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Limits of sensitivity and spectral resolution cur-
rently restrict the application of nuclear magnetic
resonance (NMR) spectroscopy in plant metabolism.
This study shows that these limits can be substan-
tially expanded through the application of hetero-
nuclear single- and multiple-quantum two-dimen-
sional (2D) spectroscopic methods using pulsed field
gradients both in vivo and in extracts. The course of
metabolism in approximately 0.2 g of maize (Zea
mays L.) root tips labeled with [1-'Clglucose was fol-
lowed with 1 min time resolution using hetero-
nuclear multiple quantum coherence (HMQC) *C-'H
spectroscopy in vivo. The timing of alanine, lactate,
and ethanol synthesis was followed during the tran-
sition from normal to hypoxic conditions. In extracts
of labeled maize root tips, '*C-"H heteronuclear sin-
gle quantum coherence and heteronuclear multiple
quantum coherence (HMBC) spectra acquired in 2-
3 h allowed the detection and assignment of reso-
nances that are not seen in one-dimensional (1D) 3C
NMR spectra of the same samples taken in 12 h. In
root tips labeled with *NH;, ’N-'H HMQC spectra
in vivo showed labeling in the amide of glutamine.
In extracts, °N labeling in amines and amides was
detected using *N-'H HMBC spectra that is not seen
in 1D !N spectra of the same sample.

Nuclear magnetic resonance (NMR)? spectroscopy in
vivo together with the use of *C- and *N-labeled sub-
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strates has proved, in the past 20 years, to be a power-
ful method for studying metabolism in living systems.
In plant physiology much unique information has been
obtained addressing a range of metabolic problems (re-
viewed in 1-3). The limits of the temporal and bio-
chemical information obtained in these studies has
hitherto been set by the sensitivity with which signals
can be obtained and by the separation of signals (spec-
troscopic resolution) obtainable in directly detected, 1D
spectra. Sensitivity of detection has generally limited
the time resolution available in *C spectroscopy of sin-
gle samples of plant tissues to 10 min or more and is
substantially worse for *N. The sample sizes used for
this time resolution are several grams (e.g., several
hundred to several thousand root tips per sample) and
this in turn has prevented the application of in vivo
NMR to many problems in plant biochemistry where
more limited quantities of tissue or lower levels of me-
tabolites are available. Fan and co-workers (4—6) have
demonstrated the much greater sensitivity of 'H spec-
troscopy for detecting plant metabolites as well as the
improved spectroscopic resolution available in homo-
nuclear 'H two-dimensional (2D) spectroscopy. This ap-
proach allows measurement of metabolite levels but
does not give the information on metabolic fluxes that
isotopic labeling methods yield. In order to follow isoto-
pic labeling using the sensitivity of 'H spectroscopy,
methods of “indirect detection” have been employed in
animal studies to follow the metabolism of *3*C-labeled
compounds (reviewed in 7). (In indirectly detected spec-
tra, 'H signals are selectively observed from hydrogens
coupled to *C or N atoms.) Indirect detection has

nuclear multiple quantum coherence; HSQC, heteronuclear single
quantum coherence; Mes, 2-[N-Morpholinol-ethane-sulfonic acid;
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;
S/N, signal-to-noise ratio; T, transverse relaxation time.



recently also been used to follow '°N label in superna-

tants from mammalian cells (8) and in plant extracts

(9). Methods that have the advantages of 'H sensitivity
and of multidimensional spectroscopic resolution have
been developed for structure determination (10-12);
and recently these have been shown to have potential
for following '3C labeling in animal metabolic studies
(13). Plant studies present different technical chal-
lenges for in vivo NMR because metabolic fluxes per
volume of tissue are lower than in animals or microor-
ganisms and because perfusion needed to maintain tis-
sues during NMR experiments makes effective sup-
pression of the dominant water signal challenging.
Plant tissue samples can be small and this makes in
vivo spectroscopy at high field feasible; this in turn
presents challenges associated with high frequencies
and larger bandwidths. In this study we have sought
to explore the potential of heteronuclear multiple quan-
tum coherence spectroscopic methods for following me-
tabolism in roots under normal and hypoxic conditions.
Maize root tips were used since this is the most widely
used tissue in plant NMR spectroscopic studies (1-3)
and therefore allows the most meaningful comparisons
with existing methods and metabolic findings.

