 3: N(Co)C

�
 H � , 4: C

�
(Co)NHN , 

5: NC
�
H

�
 , 6: C

�
NHN , 7: NHN , and 8: CxHx. Narrow bars indicate 

90° pulses and the pulse blocks are labelled as follows: Sim-CP: 
simultaneous cross-polarization (Herbst et  al. 2008; Gopinath and 
Veglia 2012b), DREAM: dipolar recoupling using adiabatic modula-
tion (Verel et al. 2001), SP-CP: specific cross-polarization using the 
double-quantum-recoupling conditions, and rCWApA : refocused con-
tinuous-wave heteronuclear decoupling, using conditions optimized 
for 62.5  kHz MAS and low RF (Equbal et  al. 2017). The 16-step 
phase cycle is: �1 = y , − y; �2 = x , �3 = y , �4 = −y , �5 = x , x, − x, 

− x; �6 = �7 = x , �8 = (x) × 4 , (− x) × 4; �9 = (x) × 8 , (− x) × 8; 
�10 = (x) × 8 , (− x) × 8. This can be increased to a 32-step cycle by 
using �10 = (x) × 16 , (− x) × 16 or reduced to an 8-step cycle using 
�9 = �10 = x (see main text for justification). The phase cycle on the 
initial 1H pulse may also be not necessary in most samples, reduc-
ing the minimum phase cycle required for this experiment to 4. One 
can impose additional phase cycles on �2 and the �∕2 pulses flank-
ing the water-suppression block. This is generally not required, but 
is recommended if the number of scans used are 64, or higher. The 
phases �5 , �8 , �9 and �10 are used in the multiplex phase cycle (see 
main text for more details), and consequently, the receiver phase �rec 
(x, − x) follows only the 1H 90◦ pulse phase in absence of additional 
phase cycle on �2 , �3 , �4 , �6 and �7 . Note that the cross-polarization 
from 15N to 1H and 13C to 1H uses different contact times, and the 
pulse blocks are arranged so that both of them end at the same time 
(Sharma et al. 2016; Das and Opella 2016). Quadrature detection for 
the indirect dimensions is achieved using the STATES-TPPI method 
for the pulses marked with an asterix
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can be done using the phase cycle and the deconvolution 
matrix shown in Fig. 2. The resulting experimental spec-
tra on the tripeptide f-MLF are shown in Fig. 3. Here, the 
indicated 2D experiments were acquired using the pulse 
sequence in Fig. 1 where only the first indirect dimension 
( t
1
 ) is incremented. We note that this strategy has been 

previously used to recover two (Gopinath et al. 2013) and 
four (Sharma et al. 2016) experiments from a single direct 
acquisition. This article extends this to the recovery of 
eight experiments. In general, the number of pathways in 
any experiment is expected to be four times the number 
of 15N ↔ 13C SPECIFIC-CP transfers (two of them being 
residual pathways, which arise due to the inefficiency of 
the CP block). The use of two CP blocks in the residue-
linking experiments, thus, lends itself naturally to mul-
tiplexing and the recovery of eight experiments. When 
MAS frequencies > 60 kHz and 1H detection are used, this 

recovery is achieved using a single direct acquisition and 
no increase in probe duty cycle, which is not possible at 
slower MAS frequencies and 13C detection. It may be pos-
sible to record this experiment as a series of direct acqui-
sitions, and even possible to recover residual polarization 
after the final N → H 

N
 and C → H 

�
 transfers. However, 

each additional 1H detection element is expected to require 
an additional water-suppression block. Even a short water-
suppression block of 40–50 ms adds to the overall experi-
mental time (~ 2–3% increase in time), and causes a net 
sensitivity loss of 16–20%, negating in part the gains on 
some of the polarization pathways, especially those with 
low sensitivity. Thus, the use of a single detection and a 
single water-suppression element is critical to the recovery 
of these pathways. We note that experiments recovered 
here form the basis of assignment strategies at MAS fre-
quencies > 60 kHz, and would be required for complete 

(a) (b) (c) (d)

Fig. 2  Multiplex phase-cycling to separate out 8 independent path-
ways. 16 1D experiments arranged as a matrix (a), when multiplied 
by the deconvolution matrix (b), give a set of 8 1D datasets (c), which 
correspond to eight independent pathways shown in (d). White bars 
in the second column indicate a phase of + x, while black bars indi-
cate a phase of −  x. Each 1D (Column a) is a combination of two 
scans, with �1 = y , −  y and �rec = x , −  x, where the phases refer 

to those described in Fig. 1. The phases that are a part of the multi-
plex phase cycle are �5 , �8 , �9 and �10 , with a nested phase cycle x, 
− x on each of them. Each decounvoluted 1D spectrum c is, thus, a 
summation of 32 scans. Red and blue vertical lines in Column c are 
used to distinguish the positions of the three H N and H � resonances, 
respectively
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assignments of backbone atoms using 1H detected experi-
ments under these conditions, even if the strategy outlined 
here is not used.

