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Abstract We present a new method for rapid NMR data

acquisition and assignments applicable to unlabeled (12C)

or 13C-labeled biomolecules/organic molecules in general

and metabolomics in particular. The method involves the

acquisition of three two dimensional (2D) NMR spectra

simultaneously using a dual receiver system. The three

spectra, namely: (1) G-matrix Fourier transform (GFT)

(3,2)D [13C, 1H] HSQC–TOCSY, (2) 2D 1H–1H TOCSY

and (3) 2D 13C–1H HETCOR are acquired in a single

experiment and provide mutually complementary infor-

mation to completely assign individual metabolites in a

mixture. The GFT (3,2)D [13C, 1H] HSQC–TOCSY pro-

vides 3D correlations in a reduced dimensionality manner

facilitating high resolution and unambiguous assignments.

The experiments were applied for complete 1H and 13C

assignments of a mixture of 21 unlabeled metabolites

corresponding to a medium used in assisted reproductive

technology. Taken together, the experiments provide time

gain of order of magnitudes compared to the conventional

data acquisition methods and can be combined with other

fast NMR techniques such as non-uniform sampling and

covariance spectroscopy. This provides new avenues for

using multiple receivers and projection NMR techniques

for high-throughput approaches in metabolomics.

Keywords GFT NMR � Multiple receivers �
Metabolomics � 2D HSQC–TOCSY � Assisted reproductive

technology

Introduction

One of the first steps in the analysis of an NMR spectrum

of small molecules or a mixture of metabolites is the

identification/resonance assignment of the individual

components. This is accomplished typically using a set of

homonuclear and heteronuclear two dimensional (2D)

NMR spectra which includes 2D [13C, 1H] HSQC, 2D
1H–1H TOCSY and 2D [13C, 1H] HSQC–TOCSY (Cava-

nagh et al. 1996). In many cases to alleviate spectral

overlap, a 3D 13C-edited HSQC–TOCSY experiment helps

in providing improved resolution by spreading the peaks in

the third dimension. However, due to its high ‘minimal’

measurement time required for data acquisition the 3D

NMR spectrum is seldom acquired for resonance assign-

ment of small molecules/metabolites, especially for those

which are not enriched with 13C. To overcome this con-

straint several new approaches have been proposed in
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recent years which provide considerable reductions in the

measurement time required for acquiring high dimensional

NMR spectra (Atreya and Szyperski 2005; Felli and

Brutscher 2009; Schanda 2009; Coggins et al. 2010). While

these methods have been successfully applied to biomole-

cules, their potential for small molecules or metabolites

remains underutilized. Rapid data acquisition is particu-

larly useful in metabolomics/systems biology, which often

involves high-throughput profiling/analysis of metabolites

in different bio-systems (Hawkins et al. 2010; Salgotra

et al. 2013).

Two of the fast data acquisition methods include

G-matrix Fourier transform (GFT) NMR spectroscopy

(Kim and Szyperski 2003; Atreya and Szyperski 2004;

Szyperski and Atreya 2006) and use of multiple NMR

receivers for parallel data acquisition (Kupče et al. 2006,

Kupče 2013). GFT NMR spectroscopy is a reduced

dimensionality approach in which multiple chemical shifts

are jointly sampled in the indirect dimension(s) of a ND

experiment (Kim and Szyperski 2003; Atreya and Szy-

perski 2004; Szyperski and Atreya 2006). The reduction in

dimensionality from ND to (N, N–K)D spectrum results

when K ? 1 chemical shifts are jointly sampled in one of

the indirect dimensions. Time saving by an order of mag-

nitude or more results from the fact that multiple chemical

shifts are correlated in a single dimension instead of

acquiring them in separate dimensions. A consequence of

this is the detection of a linear combination of chemical

shifts being sampled in the ‘GFT dimension’ instead of the

individual chemical shifts themselves as in a conventional

NMR spectrum (Atreya and Szyperski 2004; Szyperski and

Atreya 2006). It is however straightforward to obtain the

individual chemical shifts from the linear combination

using either a simple addition/subtraction of the combina-

tions or using a least square approach (Kim and Szyperski

2003). In addition to affording savings in measuring time,

GFT NMR spectra have an additional advantage of having

higher resolution than their parent ND spectrum. This is

due to the fact that: (1) the reduction in the number of

dimensions affords a longer acquisition time in the indirect

dimension(s) (through collection of higher number of

increments) resulting in narrower lines and (2) the sums

and differences of chemical shifts resulting from joint

sampling span a wider spectral range than the individual

shifts themselves.