METHODS
NMR Spectroscopy

NMR experiments were recorded on a Bruker
AMX600 NMR spectrometer equipped with a S-17 Ac-
qustar gradient amplifier and a digital gradient inter-
face. The gradient probehead was a Bruker 5-mm triple
resonance (*H, 3C, *N) inverse probehead with a self-
shielded Z gradient coil (6 G/(cm A)). The pulse se-
quence that was used for the in vivo gradient-assisted
HMQC spectra (see Ref. 12) is shown in Fig. 1. Presatu-
ration of the water for between 300 ms and 1 s was
used to suppress this signal in addition to its exclusion
based on coherence pathway selection (12). This combi-
nation gave very efficient suppression of water signals
in perfused tissue samples. For the *C~"H HMQC and
HSQC (10-12) experiments, Garp *C decoupling was
applied during the acquisition period. All gradients
were applied as 128 point sine bell shapes with a dura-
tion of 1.5 ms. The gradient recovery delay was set to
20 us for experiments on extracts and 100 us for the
in vivo experiments. For HMQC (10) and HMBC (11)
experiments, gradients were applied for coherence
pathway selection. The gradient ratio for the *C-'H
HMQC in vivo was 36:36:18.08 G/cm while for the ’N-
'H HMQC in vivo spectra the gradient ratio was
24:24:4.86 G/cm. In *C-'H HMBC (11) extract experi-
ments a ratio of 6:6:3.02 G/cm was used and the evolu-
tion delay for the long range couplings was set to 50
ms; a low-pass filter, set to 140 or 100 Hz was used to
suppress the one-bond heteronuclear couplings. Phase-
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FIG.1. The pulse sequence used for recording *C-'H HMQC mag-
nitude mode spectra of perfused root tips. The 'H, *C, and gradient
pulses are depicted on separate lines. This sequence was found to
be more robust for in vivo spectroscopy than other indirectly detec-
tion 2D pulse sequences that employ more than this minimum num-
ber of pulses. Weak presaturation at the water frequency was applied
during the relaxation delay in order to further suppress the water
signal. With this scheme, receiver gains of 16K-32K were typically
achieved during perfusion.

sensitive HSQC (12) data were recorded using gradi-
ents for coherence pathway rejection, giving full sensi-
tivity spectra. In this case gradients were applied at
12, —7.2, and —2.4 G/cm. One-dimensional **C and *N
spectra were acquired on the same spectrometer for
extracts and also on a Unity Plus Varian 400 instru-
ment. Proton decoupling was used throughout for max-
imal nuclear Overhauser effect (NOE) enhancement.
In vivo 1D 3C spectra (see below) were acquired using
the Unity Plus Varian 400 instrument in a 10-mm
broadband probe with 90° pulses and recycle times of
2 s. Total acquisition times were 22 min. 2D NMR data
were processed using XWINNMR 1.1 software running
on a Silicon Graphics INDY workstation. Raw data
were zero-filled to 512 or 1K points in the acquisition
dimension and were filtered using a shifted sine bell
function in both dimensions before Fourier transforma-
tion. No base-plane correction was applied.

Labeling Experiments

Corn (Zea mays L. Cultivar W 7551) seeds were ger-
minated and grown for 3 days in the dark at 30°C as
previously described (14). Root tips (5 mm long) were
cut into an oxygenated solution containing 10 mM glu-
cose, 0.1 mM Ca?* (as chloride or sulfate) and buffered
to pH 6.0 with 10 mM Mes.