Sensitivity of the eight pathways

It is instructive to compare the sensitivity of each of these 
experiments in order to assess the overall time savings. The 
sensitivity of each of the experiments is linked to the effi-
ciency of each of the transfer blocks. At 62.5 kHz on the 
f-MLF sample, we have found that the efficiencies of each 
of the transfer steps is as follows: NCo: 0.50, NC

�
 : 0.38, C

�
 

Co: 0.41, CoC
�
 : 0.43. The 15N ↔ 13C transfer efficiencies 

were determined by comparing the sensitivity of the 15N 
cross-polarization experiment versus the sensitivity of 15N → 
13C → 15N experiment (the net efficiency of a single transfer 
is given by the square root of the ratio of the SNR in these 
experiments), as described by Penzel et al. (2015). The effi-
ciency of DREAM transfers was determined by comparing 
the integral of the 13C

�
 resonances after the DREAM trans-

fer to that of the directly-bonded 13Co resonance before the 
transfer, and vice-versa. These numbers are close to those 
reported for ubiquitin at a MAS frequency of ∼ 100 kHz 
(Penzel et al. 2015), and are likely to improve mainly due 
to the higher efficiency of C

�
-Co DREAM transfers at MAS 

frequencies > 100 kHz. The fraction of the overall magneti-
zation available for each individual experiment with respect 
to that available in a pulse sequence optimized for each of 
these experiments is given in Table 1—Column A. These 
numbers are given with respect to a pulse sequence that is 
optimized for a single experiment. For example, the C

�
NH

N
 

is compared with an experiment that does not use out-and-
back DREAM transfers, as is mandated by the design of the 
pulse sequence in Fig. 1. Considering these numbers, we 
conclude that if each of these experiments are to be acquired 

N(CoCαN)HN Cα(CoNCα)Hα Cα(CoN)HN N(CoCα)Hα

N(Cα)HαCα(N)HN NHN CxHx

(a) (b) (c) (d)

(e) (f) (g) (h)

M1(N-HN)

L2(N-HN)
F3(N-HN)L2(N-Hα)

M1(N-Hα)

F3(N-Hα)M1(Cα-HN)

F3(Cα-HN)

L2(Cα-HN)

M1(Cα-Hα)

F3(Cα-Hα)

L2(Cα-Hα) *

IN
TR

A
-R

E
S
ID

U
E

IN
TE

R
-R

E
S
ID

U
E

L2N-M1Hα

F3N-L2Hα

L2Cα-F3HN

M1Cα-L2HN

M1Cα-L2Hα

L2Cα-F3Hα

F3N-M2HN

M2N-L1HN

Fig. 3  (a–h)  Eight 2D experiments recorded on f-MLF using the 
pulse sequence shown in Fig.  1. The indirect dimension evolved in 
this experiment is denoted by t1 in Fig.  1. 38 complex points were 

acquired in the indirect dimension, corresponding to an evolution 
time of 7.6 ms for both 13C and 15N . Side-chain peaks in the spectra 
from pathway 8 (CxHx) are indicated by an asterix in h 

Table 1  The fraction of the starting magnetization available for each 
of the experiments as compared to that available in an independently 
optimized pulse sequence (Column A)

Net sensitivity of the first indirect point for each experiment com-
pared to a 13C or 15N edited 1H-1D experiment (Column B). The res-
idue-linking experiments being insensitive, are assumed to require at 
least eight times the number of scans than those required by a 13C/15N
-edited experiment 1H experiment. Column C compares the net sensi-
tivity of each experiment assuming that 8x more scans are recorded. 
These data are for a sample of f-MLF at the MAS frequency of 
62.5  kHz. Note that the carbonyl atom of the amide group at the 
N-terminus in f-MLF is not 13C labelled, and hence was not con-
sidered in the analysis below. All numbers are rounded to 0.01 and 
reported with an error bar of ± 0.01. Note that in 3D experiments, the 
sensitivity of the 13C–1H and 15N–1H pathways will be lower than that 
reported in Column A by a factor of ∼ 0.7 , as the quadrature point 
will be acquired twice. The loss in sensitivity due to the initial Sim-
CP step itself being 0.93 and 0.8 times as sensitive as an individual 
CP transfer is included in these calculations