The second approach of parallel data acquisition using

multiple NMR receivers is a more recent technical devel-

opment in NMR spectroscopy (Kupče et al. 2006, 2007,

2010; Kupče and Freeman 2010a, b, 2011; Kupče and

Wrackmeyer 2010; Kupče and Kay 2012; Donovan et al.

2013; Kupče 2013). The method involves the simultaneous

or sequential acquisition of NMR time domain data [the

free induction decay (FID)] of 1H and heteronuclei

(13C/31P/15N/29Si) by separate receiver systems. The indi-

vidual FIDs are digitized, processed and stored separately

allowing two NMR spectra to be acquired simultaneously.

Different applications of this approach have been shown

for small molecules (Kupče et al. 2006, 2007; Kupče and

Freernan 2008, 2010a; Kupče 2013) and 13C, 15N labeled

biomolecules (Kupče et al. 2010; Chakraborty et al. 2012;

Kupče and Kay 2012; Reddy and Hosur 2013).

While the two approaches described above have been

individually shown to provide time savings, their combi-

nation generates a powerful tool to accelerate data collec-

tion. Towards this end, we have developed a novel method

wherein three 2D NMR spectra are acquired simulta-

neously in a single experimental data set using the dual

receiver system for parallel data acquisition. Two of the

spectra obtained using this method: (1) 2D 1H–1H TOCSY

and (2) 2D 13C–1H HETCOR are based on the conven-

tional data acquisition scheme and the third, namely, GFT

(3,2)D 13C-HSQC TOCSY is based on the GFT mode of

data acquisition described above. To identify the experi-

ments as acquired with a dual NMR receiver system, a

prefix ‘‘DR’’ is added to the experimental name. In order to

facilitate rapid assignment using the three spectra in con-

cert, we have developed a (semi) automated approach. As

discussed below, the three spectra provide mutually com-

plementary information and aid in unambiguous resonance

assignments. Compared to an equivalent high resolution set

of conventional 3D HSQC–TOCSY, 2D 1H–1H TOCSY

and 2D 13C, 1H spectra, the current method provides time

savings of more than an order of magnitude. The data

collection and analysis can be further accelerated by

employing techniques such as non-uniform sampling

(Hyberts et al. 2007, 2012) and covariance spectroscopy

(Bruschweiler and Zhang 2004; Zhang and Brueschweiler

2004; Chen et al. 2006), which help to provide high reso-

lution in the indirect dimensions. The method is applied to

a mixture of 21 metabolites comprising a medium used in

human in vitro fertilization (IVF) and is applicable to

molecules/metabolites either in unlabeled (natural 13C

abundance) or 13C enriched forms. In particular, the

method will be of high utility in metabolomics for rapid

analysis (Lindon et al. 2000; Nagana Gowda et al. 2012).

Methods and materials

Implementation of NMR experiments

Figure 1 depicts the flow of magnetization in the experi-

ment proposed and the chemical shift correlations

observed. Briefly, all 1H spins (attached to 12C or 13C) are

frequency labeled during ‘t1’ in the first INEPT step in a

semi-constant time manner. Simultaneously during this
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period, the magnetization of 1H attached to 13C branches

out into two parts: one part being transferred to 13C and the

remaining retained on 1H (this can be achieved by tuning

the INEPT delay to 1/4JHC instead of 1/2JHC). The part of

the 1H magnetization that is retained is utilized later down

the sequence to transfer to 13C for acquiring 2D HETCOR.