For extract preparation 2—4 g of root tips were trans-
ferred into 250 ml of solution containing 10 mMm **C-
labeled glucose, 5 mm *NH,CI with 0.1 mM Ca** (as
chloride or sulfate) and buffered to pH 6.0 with 10 mM
Mes and were oxygenated for 6 h. The root tips were
then removed, rinsed with water, and extracted in 100
ml of boiling 80% ethanol: 20% water for 10 min. The



extracts were then filtered and the ethanol was re-
moved by rotary evaporation, the samples were then
lyophilized. Extracts were dissolved in D,O for spectro-
scopic analysis.

In Vivo Spectroscopy

Root tips were cut as above and 50-100 (about 0.2
g) were transferred to a 5-mm NMR tube in which they
were perfused with the same oxygenated buffer solu-
tion used for extracts. The perfusion medium (total vol-
ume 300 ml) was circulated through the sample from
a reservoir using a peristaltic pump, perfusion rates
were between 5 and 15 ml/min. For in vivo time courses
(n = 4) tips were incubated for 3—6 h before the onset
of hypoxia. Hypoxia was induced by switching the per-
fusion from buffer solution bubbled with oxygen to
buffer bubbled with nitrogen to remove and exclude
dissolved oxygen. For 1D in vivo *C spectroscopy ap-
proximately 500 root tips, 5 mm long (about 2 g), were
placed in a 10-mm NMR tube and perfused as for the
smaller samples but with higher rates of perfusion (20—
30 ml/min).

RESULTS AND DISCUSSION

Figure 2 shows two of a series of in vivo 'H-'°C
HMQC spectra (see Methods) taken of maize root tips
perfused with 10 mm [1-*C]glucose. In such spectra
proton signals appear only from those 'H atoms directly
coupled to *C carbon atoms (10). The resonances are
dispersed along the horizontal axis by the 'H chemical
shift of the corresponding 1D proton spectrum and
along the vertical axis by the *C chemical shift of the
carbon atom to which the proton is coupled.

Figure 2A was acquired after 3 h of labeling during
perfusion with oxygenated buffer. After the spectrum
of Fig. 2A was acquired, the root tips were perfused for
an additional 1.5 h and then made hypoxic in the same
perfusion medium. Figure 2B was acquired after 1 h
of hypoxia. The HMQC resonances shown in Fig. 2 were
assigned as arising from different metabolites by com-
parison with HSQC and HMBC spectra of extracts (see
below) and by comparison with known chemical shifts
of 'H and '*C metabolite signals (3, 5, 15). The quality
of these spectra (acquired in 20 min using approxi-
mately 70 maize root tips) shows the feasibility of
applying gradient-assisted HMQC at-high field in vivo
and with perfusion to the detection of *C in metabo-
lites. Suppression of the water signal at high field in
vivo using presaturation and pulsed-field gradient
methods is extremely effective despite continuous per-
fusion. The sensitivity of this method was compared
to 13C 1D spectroscopy by reference to studies in the
literature (1, 3, 17, 18 and references therein) and by
acquiring a time course of 1D *3C spectra from a sample
of 500 root tips grown and perfused under the same
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FIG. 2. Two *C-'H heteronuclear multiple quantum coherence
spectra of perfused maize root tips. Approximately 0.2 g of 5-mm
root tips were perfused with buffered nutrient solution in a 5-mm
NMR tube in the magnet of the spectrometer (see Methods). The
sample was perfused with oxygenated buffer containing 10 mm [1-
13C]glucose for 3 h before the acquisition of spectrum A was begun.
Thereafter the sample was perfused for an additional 1.5 h and the
sample was made hypoxic; acquisition of the spectrum B was begun
after 1 h of hypoxia. Attention is drawn to certain of the *C-labeled
resonances that change in intensity between the spectra: 1, methyl
group of alanine; 2, methyl group of lactate; 8, C3 of glutamate and
of glutamine; 4, C1 of the fructose moiety of sucrose; 5, C1 of the
glucose moiety of sucrose. Each spectrum took 20 min to acquire.

