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Abstract We introduce the use of multiple receivers

applied in parallel for simultaneously recording multi-

dimensional data sets of proteins in a single experiment.

The utility of the approach is established through the

introduction of the 2D 15N,1HN||13CO HSQC experiment in

which a pair of two-dimensional 15N,1HN and 15N,13CO

spectra are recorded. The methodology is further extended

to higher dimensionality via the 3D 1HN||13CO HNCA in

which a pair of data sets recording 13Ca,15N,1HN and
13Ca,15N,13CO chemical shifts are acquired. With the

anticipated increases in probe sensitivity it is expected that

multiple receiver experiments will become an important

approach for efficient recording of NMR data.

Keywords Multiple receivers � Protein NMR � Parallel

acquisition � Multi-dimensional NMR � HSQC � HNCA

Introduction

NMR spectroscopy has evolved into a powerful analytical

tool for studies of complex molecules such as proteins (Bax

1994; Wüthrich 1986). Typically, resonance assignments

are initially obtained, involving recording and analyzing a

series of multi-dimensional spectra where different sets of

nuclei are correlated in each data set (Clore and Gronen-

born 1991; Ikura et al. 1990). These correlations are

achieved using pulse schemes whereby chemical shifts are

measured in a set of indirect detection periods, followed by

direct detection of magnetization, most often proton, at the

end of the experiment. The development of cryogenically

cooled probes offering significant increases in sensitivity,

along with the advent of multiple receivers provides the

exciting possibility of changing this paradigm to better

optimize the efficiency of spectrometer use. In principle,

this can be realized because the use of parallel receivers

facilitates the recording of multiple data sets from a single

pulse scheme whereby both 13C and 1H nuclei are detected

directly (Kupce 2011).

There are two main approaches for recording free

induction decays (FIDs) in multi-receiver experiments and

these involve either parallel or sequential acquisition. Both

approaches typically split the magnetization into different

pathways that are manipulated separately, with the resul-

tant signals from each of the paths recorded using different

receivers. The sequential acquisition method has been

exploited in a number of applications to date involving a

range of different molecules (Kupce and Freeman 2008;

2011; Kupce et al. 2006), including a scheme for recording

simultaneous 2D HACACO and 3D HACACONNH

spectra (Kupce et al. 2010) and more recently an experi-

ment for obtaining 13Ca–15N and 1H–15N–15N sequential

correlations in proteins (Chakraborty et al. 2012). Using

the sequential approach it becomes possible, in some

applications, to record signal from one pathway in parallel

with an evolution step that is required of magnetization

associated with the second pathway, leading to increased
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efficiency (Kupce et al. 2006). Further, because signals are

recorded sequentially it is straightforward to decouple the

detected magnetization from its coupling partners, as has

been done in previous applications (Kupce 2011). A sig-

nificant drawback, however, is that the direct detection

periods that are within the pulse scheme, rather than at the

end, are naturally restricted in length, limiting the available

resolution. In principle, this problem can be overcome by

parallel acquisition of signal from distinct pathways in the

final step of the experiment so long as the observed nuclei

are not scalar coupled or co-evolve with only very small

scalar couplings. In what follows we illustrate the use of

parallel acquisition for recording simultaneous multi-dimen-

sional data sets of 15N,13C labelled proteins, with specific

applications to HSQC and HNCA pulse sequences incorpo-

rating simultaneous (parallel) 1HN and 13CO detection.

By means of illustration consider the pulse scheme of Fig. 1

in which a pair of two-dimensional 15N–1HN and 15N–13CO

correlation experiments are recorded, 15N,1HN||13CO HSQC.

