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NMR detection of multiply labeled compounds in biological
amples is often used to follow metabolic pathways. Detection of
rotons bound to 13C atoms offers a more sensitive approach than
irect 13C detection, but generally results in the loss of carbon–
arbon coupling information. We have modified an HSQC se-
uence to refocus the carbon chemical shifts in order to obtain a
roton-correlated 13C homonuclear J spectrum, which allows us to
easure singly and doubly labeled compounds in the same

pectrum. © 1999 Academic Press

Key Words: HSQC; J spectroscopy; doubly 13C-labeled metabo-
ites; biofluids; 13C NMR.

INTRODUCTION

Carbon-13-labeled metabolites have been used exten
or following metabolic pathways (1–5). A great advantag
hat detection of the label by NMR has over detection
adioisotopes is that the position of the label within the m
ule is immediately apparent. A further advantage is that w
wo adjacent carbons in the same molecule are labeled,
ignals are split byJ coupling. This allows the fate of label
arbons to be followed in great detail, and allows us to d
ine whether particular bonds are formed or broken duri

equence of reactions.
While direct detection of the13C NMR spectrum is conve

ient and provides excellent chemical shift resolution,
pproach is fairly insensitive. A more sensitive approach
etect the presence of13C labels in proton spectra, for examp
y using a HSQC filter (6–8) that selects only protons attach

o 13C. The disadvantage of this approach is that the distin
etween singly labeled and doubly labeled compounds is
s the signal arising from1H–13C–13C is the same as that fro

1H–13C–12C. The distinction can be restored if13C decoupling
s not applied during detection, as this allows the long-ra
oupling 2JCH to be detected, but this results in a signific
oss of sensitivity. It would in principle be possible to det
he direct1JCC coupling in a two-dimensional HSQC spectru
ut in practice the required digital resolution could not
chieved in any reasonable time. This is not an insupe
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roblem, however, as it is not usually necessary to deter
he 13C chemical shifts, and so it is possible to detect1JCC

ouplings in a small spectral width, by using extensive fold
y selecting a narrow13C bandwidth (9), or by refocusing th

13C chemical shift. This last approach does not require tec
ally demanding selective13C pulses, and permits the una
iguous assignment of signals from singly and doubly lab
pecies with a wide range of13C chemical shifts, and is thu
oth simpler and more general than the previous method
We therefore modified a two-dimensional HSQC seque

n which the1H 180° pulse in the center of thet 1 period, which
cts to refocus proton–carbon couplings, is replaced by13C
80° pulse. This will refocus both heteronuclear proton–
on couplings and13C chemical shifts, but will retain hom
uclear carbon–carbon couplings. The resulting spectrum
how 1H chemical shifts in the direct dimension, and
arbon–carbon coupling pattern of the directly attached13C in
he indirect dimension. Thus signals from singly labeled c
ounds will occur along the center of the spectrum, w
ignals from compounds with two adjacent13C labels will
ppear as a pair of peaks symmetrically placed around
enter. This modification can be incorporated into any HS
equence; for simplicity we modified a standard grad
elected HSQC experiment (Fig. 1).

RESULTS AND DISCUSSION

Figure 2 shows spectra obtained from a liver extract
aining (among other compounds) a mixture of13C2-phospho
thanolamine (H2PO4–

13CH2–
13CH2–NH2) and natural-abun

ance phosphoethanolamine. Figure 2a shows a portion
irect carbon-detected spectrum, showing one of the la
arbon atoms, in which the doubly labeled and the si
abeled (natural abundance) species can be clearly d
uished. The small coupling is between31P and13C. Figure 2b
hows a row from a 2D HSQCJ spectrum containing th
orresponding signals, in which it can be seen that the do
abeled (outer lines) and singly labeled (inner line) compou
an be readily distinguished and quantified. Figure 2c con
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he 2D HSQCJ spectrum, showing the proton chemical s
n the vertical axis and the carbonJ coupling on the horizonta
xis. The natural-abundance compounds appear along th

ral column of this 2D spectrum, with any doubly labe
ompounds appearing as pairs of peaks equidistant from
entral column. Molecules with more than two adjacent13C
ould appear in the 2D spectrum with their C–C coupli

ntact. For example, the signal from H–13C(–13C)2 would ap-
ear as a 1:2:1 triplet in the13C dimension (provided that th