conditions as those of Fig. 2 (with the exception that
perfusion was in a 10-mm probe of a 400-MHz instru-
ment—see Methods). Spectra (not shown) of this much
larger sample (volume of tissue in the sensitive volume
was over 8 times as large in the 10-mm probe) taken
in 22 min had signal-to-noise ratios (S/N) comparable



to 1D spectra in the literature—that is at least 10
times lower than the S/N in 1D projections of the spec-
tra of Fig. 2 (see Fig. 3B below). This is consistent with
the greater sensitivity of indirect detection (reviewed
in 7). The proton linewidths in this 5-mm sample at
600 MHz are comparable with in vivo linewidths for
maize at lower fields (5). The resolution in the carbon
dimension is limited by the number of increments in
this dimension and by inhomogeneity; for many reso-
nances it is worse than the resolution obtained in 1D
13C spectra of larger volumes of maize root tips in vivo
(1D spectra from 400 MHz instrument, not shown). The
added resolution due to the proton dimension offsets
this somewhat so that for example the number of reso-
nances partially or fully resolved between 55 and 85
ppm in the *C dimension (where most carbohydrate
carbons resonate) were very similar in the 1D *C in
vivo spectrum (not shown) and in the in vivo HMQC
spectra. In particular cases there are differences in res-
olution so that the C1 resonance of sucrose which is
never resolved from the C1 resonance of a-glucose in
1D 3C spectra in vivo is fully resolved in Fig. 2 (labeled
5). On the other hand glutamate and glutamine reso-
nances between 25 and 40 ppm are better resolved in
1D carbon spectra. Visual comparison of Figs. 2A and
2B shows that labeling in the C3 carbons of alanine
and lactate (marked 1 and 2) and in the C3’s of gluta-
mate and glutamine (labeled 3) have changed substan-
tially during the experiment. This is consistent with
previous studies (1, 16). By comparing the intensities
of corresponding signals in Figs. 2A and 2B (in 1D pro-
jections or by volume integration of 2D peaks) it was
seen that the C1 and C1’ carbons of sucrose (labeled 4
and 5) had substantially decreased after hypoxia.

The early metabolic changes that occur upon depriv-
ing plant cells of oxygen have been extensively studied
by NMR and other methods (reviewed in 18 and 19).
The timing of the onset of fermentation under hypoxia
and the relative rates of production of alanine, lactate,
and ethanol are important in testing models of how
primary metabolism and pH interact. This in turn is
important in understanding how plant roots survive
flooding and the resultant oxygen deprivation. Because
of extensive previous work and the rapidity of changes
involved, the onset of hypoxia in maize root tips has
appeal for testing the application of HMQC to plant
metabolism in vivo.

Although the spectra of Fig. 2 were acquired in 20
min, sufficient signal-to-noise to follow labels may be
obtained in much less time by using projections and
volume integration of individual peaks in HMQC spec-
tra. Figure 3A shows a stacked plot representation of
the methyl region of an in vivo *C-'H HMQC spec-
trum acquired in 8 min of maize root tips during hyp-
oxia in the presence of ammonia. This representation
shows the separation obtained in these resonances by

