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NMR detection of multiply labeled compounds in biological problem, however, as it is not usually necessary to determin
samples is often used to follow metabolic pathways. Detection of  the **C chemical shifts, and so it is possible to detéjgc
protons bound to **C atoms offers a more sensitive approach than  ¢ouplings in a small spectral width, by using extensive folding
direct ®C detection, but generally results in the loss of carbon— by selecting a narroW’C bandwidth 9), or by refocusing the
carbon coupling information. We have modified an HSQC se- 1C chemical shift. This last approach does not require techn
quence to refocus the carbon chemical shifts in order to obtain a cally demandin .Selectivéac ulses. and permits the unam-
proton-correlated *C homonuclear J spectrum, which allows us to bigli/ous assignrgnent of Signalps from’ Singlypand doubly labele

measure singly and doubly labeled compounds in the same X - ) ; ) :
SPectrum.  © 1999 Academic press species with a wide range 6fC chemical shifts, and is thus

Key Words: HSQC; J spectroscopy: doubly **C-labeled metabo-  POth simpler and more general than the previous methods.
lites; biofluids; *C NMR. We therefore modified a two-dimensional HSQC sequence
in which the'H 180° pulse in the center of the period, which
acts to refocus proton—carbon couplings, is replaced b a
INTRODUCTION 180° pulsg. This will refocqs both' heteronuplear proton—car

bon couplings and®C chemical shifts, but will retain homo-

Carbon-13-labeled metabolites have been used extensi\}é'ﬂyle%r carbon.—carbo'n co.uplings. The re.sulting' spectrum wi
for following metabolic pathways1(5). A great advantage show "H chemical shlfts in the direct Fhmensmn, and the
that detection of the label by NMR has over detection (ﬁa”?onfcarb?” couplmg pattern of the dlregtly attachiedn
radioisotopes is that the position of the label within the moléhe lndlregt dimension. Thus signals from singly labeled com
cule is immediately apparent. A further advantage is that WhQﬂundS will occur along thg center OT th% spectrum, ,Whlle
two adjacent carbons in the same molecule are labeled, bgltg'nals from compounds with two deace C labels will
signals are split byl coupling. This allows the fate of labeled@PP€ar as a parr ,Of peaks symmetrlcally pIaF:ed around tr
carbons to be followed in great detail, and allows us to det&r?nter' This modification can be incorporated into any HSQ

mine whether particular bonds are formed or broken during®§duénce; for simplicity we modified a standard gradient
sequence of reactions. selected HSQC experiment (Fig. 1).

While direct detection of thé’C NMR spectrum is conve-
nient and provides excellent chemical shift resolution, this RESULTS AND DISCUSSION
approach is fairly insensitive. A more sensitive approach is to
detect the presence B labels in proton spectra, for example, Figure 2 shows spectra obtained from a liver extract con
by using a HSQC filter§—8) that selects only protons attachedaining (among other compounds) a mixture*#t,-phospho-
to °C. The disadvantage of this approach is that the distinctiethanolamine (kPO,~“CH,—"*CH,—NH,) and natural-abun-
between singly labeled and doubly labeled compounds is lodance phosphoethanolamine. Figure 2a shows a portion of tl
as the signal arising frortH—"*C—"C is the same as that fromdirect carbon-detected spectrum, showing one of the labele
'H-**C-*C. The distinction can be restored'{C decoupling carbon atoms, in which the doubly labeled and the singl
is not applied during detection, as this allows the long-randgbeled (natural abundance) species can be clearly disti
coupling ?J¢; to be detected, but this results in a significarguished. The small coupling is betwe&R and™C. Figure 2b
loss of sensitivity. It would in principle be possible to detecthows a row from a 2D HSQQ spectrum containing the
the direct'J.c coupling in a two-dimensional HSQC spectrumgorresponding signals, in which it can be seen that the doubl
but in practice the required digital resolution could not bkabeled (outer lines) and singly labeled (inner line) compound
achieved in any reasonable time. This is not an insuperalskn be readily distinguished and quantified. Figure 2c contair
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the 2D HSQCJ spectrum, showing the proton chemical shift
on the vertical axis and the carbdrtoupling on the horizontal
axis. The natural-abundance compounds appear along the c¢

l 8 . S
; l I - . on l I . tral column of this 2D spectrum, with any doubly labeled
C : S compounds appearing as pairs of peaks equidistant from tf

central column. Molecules with more than two adjac&f
would appear in the 2D spectrum with their C—C couplings
intact. For example, the signal from HE(-C), would ap-