The part which is transferred to 13C is frequency labeled

again (in t1) for joint sampling with 1H with a relative

scaling factor (j). The magnetization of 1H attached to 12C

is retained throughout the pulse sequence and subjected

(along with 1H attached to 13C) to isotropic mixing for

observing the TOCSY correlations during t2. Thus, three

spectra are acquired (in an interleaved manner), which

provide the different chemical shifts correlations as

depicted in Fig. 1. The DR-2D 1H–1H TOCSY is indeed

obtained for ‘‘free’’ within the scans used for signal aver-

aging and artifact suppression and together with DR-2D

HETCOR serves as the ‘central peak spectrum’ for the

GFT spectrum (Kim and Szyperski 2003). The radio fre-

quency (r.f.) pulse scheme for the experiments are shown

in Fig. 2 and the various product operators terms observed

at different points along the r.f. pulse sequence is given in

Table 1 for unlabeled (12C) molecules. A plot of transfer

function as a function of the delay periods (T, s1, s2 in

Fig. 1) is shown in Figure S2.

In a 13C-labeled sample the 2D 1H–1H TOCSY is

obtained either from any 1H bound to 12C or from 1H

magnetization arising from incomplete transfer of magne-

tization of 1H to 13C during the 1H-13C polarization transfer

steps in the r.f. pulse sequence. Thus, the sensitivity of 2D
1H–1H TOCSY in 13C labeled samples can be adjusted to

the desired levels by modifying the delay periods (T, s1, s2

in Fig. 2) used for 1H–13C magnetization transfer. The flow

of magnetization for a 13C-labeled sample is depicted in

Fig. 1 A schematic depiction of the magnetization pathway implemented in the proposed experiments. The chemical shift correlations observed

in each of the experiments are indicated

Fig. 2 R.f. pulse scheme for acquiring dual receiver (DR) GFT

(3,2)D 13C HSQC–TOCSY, DR-2D 1H–1H TOCSY and DR-2D [13C,
1H] HETCOR in a single experimental data set. The magnetization

transfer scheme is illustrated in Fig. 1. Thin and thick vertical bars

indicate rectangular 90� and 180� pulses, respectively, and the RF

phases are indicated above the pulses. Where no r.f. phase is marked,

the pulse is applied along x. High power 90� pulse lengths are 9 ls for
1H and 12 ls for 13C in the solution state. The 13C r.f. carrier is placed

at 40 ppm and the 1H carrier position is set to 4.7 ppm throughout the

duration of the experiment. Chemical shift evolution of 1H during t1 is

carried out in a semi-constant time manner. The initial values (t1 = 0)

of t1a (0), t1b (0) and t1c (0) are: 0.9 ms, 3 ls and 0.9 ms, respectively

(1/(81JHC); 1JHC *140 Hz) such that T = 1.8 ms. For semi-constant

time evolution, the values of Dt1b and Dt1c are based on the number of

increments and the spectral width. For 512 complex points and

spectral width of 20,000 Hz (25 ppm) used for the indirect (1H)

dimension in the current study, the values of Dt1a, Dt1b and Dt1c are:

25, 23.3 and -1.7 ls. The chemical shift evolution period of 13C

during t1 is co-incremented with that of 1H with a relative scaling

factor (j). GARP is employed to decouple 13C from 1H. A 13C

spectral width of 200 ppm is chosen for the direct dimension (in 2D

HETCOR) and 25 ppm for the indirect dimension (in GFT (3,2)D

HSQC TOCSY and 2D 1H–1H TOCSY). A mixing time of 80 ms is

use for isotropic mixing of 1H with DIPSI. The delays are :

s1 = 1.8 ms, s2 = 0.9 ms. Phase cycling: /1 = x; /2 = x; /3 = y,

-y; /4 = x, -x; /5 = x, x, -x, -x; /6 = x, x, -x, -x; /7 = x, -x;

/8 = x, x, -x, -x; /9 = x, x, -x, -x; /10 = x, -x; /11 = x, x, -x,

-x; /(rec) (13C) = x, x, -x, -x; /(rec) (1H) = x, -x, -x, x. The

PFGs applied have Sinc shaped with strengths: G1 = 19 G/cm;

G2 = 19 G/cm; G3 = 19 G/cm; G4 = 19 G/cm; G5 = 11 G/cm;

Quadrature detection in t1 (1H) out in States manner (i.e., /1 = x, y).