The two-bond scalar couplings between 1HN and 13CO nuclei

are uniformly small, 4.4 ± 0.4 Hz (Yang et al. 1999), so that

decoupling of these nuclei from each other is not essential, and

separate data sets can be acquired in parallel. In what follows we

briefly outline the pertinent magnetization transfer schemes,

neglecting the effects of pulse imperfections and spin relaxa-

tion. Immediately after the first INEPT period magnetization of

interest is given by 2HZNZ, where Aj j [ {X,Y,Z} is the j com-

ponent of A magnetization. During the subsequent period

between points a and b nitrogen transverse magnetization

evolves with respect to the one-bond 15N–13CO and 15N–1HN

scalar couplings and chemical shift so that immediately after

gradient g3 the relevant terms are

cosð2pJNCOTNÞ cosðxNt1ÞNZ

� sinð2pJNCOTNÞ sinðxNt1Þ2NZCOZ : ð1Þ

Each of the two components, NZ and 2NZCOZ, sub-

sequently traverse separate pathways en-route to detection.

Note that NZ is not affected by the element between c and d

Fig. 1 Pulse scheme for the 2D 15N,1HN||13CO HSQC experiment,

with parallel acquisition of 1HN and 13CO signals during t2. All filled

(open) rectangular pulses have tip angles of 90� (180�), while shaped
1H pulses are water selective. The 1H, 13C and 15N carrier frequencies

are positioned at the water line, at 176 ppm and at 119 ppm,

respectively. 13Ca and 13CO pulses are applied at field strengths of

D/H15 and D/H3 for tip angles of 90 and 180�, respectively, where D
is the distance in Hz between the centers of the 13Ca and 13CO spectra

(Kay et al. 1990). A small angle phase shift is applied to the 13CO

180� pulse between points c and d to compensate for the differences

in power used for this pulse and the flanking 90� pulses. 13Ca

decoupling during t1 was achieved using a constant adiabaticity

WURST-10 decoupling scheme (Kupce and Freeman 1996) with a

bandwidth of 20 ppm centered at 58 ppm (swept from 48 to 68 ppm).

The B1max (B1rms) of the decoupling field was 0.5 (0.42) kHz (at

200 MHz 13C frequency). Delays: sA = 2.5 ms, sB = 2.75 ms, TN =

*15 ms, f = 12.4 ms. The value of TN is adjusted for optimal

sensitivity for the 13CO detected pathway while retaining sufficient

signal to noise for 1HN detection; by contrast f is chosen for optimal

sensitivity for the 15N,13CO spectrum and has essentially no effect on

the 15N,1HN correlation map. 15N evolution times are set as follows: if

TN C t1/2 then t1A = 0 and t1B = TN - t1/2, otherwise t1A = t1/2 - TN

and t1B = pwCO, where pwCO is the 13CO 180o pulse width. The

acquisition times for the directly detected free induction decays of
13CO and 1HN nuclei were set to 82 ms with 1,024 complex data

points acquired on both receivers at a sampling rate of 80 ls per data

point. Phase cycling: /1 = x, y, -x, -y; rec (both 1H and 13CO) = x,
-x. Quadrature detection in F1 was achieved by States-TPPI of /2

(set to y for cos(xNt1) component of the 15N–1HN data set) (Marion

et al. 1989). The IPAP scheme (Ottiger et al. 1998; Yang and

Nagayama 1996) is implemented by setting /3 = y, sip = f and

sap = 0 to record the in-phase component and /3 = -x, sip =

f - sap and sap = 4.86 ms to record the anti-phase component. This

has no effect on the 1HN detected signal. Gradient strengths (G/cm) and

durations (ms): g0 = (10, 0.5), g1 = (5, 0.5), g2 = (15, 1), g3 = (11,

1), g4 = (7, 0.8), g5 = (-3, 0.3), g6 = (5, 0.6), g7 = (24, 0.4)
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(except for inversion), while immediately following d the

remaining portion of the pulse sequence transfers the

nitrogen magnetization back to 1HN for detection. This

pathway generates the 2D 15N,1HN data set. By contrast,

2NZCOZ is manipulated by the scheme between c and d, to

ultimately generate a ‘13Ca decoupled, 13CO detected data

set’ as described below, and the resultant magnetization

stored along the Z-axis until the final CO 90� pulse prior to

detection. This pathway is responsible for the 15N,13CO

spectrum. Following the magnetization pathway for 2NZCOZ

one obtains 2NZCOZ ! COZ for /3 = y, sip = f, sap = 0

and 2NZCOZ ! 2COZCa
Z for /3 = x, sip = f–sap, sap ¼

1
4JCO;Ca

where JCO,Ca is the uniform one bond 13CO,13Ca scalar

coupling (52.5 ± 1.0 Hz; Yang et al. 1999). Immediately

after the final 13CO pulse prior to detection the signal of

interest is either COY (IP) or 2COY Ca
Z (AP). The 15N,13CO

data sets recorded as in-phase (COY) or anti-phase (2COY Ca
Z)