this method. By contrast, the ethanol resonance is in-
completely resolved (when detected) in 1D **C spectra
in' vivo (16, 20). The high S/N and flat baselines allow
monitoring of metabolite signals with greater confi-
dence than is possible in 1D **C spectra. Indeed it was
possible, by reducing the number of scans per incre-
ment to 1 and restricting the number of increments, to
acquire in vivo HMQC spectra in 63 s. Figure 3B shows
projections in both the proton and carbon dimensions
of the methyl region of such an in vivo HMQC spectrum
taken in a minute. The S/N obtained in spectra like
Fig. 3B is superior to 1D C spectra taken from much
larger samples in significantly longer times. Figure 3C
shows the time course of changes in the signals of the
methyl groups of alanine, lactate, and ethanol upon
switching the perfusing medium from oxygenated to
hypoxic conditions (see Methods). Each point in Fig.
3C represents the height of the corresponding peak in
spectra such as those of Fig. 3B. The samples for such
time courses were exposed to [1-'3Clglucose for several
hours before Time 0 of Fig. 3C because it has been
shown (21) that labeling of metabolites reaches steady
state under these conditions. This means that the
changes seen in peak height represent changes in the
levels of these metabolites. Thus it may be seen that
upon exposure to hypoxia in the presence of ammonia,
alanine is produced with little or no lag, while detect-
able levels of lactate only appear some 4 min later.
Several more minutes then elapse before ethanol can
be detected, though it is then synthesized faster than
lactate. The lag following the removal of oxygen before
lactate synthesis begins has not been previously re-
ported. For example Saint-Ges and co-workers (22)
used extraction of maize root tip samples (50 tips taken
every 5 min) and enzymatic assay to follow lactate pro-
duction in hypoxia and reported that “lactate accumu-
lated steadily during the first 30 minutes of hypoxia.”
Xia and Saglio (23) also used in vitro assays to follow
lactate and ethanol production in maize root tips with
samples taken every 5 min or more after the onset
of hypoxia. These authors reported lactate production
“right after the transition to hypoxia.” Recently, a lag
in lactate production of “a couple of minutes” has been
found by Roberts and Xia (in Ref. 3) in maize root tips
by adding in vivo 1D 3C spectra from six replicate
experiments, each apparently containing several hun-
dred to 2000 root tips which had been labeled for 16 h
with [1-'3Clglucose to maximize *C enrichment. The
4-min lag shown here is not consistent with the early
data (20) suggesting that lactate production causes the
rapid acidification of the cytoplasm. Although this con-
clusion has been questioned (see 18, 19), the present
data provide rather direct evidence on this question.
Concerning ethanol production, it has been shown by
enzymatic assay that there is a 10-min lag, after the
onset of hypoxia in perfused maize root tips, before
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FIG. 8. Following the transition from oxygenated to hypoxic conditions in maize root tips using 13C-'H heteronuclear multiple quantum
coherence spectroscopy. (A) Methyl region of an in vivo spectrum acquired from perfused maize root tips (see Methods and legend to Fig.
2) in 8 min beginning after half an hour of hypoxia. Peaks arise from *C labeling in the CH; groups of: I, Alanine; 11, Ethanol; III, Lactate.

(B) Two partial projection (top, projection onto the proton dimension;

bottom, projection onto the carbon dimension) from the methyl region

of an in vivo HMQC spectrum acquired in 63 s. (C) Time course of the production of alanine, ethanol, and lactate derived from in vivo

HMQC spectra.

ethanol appears in the perfusate (20) or in samples of
tissue and perfusate together (23). Note that the levels
of ethanol, lactate, alanine, and other metabolites pro-
duced by the tissue and potentially secreted into the
perfusing medium are too low to be detected in these
spectra. This is primarily because of the small amount
of tissue (approximately 0.1 ml of cells) relative to the
volume of the perfusing medium (300 ml). Therefore
the time course of Fig. 3C reflects ethanol in the sample
rather than in the medium and shows the same lag of
10 min before ethanol is detected as was seen in previ-
ous studies where ethanol in the medium was ana-
lyzed. Thus the lag in the appearance of ethanol in the

effluent in previous studies is due to a lag before etha-
nol synthesis increases. The ability to monitor intracel-
lular metabolite levels on this time scale allows one
to examine metabolic models in detail. Thus ethanol
production is stimulated at a time after cytoplasmic
pH has fallen significantly while alanine synthesis is
stimulated immediately as oxygen levels fall; lactate
production begins at an intermediate time. In addition,
the use of gradients in the pulse sequence causes
marked attenuation of signals from compounds in the
perfusate. This is because the gradient pulses impose
different field strengths at different points in the sam-
ple, so that molecules which move significantly during
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FIG. 4. Identifying '"H-**C signals from a crude extract of maize root tips. Two regions from a 13C-'H heteronuclear single quantum
coherence spectrum of an ethanol/water extract of approximately 2 g of maize root tips that had been labeled by incubation with [1,2-
13C]glucose for 6 h in the presence of 5 mM ammonium under oxygenated conditions. The labeling of resonances refers to Table 1. (A) Up-
field region. (B) Low-field region. The spectrum was acquired in 2.5 h.