See text for data processing and analysis
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Figure S1 and the various product operators terms observed

at different points along the r.f. pulse sequence is given in

Table S2.

For acquiring GFT data, the chemical shift evolution

period of 13C is co-incremented with that of 1H and

detected in quadrature using the States method by varying

/2 = x, y (Fig. 2). The four FIDs thus collected by varying

/1 and /2 independently, are collected separately and pre-

processed using the G-matrix prior to Fourier transform

(Atreya and Szyperski 2005). This results in the linear

combination of chemical shifts of 1Hi and its directly

attached 13Ci nucleus along x1, whereas in the direct

dimension (x2) 1Hj shift correlations as in a conventional

2D 1H–1H TOCSY are detected (Fig. 1). The GFT exper-

iment thus provides chemical shift correlations observed in

a 3D 13C-edited HSQC–TOCSY. The FIDs corresponding

to the two spectra: GFT (3,2)D HSQC–TOCSY and 2D

TOCSY are acquired simultaneously. Their separation into

different spectra is accomplished by recording two sets of

interleaved data with /4 = x, and -x (Fig. 2). In the two

data sets acquired, the FIDs of GFT (3,2)D HSQC TOCSY

and 2D TOCSY have the same and opposite phase,

respectively. The two sets of FIDs are then added/sub-

tracted to yield separate FIDs for GFT (3,2)D HSQC

TOCSY and 2D TOCSY. The 2D 13C-1H HETCOR is

acquired in parallel as a separate data set and directly

Fourier transformed. This spectrum provides chemical shift

correlations equivalent to a 1H detected 2D [13C, 1H]

HSQC.

Analysis of NMR experiments

The peak pattern/shift correlations observed in the three

different spectra (Fig. 1) facilitates an easy/automated

approach to resonance assignments. The three spectra are

analyzed in concert as follows. Starting from a given cross

peak (Ci,Hi) in DR-2D [13C, 1H] HETCOR, peaks (1Hj) in

the two DR-GFT (3,2)D 13C-HSQC TOCSY sub-spectra are

identified that have X(1Hi) ± j*X(13Ci) chemical shifts in

the GFT (x1) dimension and X(1Hj) in the x2 dimension

within a given tolerance. The cross peaks (1Hj) thus iden-

tified are validated using DR-2D TOCSY in which they are

expected to be observed along the x2 dimension corre-

sponding to X(1Hi) in the x1 dimension. After identifying

the correct (1Hj) resonances, the respective (Cj,Hj) peaks in

the DR-2D [13C, 1H] HETCOR are identified and the pro-

cess repeated with search of new cross peaks in the two GFT

DR-(3,2)D 13C-HSQC TOCSY spectra that have

X(1Hj) ± j*X(13Cj) chemical shifts in the GFT (x1)

dimension. A potential ambiguity can arise while identify-

ing the cross peak corresponding to (Cj,Hj) from DR-2D

[13C, 1H] HETCOR based only on X(1Hj). For instance,

several Hj may have similar Cj shift values. In such a case,

the two DR-GFT (3,2)D 13C-HSQC TOCSY sub-spectra are

analyzed for the presence of a cross peak at X(1Hi) in the x2

dimension and X(1Hj) ± j*X(13Cj) chemical shifts in the

x1 dimension. This corresponds to the transpose/reciprocal

peak for the cross peak at x1: X(1Hi) ± j*X(13Ci) and x2:

X(1Hj) identified in the previous step. This ambiguity can

also be resolved using the covariance spectroscopy descri-

bed below (see Results and Discussion). Once the correct

(Cj,Hj) is identified the process is iterated until all CH

moieties in one spin-system are identified and assigned. The

assignment of the spin system to the corresponding

Table 1 Coherences and Transfer amplitudes along the r.f. pulse

sequence (Fig. 2)