CO magnetization are stored separately and then

subsequently added and subtracted, according to the IPAP

procedure (Ottiger et al. 1998; Yang and Nagayama 1996).

This produces a pair of data sets with peaks in the 13CO

dimension at frequencies of xCO� pJCO;Ca. Each of these

data sets is shifted by JCO;Ca=2 Hz (in opposite directions) so

that peak positions correspond to chemical shifts, xCO, and

the two data sets added to increase the signal to noise further

by H2. Note that the NZ ! HZ pathway (15N,1HN spectrum)

is unchanged by the IP/AP manipulations that are used for

‘decoupling’ of the 13CO and 13Ca spins during 13CO

detection (15N,13CO data) so that the IP and AP data sets can

be added directly to increase the sensitivity of the 15N,1HN

correlation map byH2. As an aside, from Eq. 1 it is clear that

the cosine-t1 modulated 15N,1HN data set is recorded at the

same time as the sine-t1
15N,13CO spectrum so that the 15N

dimensions are ‘reversed’ in the two spectra.

Because the sensitivity of 13C detect experiments is

eightfold less than the corresponding 1H observe mea-

surements, all other things being equal, intensities of cor-

relations in the 15N–13CO data set will be at least a factor

of 8 reduced relative to the 15N–1HN spectrum. The relative

sensitivity difference is in fact larger because our cooled

probe-head is optimized for 1H and not 13C detection, with

the carbon coil further from the sample (signal to noise of

8050:1, 1H,ETB and 1030:1, 13C,ASTM). In addition, the

pathway that generates the 15N–13CO spectrum is longer

than that for the 15N–1HN data set, since there is an addi-

tional element of duration 2f where 13CO magnetization is

refocused with respect to the directly coupled 15N, that is

longer than the final 2sB and 2sA delays that are required

for the 15N–1HN experiment. The ‘starting magnetization’

for each of the separate pathways can be controlled by the

duration of TN since the sensitivities of the 15N–1HN and
15N–13CO data sets are proportional to cos(2pJNCOTN) and

sin(2pJNCOTN), respectively. Typically TN is chosen such

that the cosine and sine terms are &0.174 and 0.985,

respectively, although this could certainly be optimized on

a case by case basis. It is noteworthy that the pulse scheme

of Fig. 1 is constructed such that t1,max is not bounded by

the value of TN, so that the relative sensitivities of the 1HN

and 13CO detected data sets can be adjusted in a manner

that does not depend on the required resolution in F1. This

is achieved by keeping the length of the scheme between

points a and b constant for t1 B 2TN and only increasing

the length for t1 [ 2TN using a ‘shared constant-time

approach’ (Grzesiek and Bax 1993; Logan et al. 1993). Of

course, evolution of 15N magnetization due to the one-bond
15N–13CO scalar coupling proceeds in all cases for a

duration of 2TN.

Figures 2a, b illustrate 2D 15N–1HN and 15N–13CO

spectra of 1 mM, 15N,13C chicken liver fatty acid binding

protein (Lb-FABP, 125 residues, 25 �C, 18.8T) recorded

in approximately 20 min with the 15N,1HN||13CO HSQC

scheme of Fig. 1. Histograms of the signal-to-noise of

cross-peaks in each of the spectra are shown in Figs. 2c,

d. Although there is a significant sensitivity drop in the
13CO detected spectrum the sensitivity is still more than

sufficient to obtain a very near complete data set. In this

regard it is of interest that 120 of the 122 expected peaks

were observed in the 15N–13CO data set relative to 118 in

the 15N–1HN HSQC. The small difference is likely a

reflection of slightly less overlap in the 15N–13CO

spectrum.