Experiment A B C

(N Co C
�
N) H

N
0.80 0.06 0.18

(C
�
N Co C

�
) H

�
0.93 0.06 0.16

(N Co C
�
)H

�
0.50 0.14 0.38

(C
�
Co N) H

N
0.58 0.09 0.26

(N C
�
) H

�
0.42 0.14 0.38

(C
�
N) H

N
0.17 0.04 0.13

(N) H
N

0.16 0.16 0.45
(Cx) Hx 0.04 0.04 0.13
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individually, with the sensitivity that is obtained from the 
pulse sequence in Fig. 1, it would require an experimental 
time that is ∼ 2.3 times longer (This number is given by the 
sum of the squares of the numbers in Table 1—Column A). 
Note that since a minimum of 4-step phase cycle is required 
for the successful application of the above strategy (vide 
infra), practical time savings in case of high sensitivity are 
higher, as the overall experimental time is limited by the 
phase cycle of the remaining experiments. The use of mul-
tiple transfer steps in the residue-linking experiments makes 
it quite insensitive (Table 1—Column B), and a higher 
number of scans will be required to record this experiment 
with adequate signal-to-noise. This means that the other 6 
experiments, despite the low values of the initial polarization 
available, end up with enough sensitivity for a reliable detec-
tion of resonances (Table 1—Column C). However, when 
the DREAM and/or SPECIFIC-CP transfer efficiencies are 
significantly lower than those reported here, a prohibitively 
long time may be required for the residue-linking experi-
ments. It will then be possible to record experiments such 
as NC

�
H

�
 and C

�
NH

N
  which require a lower number of 

transfer steps, with a lower number of scans than those used 
to calculate the relative time savings here. In such cases, it 
will be important to consider the minimum number of scans 
with which each experiment can be done, rather than the net 
sensitivity, and the overall time savings are expected to be 
lower than the factor of 2.3 that we report.

The minimum phase cycle

The minimum phase cycle to cleanly separate all eight 
experiments has to be at least eight steps long, thus mandat-
ing a minimum of 8 scans for this experiment. The simplest 
way to achieve this is to nest 2-step phase cycles (x, − x) 
on the two 15N ↔ 13C transfers and the final transfer to 1H 
from either 13C or 15N . Such a phase cycle for each of the 
eight pathways is shown in Figs. 1 and 2. The addition of an 
independent 2-step phase cycle (y, − y) for the first 1H 90° 
pulse to suppress undesired pathways starting with initial 13C 
or 15N polarizations doubles the minimum number of scans 
per increment to 16. On our 1.3 mm HCN probe, the large 
background signal from 1H in one of the pathways ( NNH

N
 ) 

needed to be suppressed by an additional 2-step phase cycle, 
bringing the net number of scans required per 2D experiment 
to 32. However, the 1H

�
 and 1H

N
 resonances occupy different 

parts of the spectral window, and hence, are already sepa-
rated in the direct dimension. If their separation is deemed 
unnecessary, the total number of scans can be reduced to 16. 
The phase cycle on the initial 1H pulse can also be removed 
as the contribution from longitudinal 15N and 13C magnetiza-
tion is small or is dephased prior to the pulse. Further, in 3D 
(and higher-dimensional experiments), the NNH

N
 pathway 

does not contain more information than the corresponding 

2D experiment, and can be ignored completely. This brings 
the absolute minimum number of scans required to imple-
ment this strategy down to 4. It may be possible to record 
this experiment with only 4 scans on small proteins with 
exceptional sensitivity, but most samples are expected to 
require a higher number of scans, and it may be prudent to 
include additional phase-cycling blocks, including the ones 
mentioned above, in the final phase cycle.

Extensions to higher dimensions

The extension of this experiment to three or higher dimen-
sions can be done in a straightforward manner using chem-
ical-shift evolution periods at appropriate positions in the 
pulse sequence shown in Fig. 1. 3D cubes of the eight 3D 
experiments obtained on the f-MLF sample are shown 
in Fig. 4. It is to be noted that the residual CxCxHx and 
NNH

N
 experiments have a repeated dimension, and thus 

have no more information than the corresponding 2D data-
set. However, in situations where slow chemical exchange 
occurs between one or more conformations with distinct 15N 
chemical shifts, the NNH

N
 experiment may give off-diagonal 

peaks in the 15N–15N plane (Cho et al. 2014). This can be 
used for diagnostic purposes as well as to prevent misassign-
ments. We note that a single 5D-NCoC

�
NH

N
 experiment 

was recently shown to give nearly complete assignments 
in medium-sized proteins (Orton et al. 2019). This experi-
ment uses a coherence transfer pathway that is similar to 
the N(CoC

�
)NH

N
 pathway shown in Fig. 1. The addition 

of information from 5 complementary pathways using the 
strategy outlined above is expected to speed up the assign-
ment process for proteins even further. Experiments with >3 
dimensions are expected to require the use of non-uniform 
sampling (NUS) (Mobli and Hoch 2014). The strategy out-
line above is compatible with NUS; the preprocessing of 
time-domain data as described in Fig. 2 will result in mul-
tiple datasets that can be then be processed using any of the 
available NUS reconstruction algorithms.