Points along

r.f. pulse

sequence

GFT (3,2)D 13C-

HSQC TOCSYa
2D 1H–1H

TOCSYb
2D 13C–1H

HETCOR

a -2IZSY

*sin(p1JHCT)

*exp(iXHit1)

IY

*exp(iXHit1)

IY

*cos(p1JHCT)

*exp(iXHit1)

b -2IXSZ

*sin(p1JHCT)

*exp(iXHit1)

*exp(ijXCit1)

-IY

*exp(iXHit1)

-IY

*cos(p1JHCT)

*exp(iXHit1)

c IY

*sin(p1JHCT)

*exp(iXHit1)

*exp(ijXCit1)

*sin(p1JHC*2s1)

IY

*exp(iXHit1)

-2IZSY

*cos(p1JHCT)

*exp(iXHit1)

*sin(p1JHC*2s1)

d IZ

*sin(p1JHCT)

*exp(iXHit1)

*exp(ijXCit1)

*sin(p1JHC*2s1)

*cos(p1JHC*2s2)

-IZ

*exp(iXHit1)

SY

*cos(p1JHCT)

*exp(iXHit1)

*sin(p1JHC*2s1)

*sin(p1JHC*2s2)

*Ri

cos(p1JHiC*2s2)

e -Rj IYj *

[sin(p1JHCT)

*exp(iXHit1)

*exp(ijXCit1)

*sin(p1JHC*2s1)

*cos(p1JHC*2s2)]

Rj IYj *

*exp(iXHit1)

Detection (t2) Rj exp(iXHjt2)*

[sin(p1JHCT)

*exp(iXHit1)

*exp(ijXCit1)

*sin(p1JHC*2s1)

*cos(p1JHC*2s2)]

exp(iXHit1)*

Rj

exp(iXHjt2)

exp(iXCit2)

*cos(p1JHCT)

*exp(iXHit1)

*sin(p1JHC*2s1)

*sin(p1JHC*2s2)

a T is the total 1H–13C transfer delay period (=1/4JHC) during the

semi-constant evolution in t1 (Fig. 2)
b For 1H bound to 12C (Fig. 1). For 13C labeled samples, the transfer

function is given in Table S2
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metabolite can be done using the chemical shift database

available in BioMagResBank. The entire process can be

automated using just the peak lists obtained from the three

2D spectra. The relevant scripts can be downloaded from

http://nrc.iisc.ernet.in/hsa/softwares.

Sample preparation and NMR data collection

All NMR experiments were performed at 20 �C on a

Bruker Avance III (HD) spectrometer operating at a 1H

resonance frequency of 800 MHz and equipped with a

cryogenic probe and a dual receiver system. The experi-

ments were carried out at natural 13C abundance with a

sample prepared in 2H2O comprising a mixture of the

following 21 metabolites each of 5–7 mM concentration:

Alanine, Arginine, Asparagine, Cysteine, Glucose, Gluta-

mine, Histidine, Lactate, Lysine, Isoleucine, Leucine,

Methionine, Phenylalanine, Proline, Pyruvate, Serine,

Taurine, Threonine, Tryptophan, Tyrosine, and Valine.

This sample was prepared to assign the metabolites of the

original innovative sequential medium-1 (ISM1) medium,

which has been used previously for profiling and culturing

the human embroys for IVF (Pudakalakatti et al. 2013;

Xella et al. 2010) but the individual components of which

were not assigned completely.

The data (comprising the three 2D spectra together) was

acquired with a spectral width of 25 ppm in the indirect

(GFT/TOCSY) dimension in a total measurement time of

10.5 h with an acquisition time (tmax) of *13 ms in the

indirect dimension and scaling factor: j = 1 (complete

details of acquisition parameters are given in Table S1).

The raw data (FID) was pre-processed as described above.