The 2D 15N,1HN||13CO HSQC experiment provides

resonance frequencies of three nuclei, 13CO, 15N and 1HN,

as in the 3D HNCO experiment (Ikura et al. 1990; Kay

et al. 1990). Furthermore, not only do the two data sets,
15N,1HN and 15N,13CO that are recorded in parallel, pro-

vide complementary information, but they also help to

resolve ambiguities caused by signal overlap, because peak

positions in the directly detected 1HN and 13CO dimensions

are typically not correlated, Fig. 2. Because the 2D spectra

recorded here are the orthogonal 15N–13CO and 15N–1HN

projections of the 3D HNCO they can, in principle, be used

together to reconstruct the 3D HNCO data set. In practice,

it has been shown that while sparsely populated 3D spectra

can be reconstructed by means of covariance processing

(Kupce and Freeman 2007; Zhang and Bruschweiler 2004;

Zhang et al. 2010) the signal overlap that is always present

in 2D protein spectra causes many false correlations. These

can be eliminated using projection spectroscopy (Freeman

and Kupce 2004, 2012) or, as shown below, by recording

the (missing) third orthogonal 2D plane, 13CO–1HN, using

the HNCO pulse sequence. It then becomes possible to

reconstruct the full 3D HNCO spectrum, at least for rela-

tively small proteins. For example, extracting traces at a

particular F3 (1HN) frequency from the F1F3 (13CO,1HN)
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and F2F3 (15N,1HN) planes produces vectors, v~F1�F3 and

v~F2�F3, whose tensor product v~F1�F3 � v~F2�F3 is the 2D

F1F2 (13CO,15N) slice through the 3D data set at the F3

frequency chosen. Unfortunately, many false peaks are

produced using this procedure but these can be eliminated

by retaining only those correlations present in an experi-

mentally derived data set correlating 13CO and 15N

chemical shifts, so long as such a plane is also available for

analysis. The approach is illustrated in Fig. 3 using
13CO–1HN, 15N–1HN and 15N–13CO planes recorded on Lb-

FABP, the later two obtained using the HSQC scheme

described above. A 13CO–15N 2D slice of the 3D HNCO

data set at F3 = 7.11 ppm is constructed from the tensor

product of traces extracted at d1HN = 7.11 ppm from each

of the 13CO–1HN, 15N–1HN planes. These traces are shown

in panels a and b, respectively, with the resulting tensor

product indicated in panel c, red peaks. The false correla-

tions are eliminated by comparison with the 15N–13CO

plane, black in Fig. 3c, recorded using the sequence of

Fig. 1. Only those peaks that are present in both the

v~F1�F3 � v~F2�F3 and 15N–13CO planes are retained, to

produce a high resolution data set that corresponds to a

slice through the 3D HNCO spectrum, Figure d, red peaks.

Figure d also overlays the corresponding slice obtained

from an HNCO data set recorded conventionally and, not

surprisingly, an excellent correlation in the peak positions

between the two spectra is obtained. Notably, however, the

resolution is vastly superior in the reconstructed slice, as

illustrated in the traces in Figure d. This is emphasized

further in Figure e where a slice corresponding to

F3 = 8.80 ppm is shown (both reconstructed and from a

conventional data set), focusing on a more crowded region.

As a final note it is straightforward to construct a high

resolution, complete 3D HNCO spectrum by following a

similar procedure to that described above for each 1HN

frequency (Kupce and Freeman 2005).

The approach for recording the 2D 15N,1HN||13CO HSQC

experiment can be further expanded to generate 3D and
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Fig. 2 1HN (a) and 13CO (b) detected 2D HSQC spectra of the

chicken liver fatty acid binding protein, 25 �C, (Lb-FABP, Asla

Biotech, 1 mM in 9:1 H2O/D2O) recorded simultaneously using the

pulse sequence of Fig. 1 on an Agilent 18.8T DDR2 NMR system

equipped with two receivers and a cryogenic 13C and 1H enhanced

sensitivity probe. The spectral widths were 2.8 kHz (F1) and 12.5 kHz

(F2) with 128 (t1) and 1,024 (t2) complex data points. Data were

collected in approximately 25 min using 2 scans per increment.