TABLE 1¢

Assignments of Resonances in HSQC of Zea mays Extract

Compound Label Portion 'H shift 13C shift Compound Label Portion 'H shift 13C shift
t-Aconitate la oCH, 6.73 133 Glucose 8 Ta C1 4.64 97.0
1b yCH, 3.5 37.5 7b C2 3.24 75.0
Alanine 2a aCH 3.82 51.7 7¢ C3 3.47 76.7
2b° BCH, 1.48 17.0 7d C4 3.64 70.5
Asparagine 3a aCH 4.01 52.6 7e C5 3.49 76.7
3b A'CH 2.88 35.9 Glutamine 8a aCH 3.8 55.3
Aspartate 4a aCH 3.94 52.9 8¢ vCH, 2.45 39.0
4b ACH 2.71 87.9 Glutamate  9a «CH 3.86 55.4
4c B'CH 2.85 37.9
9b BCH, 2.06 28.0
Fructose-S-pyranose Fa C1 3.59 64.8
9c vCH, 2.38 34.6
Fb C3 3.55 68.9
" Lactate 10a BCH, 4.13 65.0
Fc C4 3.42 70.5
Fd C5 3.93 70.08 10b CH, 1.32 205
Fe Cé 4.06 64.4 Leucine 11b 6CH; 0.93 22.0
Fructose-S-furanose Ff C1 3.60 63.6 11c 6'CHs 0.95 23.0
Fg C3 4.15 76.4 Malate 12b CH 2.75 43.0
Fh C4 4.15 75.5 12¢ 'CH 2.48 43.0
Fi C5 4.09 82.0 Succinate 13a CH, 2.5 33.0
Fj Ccé 4.06 64.4 Sucrose 14a G1 5.41 93.0
Fructose-a-furanose Fk Ci 3.68 63.8 14b G2 3.59 71.0
F1 C3 4.13 82.9 14c G3 3.78 734
Fm C4 4.02 77.0 14d G4 3.46 70.5
Fn Cb 411 82.2 14e G5 3.56 73.1
Fo Cé 3.64, 3.86 61.9 14f G6 3.18 61.5
GABA S5a 'yCHg 3.0 40.5 14g F1 3.68 62.2
Glucose a 6a Cl 522 93.0 14h F3 4.23 773
6b c2 8.54 "723 14i F4 4.09 74.8
6¢ C3 3.71 73.5 .
14j F5 3.85 82.19°
6d C4 3.40 70.4 14k F6 3.84 63.2
6e C5 3.87 72.4 4 : :
Choline 15a N(CHjs)s 3.24 55
15b «CH, 3.85 69.0
Valine 16a CH, 2.25 30.5
16b CH,; 0.9 17.8
16¢ CH; 1.0 19.0

“ The pH of this extract was close to 5.5. While both natural abundance and labeled signals are seen in HSQC spectra like those of Fig.
4, not all the resonances are observed from each compound because labeling from [1,2-'3C]glucose does not label all positions and signal
intensity from natural abundance peaks is insufficient for less abundant compounds.

b It is not trivial to *C decouple across the whole spectrum at high field in conductive samples and we observed residual couplings in
some of the methyl resonances. This coupling was removed at higher decoupling powers (not shown).

¢ To which other signals were referenced.

the pulse sequence experience different field strengths
during the sequence; such molecules do not give rise to
a gradient echo so that no signal is observed from them.
Glucose was the only metabolite present in the perfu-
sate at significant levels in these experiments and we
observed that its signals more than doubled (relative
to other signals) when the perfusion was turned off
(not shown). Since the glucose signals come from both
intracellular and extracellular glucose, this shows an
attenuation of extracellular signals relative to intracel-
lular ones by a factor of at least 2.