Materials and methods

NMR experiments were done on a 16.5 T Bruker magnet 
( ∼ 700 MHz 1H Larmor frequency) with a 1.3 mm HCN 
triple resonance probe (Bruker Biospin) controlled using 
an Avance III console and Topspin 3.5. All experiments 
were done at a MAS frequency of 62.5 kHz. Cross-polari-
zation from 1H to 13C and 15N was done using the double-
quantum recoupling condition ( �H ∼ 50 kHz , and �C and 
�N ∼ 12.5 kHz ). These conditions avoid the known PAR/
PAIN recoupling conditions (Agarwal et al. 2013). Contact 
times for CP were optimized independently and the best con-
tact time for the transfer to 13C was chosen. This gave ∼ 80% 
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transfer to 15N nuclei, similar to the transfer seen at slow-
moderate MAS frequencies (Gopinath and Veglia 2012b), 
while the transfer to C

�
 was reduced to ∼ 0.93 times its origi-

nal value. The DREAM sequence with adiabatic modulation 
of the radio-frequency (RF) amplitude (Verel et al. 2001) 
was used for transfer of polarization from 13Co to 13C

�
 and 

vice-versa ( �C ∼ 31 kHz ; RF offset placed between 13Co 
and 13C

�
 , both optimized independently). Transfers from 

15N to 13Co and 13C
�
 , and vice-versa were optimized at the 

double-quantum transfer conditions using tangential modu-
lation of the RF amplitude on 13C channel ( �N ∼ 50 kHz and 
�C ∼ 12.5 kHz ). Water suppression was achieved using the 
MISSISSIPI sequence Zhou and Rienstra (2008); only 10 ms 
long block was used for the dry f-MLF sample. The contact 
times for the reverse cross polarization to 1H were 150 μs 
and 50 μs for 15N and 13C , respectively. Low-power rCWApA 
decoupling (Equbal et al. 2017) was used in the indirect 
dimensions, and 15 ms 1H detection was carried out under 
WALTZ-16 heteronuclear decoupling (Shaka et al. 1983) 
on both 13C and 15N channels. Spectra were processed using 
NMRGlue (v0.8-dev) (Helmus and Jaroniec 2013) and Top-
spin 3.5, and figures were generated using Matploltib and 
Inkscape. 3D box plots were made using nmrcube routine 
in NMRPipe (Delaglio et al. 1995). The pulse sequence and 
instructions for processing the spectra are included as sup-
plemantary information to this article. These will be addi-
tionally made available at www.githu b.com/kaust ubhmo 
te/pulse seq, and can also be requested from the authors by 
email.

Conclusions

We have demonstrated here the utility of multiplex phase 
cycling to acquire as many as eight 2D and six 3D experi-
ments within a single experimental block, using a single 
direct acquisition. This method uses strategies that were 
developed for experiments that utilize multiple sequential 
acquisition of coherence pathways, and takes advantage of 
the higher sensitivity of 1H detection, which allows such a 
combination to be recorded. They give complementary intra- 
and inter-residue connectivities that will allow for a direct 
assignment of the backbone residues. The use of a 13C-edited 
residue-liking experiment, namely C

�
(CoN)C

�
H

�
 , although 

anticipated due the success of 15N-edited residue-linking 
experiments (N(C

�
Co)NH

N
) has not yet been demonstrated. 

The relative insensitivity of these experiments means that a 
choice needed to be made with respect to which experiment 
would be best suited. Instead, our strategy combines these 
two experiments and makes them available for assignments 
at the same time. The six additional 2D or four 3D datasets 
contain complementary intra- and inter-residue connectivi-
ties, which will help in resolving degeneracies for larger pro-
teins. Notably, this is achieved without increasing the duty 
cycle of the standard pulse sequence and thus is applicable 
irrespective of the nature of the protein sample. The use of 
a single detection and a single water-suppression element 
also means that the gains from the recovery of some of the 
more insensitive pathways are retained, which would have 
otherwise been lost due to a perceptively small, but signifi-
cant increase in experimental time. We anticipate that this 

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 4  (a–h) Eight 3D experiments recorded using the pulse sequence shown in Fig. 1 on f-MLF. These experiments were recorded with 32 
scans and 16 complex points in each indirect dimension, corresponding to an evolution time of 3.2 ms in each indirect dimension

http://www.github.com/kaustubhmote/pulseseq
http://www.github.com/kaustubhmote/pulseseq
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3D experiment, as well as higher dimensional experiments 
(which evolve the chemical shift of the 13Co resonances) 
will be sufficient to assign backbone resonances in proteins 
at MAS frequencies > 100 kHz.
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