After pre-processing, the FID was apodized using cosine

function and zero filled to 2,048 points prior to Fourier

transform.

Results and discussion

Assignments of metabolites in ISM1 medium

Figure 3 shows the three 2D spectra obtained for the ISM1

mixture at natural 13C abundance. Nearly 92 % of the

expected number of peaks (61) were observed in DR-2D

[13C, 1H] HETCOR. The peak yield for the DR-2D TOCSY

and DR-GFT (3,2)D 13C HSQC–TOCSY spectrum was

*92 %. An example illustrating the resonance assignment

of lysine across the three spectra is shown in Fig. 3.

Complete chemical shift assignments of the metabolites

obtained by analyzing the three spectra are given in Table

S3 of Supporting Information. The assignments marked on

the 2D [13C, 1H] HSQC spectra of the ISM1 medium is

shown in Figure S3 of Supporting Information.

The GFT spectra alleviates spectral overlap as illustrated

in Fig. 4. In the 2D 13C HSQC–TOCSY spectrum, for any

two or more CH pairs (from different molecules) which

have distinct 1H chemical shifts but degenerate 13C shifts,

the TOCSY correlations overlap in the direct dimension

(x2) as illustrated in Fig. 4a. This degeneracy in 13C shifts

is removed in the GFT spectra (Fig. 4a; right) when the 1H

shifts are added/subtracted to their directly attached 13C

shifts. Thus, the 1H shifts correlating to the individual CH

spin systems in the direct dimension (x2) can be unam-

biguously identified. This is further illustrated in Fig. 4b

using the DR-GFT (3,2)D 13C HSQC–TOCSY spectrum of

the 21 metabolite mixture. Two of the metabolites

(methionine and lysine) in the mixture have similar 13Cb

shifts. They are therefore overlapped in the x1 dimension

of a conventional 2D 13C HSQC TOCSY (left). However,

due to the differences in their 1Hb shifts, they are resolved

in the DR-GFT (3,2)D 13C HSQC–TOCSY (right) facili-

tating unambiguous assignments.

An analysis of the 902 1H and 13C chemical shifts from

315 metabolites observed in the blood sample (obtained

from BioMagResBank; http://www.bmrb.wisc.edu) reveals

that *96 % of all 13C shifts of CH pairs from one mole-

cule overlap within ±0.2 ppm (but 1H shifts separated by

±0.02 ppm) with 13C shifts of at least another CH pair

from same or different molecule. However, when the

chemical shifts of 1H and 13C are combined in the GFT

experiment as shown in Fig. 3, this overlap is reduced to

*30 %.

Sensitivity and resolution considerations

The signal-to-noise distribution of cross peaks observed in

the three spectra (shown in Fig. 3) are given in Figure S4 of

Supporting Information. In the case of unlabeled (non-13C

enriched) molecules, among the three spectra 2D TOCSY

has the highest sensitivity due to high abundance of 1H

attached to 12C (99 %); whereas in 13C-enriched mole-

cules, the 2D TOCSY has the least sensitivity compared to

the other two spectra due to lower abundance of 1H bound

to 12C (Figure S5). In such samples, the 2D 1H-1H TOCSY

is obtained either from any 1H bound to 12C or from

residual 1H magnetization arising from its incomplete

transfer to 13C during the 1H–13C polarization transfer steps

with delay periods, T, s1 and s2, in the r.f. pulse sequence

(Fig. 2; Table S2). This was verified experimentally by

acquiring two spectra with 13C-labeled proline: one with

the delay period s1 = 1.8 ms (corresponding to 1/41JHC;

JHC = 140 Hz) and other with s1 = 0.8 ms (corresponding

to *1/101JHC). The S/N of the 2D TOCSY was signifi-

cantly enhanced, whereas a *30 % drop in sensitivity of

the GFT and 2D HETCOR spectra was observed as

expected from their transfer functions (Figure S2). Thus,
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Fig. 3 a, b DR-GFT (3,2)D 13C

HSQC–TOCSY, c DR-2D
1H–1H TOCSY and d DR-2D

HETCOR spectra acquired for

the mixture of 21 metaboliltes

comprising the ISM1 medium in

10.5 h at natural 13C abundance

(each metabolite has a

concentration of *5 to 7 mM).