1JCC values were equal), while H–13C–13C–13C would appear a
doublet of doublets. The31P–13C coupling is refocused lik

ny other heteronuclear coupling, and so is not seen in
arbon dimension; this simplifies the spectrum further
mproves the signal-to-noise ratio. Overlap of signals in
roton dimension may make quantification of the singly
eled signals difficult for some species. To alleviate this p

em, the13C chemical shift could be partially reintroduced
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FIG. 1. Pulse sequences for conventional and modified gradient-se
SQC experiments. Narrow boxes correspond to 90° pulses, while
oxes correspond to 180° pulses.d 5 1

4JCH, and the two gradient pulses ha
ntegrated intensities in the ratio 4:1. The conventional and modified sequ
iffer only in the 180° pulse in the center of thet 1 period. In a conventiona
SQC experiment this pulse (shown with dashed lines) is applied to1H, to

efocus proton–carbon couplings, while in our modified HSQC experim
t is instead applied to13C, thus acting to refocus both proton–carbon c
lings and carbon chemical shifts, retaining only homonuclear carbon–c
ouplings.
ctrometer,
as

red,
.
per
FIG. 2. Spectra of liver extract containing13C2-phosphoethanolamine. Spectra were obtained on a 7.35-T magnet interfaced to a Varian Inova spe
perating at 400.15 MHz for proton and 100.62 MHz for carbon. (a) Directly detected13C signal from C1 of13C2-phosphoethanolamine. Proton irradiation w
pplied throughout the sequence, to give decoupling and the NOE. Parameters: number of transients, 1088; interpulse delay, 6 s; total time requi110 min;
ignal-to-noise ratio, 24. (b) One row from the HSQC-filteredJ spectrum, showing the same carbon atom as in (a). (c) 2D plot of the HSQC-filteredJ spectrum
arameters: interpulse delay, 1.6 s; number oft 1 increments, 64; zero-filled to 512 int 1; spectral width inf 1(

13C) dimension, 200 Hz; number of transients
ncrement, 64; total time required, 110 min; signal-to-noise ratio, 64.
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lacing the carbon refocusing pulse asymmetrically in tht 1

eriod, but we have not evaluated the usefulness of this
fication.

The signal-to-noise ratio of the HSQC-filteredJ spectrum
as implemented here) is about three times that of direc
ection of 13C with proton decoupling and NOE enhancem
collected for an identical time), which while not spectacu
eads to a significant reduction in experiment time. A num
f factors which reduce the theoretical sensitivity increase
e taken into account. Proton–proton coupling of the dete
ignals leads to losses due to increased effective linewidt
odulation during the pulse sequence, and gradient sele

esults in a decrease of the signal by a factor of 2. A grad
ensitivity-enhanced sequence would regain much of this
A simpler, shorter version of this experiment involving o

he collection of two 1D spectra is suggested by Fig. 3, w
hows a series of spectra acquired at increasing valuest 1.

FIG. 3. 1D spectra from a sample containing a mixture of13Ca-serine and
3C2-ethanolamine, obtained using the modified HSQC sequence at a serit1

imes. Signals from the singly labeled serine are largely independent oft1, while
ignals from the doubly labeled ethanolamine are modulated at a rateJCC.
d-
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,
r
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h

he signals from singly labeled compounds remain alm
onstant, exhibiting only signal losses due to13C relaxation. By
ontrast signals from doubly labeled compounds are modu
t a rateJCC. If only one doubly labeled compound is pres
ith a known value ofJCC, it is possible to obtain spectra fro
ingly and doubly labeled compounds directly. For exam
hoosingt 1 5 JCC/4 (when signals from doubly labeled co
ounds are passing through a null) gives a spectrum conta
nly signals from singly labeled compounds. Similarly, cho

ng t 1 5 JCC/ 2 gives a spectrum where signals from dou
abeled compounds are inverted; taking sums and differe
ith a spectrum att 1 5 0 allows separate spectra correspo

ng to singly and doubly labeled compounds to be genera
In conclusion, we have shown that a simple modificatio

he well-known HSQC experiment can be used to disting
ingly from multiply labeled compounds, with proton sensi
ty. The technique is particularly relevant to metabolic stu
f 13C-labeled compounds, where detection of low level
arious isotopomers is often limited by the low sensitivity
irect 13C detection.
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