, o _ ear as a 1:2:1 triplet in thEC dimension (provided that the
FIG. 1. Pulse sequences for conventional and modified grad|ent-se|ecﬁ;fc values were equal), while HEC_*C_C would apbpear as
HSQC experiments. Narrow boxes correspond to 90° pulses, while broad-© q ! pp

13 P ;
boxes correspond to 180° pulsés= 1Je., and the two gradient pulses have@ doublet of doublets. Th&P-C coupling is refocused like
integrated intensities in the ratio 4:1. The conventional and modified sequenag®y other heteronuclear coupling, and so is not seen in tr
differ only in the 180° pulse in the center of theperiod. In a conventional carbon dimension; this simplifies the spectrum further anc

HSQC experiment this pulse (shown with dashed lines) is appliéttdo ;\roves the signal-to-noise ratio. Overlap of signals in the
refocus proton—carbon couplings, while in our modified HSQC experiments

it is instead applied td°C, thus acting to refocus both proton—carbon coyProton _d'men5|_0r_‘ may make quant_lflcatlon of 'Fhe smgly la-
plings and carbon chemical shifts, retaining only homonuclear carbon-cartfd@led signals difficult for some species. To alleviate this prob

couplings. lem, the**C chemical shift could be partially reintroduced by
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FIG. 2. Spectra of liver extract containirdC,-phosphoethanolamine. Spectra were obtained on a 7.35-T magnet interfaced to a Varian Inova spectron
operating at 400.15 MHz for proton and 100.62 MHz for carbon. (a) Directly detéiesignal from C1 of**C,-phosphoethanolamine. Proton irradiation was
applied throughout the sequence, to give decoupling and the NOE. Parameters: number of transients, 1088; interpulse delay, 6 s; total titiEOregnired,
signal-to-noise ratio, 24. (b) One row from the HSQC-filtedespectrum, showing the same carbon atom as in (a). (c) 2D plot of the HSQC-filtepattrum.
Parameters: interpulse delay, 1.6 s; numbetr, dficrements, 64; zero-filled to 512 tp; spectral width inf,(**C) dimension, 200 Hz; number of transients per
increment, 64; total time required, 110 min; signal-to-noise ratio, 64.
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The signals from singly labeled compounds remain almos

@) constant, exhibiting only signal losses due’® relaxation. By
MM “ A JUM contrast signals from doubly labeled compounds are modulate
at a rateJ.c. If only one doubly labeled compound is present

with a known value ofl, it is possible to obtain spectra from
singly and doubly labeled compounds directly. For example
choosingt, = JcJ/4 (when signals from doubly labeled com-

7 Joof2 3dec/a Jog pounds are passing through a null) gives a spectrum containir
_ > only signals from singly labeled compounds. Similarly, choos:
increasing t, . - . .
ing t; = Jed/ 2 gives a spectrum where signals from doubly
e e labeled compounds are inverted; taking sums and differenc
© © with a spectrum at; = O allows separate spectra correspond-
b s s ing to singly and doubly labeled compounds to be generatec
g aly y p g

In conclusion, we have shown that a simple modification o
the well-known HSQC experiment can be used to distinguisl|
singly from multiply labeled compounds, with proton sensitiv-

(c)

t1 = ‘Jcc (2n+1)/4 . . . N e .
s various isotopomers is often limited by the low sensitivity of

(d) direct °C detection.
t1 = Jcc (2n+1 )/2
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