For the purpose of illustration of

the peak pattern observed, the

spin-system corresponding to

lysine is shown in the three

spectra. The complete

assignment of the metabolites

obtained using this set of spectra

is given in Table S3 of

Supporting Information. The

assignment mapped on the 2D
13C–1H HSQC spectrum of the

ISM1 medium in shown in

Figure S3 of Supporting

Information

(a)

(b)

Fig. 4 a An illustration of spectral overlap in a conventional 2D

HSQC–TOCSY which is resolved in GFT (3,2)D HSQC–TOCSY. If

two CH pairs, ‘i’ and ‘j’ have similar 13Ci and 13Cj chemical shifts but

different 1Hi and 1Hj shifts, the 1H correlations of spin system

corresponding to i and j overlap in the x1 (13C) dimension (as shown

on the left). They are separated in the GFT (3,2)D HSQC–TOCSY

(shown on right) due to the detection of linear combinations:

X(1H) ± X(13C) which is different for i and j. b An illustration of

spectral overlap of two spin systems (methione and lysine) in the

conventional 2D HSQC–TOCSY for the mixture of 21 metabolites

used in the study which is resolved in GFT (3,2)D HSQC–TOCSY (as

illustrated in Fig. 3). On left is shown the overlap of spin systems of

methionine and lysine that have similar 13Cb chemical shift but

different 1Hb shifts. They are separated in the GFT (3,2)D HSQC–

TOCSY due to the detection of linear combinations: X(1H) ± X(13C)

shifts (shown on the right with peaks belonging to methionine colored

in red and lysine in green for clarity)
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the sensitivity of 2D 1H–1H TOCSY in 13C labeled samples

can be adjusted to the desired levels by modifying the delay

periods used for 1H–13C polarization transfers. Further, in

samples enriched with 13C, a constant time version of the

experiment can be used to avoid loss in resolution due to

one bond 13C–13C scalar couplings. In comparison to a

non-dual receiver GFT (3,2)D 13C HSQC–TOCSY, the

sensitivity loss of a factor of H2 in DR-GFT (3,2)D 13C

HSQC–TOCSY occurs primarily due to the branching of

the magnetization 1H attached to 13C into two pathways

(Figs. 1, 2; 1H–13C transfer delay period for the first INEPT

step is set to 1/4 J compared to 1/2 J as in a conventional
13C HSQC–TOCSY). Further, the GFT (3,2)D spectrum

has a factor 2 less in sensitivity compared to a conventional

2D 13C- HSQC TOCSY due to splitting of peaks into the

two linear combinations and factor of H2 compared to a

3D 13C-edited HSQC TOCSY. For samples limited in

sensitivity, this method can be combined with other

approaches which provide enhanced sensitivity in meta-

bolomics (Nagana Gowda et al. 2012).

Fig. 5 Transformation of DR-

GFT (3,2)D HSQC–TOCSY to

a new 2D spectrum using

indirect covariance

spectroscopy resulting in GFT

shift combinations observed in

both the dimensions. The DR-

GFT (3,2)D HSQC–TOCSY

spectrum acquired for the 21

metabolite mixture (Fig. 3) is

shown in a, c corresponding to

the two linear combinations:

X(1H) ? X(13C) and X(1H) -

X(13C). The respective new DR-

GFT (3,2)D covariance HSQC–

TOCSY spectra obtained using

the MATLAB scripts described

in Short et al. 2011 is shown in

b, d. The 1H, 13C correlations of

arginine at 1Hd, 13Cd are

highlighted as an illustration
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The GFT spectra, however, have high resolution com-

pared to the parent 3D 13C-edited HSQC–TOCSY due to

two factors. First, the cross peaks in the indirect dimension

have narrower linewidths due to longer chemical shift

acquisition periods (tmax) in the GFT dimension (x1)

compared to that feasible practically in the 3D experiment.