Following acquisition, the IP and AP data sets were separated. These

were added to increase the sensitivity of the 15N,1HN correlation map

by H2. For the 15N,13CO spectrum, the IP and AP data were added

(data set A) and subtracted (data set B) in the time domain, each of the

two data sets were frequency shifted by ±0.5JCO;Ca = ±26 Hz

before adding together to increase the signal to noise further by

H2. Histograms of signal-to-noise for the 15N,1HN (c) and 15N,13CO

(d) data sets are shown; 118 and 120 of the expected 122

correlations were quantified to produce the histograms in (c) and

(d), respectively
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Fig. 3 a, b Vectors corresponding to traces at F2 = 7.11 ppm from

high resolution 2D 13CO,1HN and 15N,1HN data sets (red) recorded on

Lb-FABP, 25 �C, 18.8T. c As described in the text the tensor product

of these vectors produces a 2D data set containing peaks found in the

(13CO,15N) plane corresponding to the F3 = 7.11 ppm slice from the

3D HNCO spectrum, along with many additional correlations (red).

The ‘real’ peaks correspond to those that are found in the 2D
15N,13CO data set that is obtained from the sequence of Fig. 1 (black).

Retaining only these peaks (overlap of red and black correlations,

indicated by circles) generates the ‘true’ slice through the 3D but with

much better resolution. Total measuring time to record all 3

orthogonal 2D planes was 35 min. d Fully reconstructed 15N,13CO

plane (red) of the 3D HNCO (F3 = 7.11 ppm) overlaid with the

corresponding plane extracted from a 3D HNCO experiment recorded

using the conventional HNCO pulse sequence in 6 h and 10 min with

32 (t1), 64 (t2) and 1,024 (t3) complex data points and 2 scans per

increment; 48 h would be required to record a conventional 3D

spectrum with comparable resolution. e As in d but for

F3 = 8.80 ppm, showing a significant improvement in resolution in

the case of overlapped peaks

Fig. 4 Pulse scheme of the 3D 1HN||13CO HNCA. Many of the

experimental details are the same as for the 2D 15N,1HN||13CO HSQC

and are not repeated here (see legend to Fig. 1). The delay sCA is set to

14 ms. Phase cycling: /1 = x, -x; /2 = 2(x), 2(y), 2(-x), 2(-y); rec

(both 1H and 13CO) = x, 2(-x), x. Quadrature detection in F1 and F2

was achieved by States-TPPI of /1 and /3 (set to y for the cos(xNt2)

component of the 1HN detected data set), respectively (Marion et al.

1989); /4 = y, sip = f and sap = 0 to record the IP component and

/4 = -x, sip = f - sap and sap = 4.86 ms to record the anti-phase

component. Gradient strengths (G/cm) and durations (ms): g0 = (10,

0.5), g1 = (5.0, 0.5), g2 = (15.0, 1.0), g3 = (10.0, 1.0), g4 = (7.0,

0.8), g5 = (-5.0, 0.3), g6 = (5.0, 0.6), g7 = (24.0, 0.5)
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higher dimensionality 1HN- and 13CO-detected parallel

experiments. We illustrate this via the 3D 1HN||13CO HNCA,

Fig. 4, and provide a brief description of the important fea-

tures of the experiment below, neglecting pulse imperfec-

tions and relaxation. Similar to the ‘traditional’ HNCA pulse

scheme (Ikura et al. 1990; Kay et al. 1990) magnetization is

transferred according to the pathway

HZ ! 2HZNZ ! 2NZCa
Z cosðxCat1Þ ð2Þ

with 2NZCa
Z present immediately after the t1 period. During

the subsequent element, extending between points a and b,
15N magnetization is refocused with respect to 13Ca,

allowed to evolve (partially) due to the scalar coupling

with the attached 13CO spin and chemical shift recorded

(indirectly) so that immediately after gradient g3 the

components of interest are proportional to

sinð2p1JNCaTNÞ cosð2p2JNCaTNÞfcosð2pJNCOTNÞ
cosðxNt2ÞNZ � sinð2pJNCOTNÞ sinðxNt2Þ2NZCOZg ð3Þ