For acquiring data at natural 13C abundance tmax is limited

only by T2 relaxation (we have used a tmax of *13 ms).

However, there is an option of scaling the chemical shifts

of 13C relative to that of 1H (Fig. 1). This is useful in the

case of 13C enriched molecules, wherein a lower tmax

(\8 ms) for 13C shift evolution needs to be considered to

avoid the effects of one bond 13C–13C scalar couplings

(*35 Hz) if a non-constant mode of shift evolution is

chosen. Second, peaks in the GFT experiments are spread

over a higher spectral range compared to the parent

3D experiment. The spectral width in the x1 (GFT)

dimension is the sum of the spectral widths of 1H and 13C

with appropriate scaling (i.e., SWtot (x1) = SW

(1H) ? j*SW(13C)) (Szyperski and Atreya 2006). For a

scaling factor of 1.0, typically a spectral width of

25–30 ppm in 1H (equivalent to 100–120 ppm for 13C)

results considering both the linear combinations

(X(1H) ± j*X(13C)) compared to a typical range of

80–100 ppm for 13C shifts required for a conventional 2D
13C-edited HSQC–TOCSY.

Analysis of spectra using covariance spectroscopy

The three spectra provide mutually complementary shift

correlations, which facilitates automated analysis of the

spectra as discussed above. The analysis of the DR-(3,2)D

GFT spectra can be further boosted using the indirect

covariance spectroscopy (Zhang and Brueschweiler 2004).

In this approach, the chemical shift correlations observed

‘along’ the indirect dimension of a 2D spectrum is trans-

formed to the direct dimension. While the information

content is similar to that of the originally acquired data, the

new spectrum provides an easy approach to ‘track’ the

chemical shift correlations (Zhang and Brueschweiler

2004).

This approach was tested for DR-GFT (3,2)D spectra of

the mixture of 21 metabolites used in the study. The

transformed GFT sub-spectra [named as DR-GFT (3,2)D

Covariance HSQC–TOCSY) are shown in Fig. 5b, d,

where both the dimensions now encode the linear combi-

nation of 1H and 13C shifts (X(1H) ± X(13C)] observed

originally in the indirect dimension of the DR-GFT (3,2)D

spectra (Fig. 5a, c). The analysis of the spectrum is sim-

plified by the fact that starting with a given (Ci,Hi) chem-

ical shift from 2D HETCOR, the (Cj,Hj) shifts

corresponding to the proton, 1Hj, which is connected to 1Hi

by TOCSY can be traced out along the direct or the indirect

dimension of the newly transformed DR-GFT (3,2)D

Covariance HSQC–TOCSY. This is illustrated for the spin

system of arginine in Fig. 5b, d. The GFT spectrum is thus

transformed into a one providing 4D shift correlations (i.e.,

Hi, Ci, Hj, Cj), which is otherwise practically impossible to

acquire rapidly at natural 13C abundance. This facilitates an

easy way to analyze (especially for automation) the GFT

spectrum.

Conclusions

We have developed a new experiment which provides three

NMR spectrum in a single experimental data set for reso-

nance assignments of molecules. The methodology com-

bines two rapid data acquisition methods, namely, GFT

NMR spectroscopy and the multiple NMR receiver system.

In comparison to an equivalent high resolution set of

conventionally acquired 3D HSQC–TOCSY, 2D 1H–1H

TOCSY and 2D 13C, 1H spectra, the current method pro-

vides time savings of an order of magnitude. The method is

applicable to any bio/organic molecule (peptides or

metabolites) or a mixture of small molecules either in

unlabeled (12C) or 13C labeled form. The analysis of the

GFT spectrum is facilitated using indirect covariance

spectrum, which transforms the spectrum to one providing

direct (Ci,Hi) to (Cj,Hj) shift correlations within a molecule.

This is the first application of GFT NMR spectroscopy for

resonance assignment of small molecules and will be par-

ticularly useful in metabolomics for high throughput

analysis.
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