There are additional terms to those in Eq. (3) that are also

relevant, obtained by interchanging 1JNCa and 2JNCa above,

however we will neglect these for simplicity. In the

derivation of Eq. (3) it is noteworthy that we have

included the fact that the 13Ca 90� pulse applied at point b

purges any magnetization that has not refocused with

respect to 13Ca. This is important to obtain ‘clean’ IP and AP

spectra for the 13CO detected pathway that follows. After

point b the magnetization pathways for 1HN (NZ) and 13CO

(2NZCOZ) detection diverge and the remaining portion of

the sequence is identical to that already described for

the 15N,1HN||13CO HSQC experiment, Fig. 1. Thus, a pair of

3D data sets are obtained with correlations at (xCa,xN,xHN)

(NZ pathway)and (xCa,xN,xCO), with intensities pro-

portional to sinð2p1JNCaTNÞ cosð2p2JNCaTNÞ cosð2pJNCOTNÞ
and sinð2p1JNCaTNÞ cosð2p2JNCaTNÞ sinð2pJNCOTNÞ, respec-

tively. For TN = 0.014 and for small to moderately sized

proteins the signal is close to optimal for the 13CO HNCA, with

sufficient signal for the second pathway so that high quality 1HN

HNCA data sets can be obtained.

A 3D 1HN||13CO HNCA data set has been recorded on a

1 mM 15N,13C labelled Lb-FABP sample, 18.8T, 25 �C in

12 h of acquisition time. Figure 5 compares strip plots

from the pair of 3D data sets. High quality data sets are

obtained, with 119 intra- and inter-residue correlations and

116 intra-, 109 inter-residue cross-peaks observed in the
1HN and 13CO detect experiments, respectively (out of a

possible 122). A comparison of both data sets makes it very

easy to link 1HN and 13CO chemical shifts and because the
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Fig. 5 F1F3 strip plots of 1HN- (left) and 13CO- (right) detect 3D

HNCA spectra of the chicken liver fatty acid binding protein (1 mM,

25 �C) recorded using the pulse scheme of Fig. 4 on an Agilent 18.8T

DDR2 NMR system equipped with two receivers and a cryogenic 13C

and 1H enhanced sensitivity probe. Spectral widths of 5 kHz (F1),

2.8 kHz (F2) and 12.5 kHz (F3) were used, with 32 (F1), 40 (F2) and

1,024 (F3) complex points. Following acquisition, IP and AP data sets

were separated and the data sizes in the directly detected dimensions

were reduced by a factor of 4 to retain only the active spectral

bandwidths of interest. The data matrices were processed using linear

prediction in the indirectly detected dimensions. The 13CO detected

HNCA was generated by calculating sums and differences for the

pairs of IPAP data sets, with a further H2 sensitivity advantage

obtained by addition of the resulting spectra after frequency shifting

the two data sets in F3 by ±26 Hz. IP/AP data sets are added prior to

processing the 1HN-detected HNCA spectrum. The total experiment

time was 11 h 20 min
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13CO chemical shift is recorded directly much higher res-

olution can be obtained than from ‘standard’ HNCO data

sets. This is illustrated in Figs. 3d,e where significant dif-

ferences between 13CO line-widths in directly/indirectly

detected dimensions are noted.

In summary we have shown that 1HN and 13CO detected

2D and 3D experiments can be recorded simultaneously

and with high resolution. Such experiments provide more

information in a single measurement in comparison to

conventional experiments recorded with a single receiver.

For instance, the backbone assignment of small to medium

size proteins (1HN,15N,13Ca,13CO) can potentially be

obtained from a single pulse sequence that uses parallel

acquisition, such as 3D 1HN||13CO HNCA (except for

prolines). With the prospect of further increases in the

sensitivity of 13C detection we expect such experiments to

become routine in the near future.
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