We used HSQC and HMBC spectroscopy of maize
root extracts in order to confirm assignments in in vivo
spectra (Figs. 2 and 3) and in order to explore the utility

of using 2D 'H-detected heteronuclear spectroscopy for
detecting labeling in plant metabolites in crude ex-
tracts. Figure 4 shows two parts of a '"H-'*C HSQC
spectrum of an extract of maize root tips that had been
incubated for 6 h in [1,2-3Clglucose before extraction.
By comparison with the in vivo HMQC spectrum of
Fig. 2 the HSQC spectrum of Fig. 4 shows the same
resonances but with greater resolution. Resonance la-
bels refer to Table 1 that lists the positions of the com-
pounds whose signals were assigned in HSQC and
HMBC *C-'H spectra. The spectrum of Fig. 4 was
acquired in 2.5 h. A number of points can be made
concerning the utility of this method:

The dispersion in two dimensions allows greater con-
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FIG. 5. Detecting '°N labeling in the amide of glutamine in maize
root tips using *N-'H heteronuclear multiple quantum coherence
spectroscopy. The sample was the same as that used to obtain the
spectra of Fig. 2 and was obtained in 10 min after approximately 4
h of exposure to 5 mM !°N-labeled ammonium under oxygenated
conditions. (A) Part of the HMQC spectrum; (B) a projection of the
full spectrum onto the 'H dimension. In both A and B the peaks
arise from the two nonequivalent amide protons of glutamine that
has become '®*N-labeled in the amide position. In the middle of B
there is a small residual water signal.

fidence in making assignments than is possible in one-
dimensional spectra. In assigning 1D spectra, addi-
tional information from mass spectrometry and from
spectra acquired at varying pH and/or after the addi-
tion of known compounds is routinely needed (1-6).
The present method greatly reduces the need for such
additional information (15) for assigning spectra. This
is because while there is often more than one possible
compound that could account for a resonance with a
particular carbon or proton chemical shift, many fewer
resonances share the same carbon and proton shifts.
This makes assignment by comparison with spectro-
scopic tables (3, 15) much more straightforward. The
dispersion in two dimensions separates resonances
that overlap in 1D spectra (especially in 'H spectra),
making separate quantitation possible. However, reso-
lution in the *C dimension in HSQC and HMQC spec-
tra is inferior to that obtained in 1D '*C spectra so that

there are some cases where resonances can be resolved
in the 1D *C spectrum that overlap in Fig. 4. The
sensitivity with which *C-containing compounds (both
labeled and natural abundance) are detected in Fig. 4
is much greater than in 1D *°C spectroscopy. For exam-
ple, Fig. 4 contains signals from *C in leucine, valine,
and the furanose forms of fructose that we did not ob-
serve in 1D 3C extract spectra and which have not
previously been reported in such spectra of plant ex-
tracts despite much longer acquisition times (typically
12-24 h). We note that there is potential for even better
resolution in the *C dimension by using heteronuclear
correlation spectra (HETCORR, 3, 15) which give simi-
lar spectra to HSQC but which are detected in 13C.
However, HETCORR spectra require long acquisition
times and are insensitive to metabolites present at low
levels becarse the signal is acquired from *C not 'H
nuclei. The increased dispersion, information content,
and sensitivity of HSQC relative to 1D spectra allow
the detection and separation of a significant number of
resonances that remain at present unassigned because
to our knowledge they have not previously been seen
in spectra of plant or animal extracts. Work is under-
way to assign these. 'H-'*C HMBC spectra give con-
nectivities within a molecule because correlation peaks
appear which have the carbon chemical shift of any
given carbon and the proton shifts of hydrogens in the
same molecule that are more than one chemical bond
away (11). Thus assignments from HSQC spectra can
be confirmed and peaks appear from carbons that do
not give HSQC peaks because of not having directly
bonded protons. To explore the potential of this
method, HMBC spectra were taken of the same ex-

tracts from which HSQC spectra were acquired (data

not shown). We were able to confirm assignments of
some of the metabolites in Table 1 and to detect label-
ing and natural abundance signals from carboxyl car-
bons of glutamate, glutamine, alanine, and trans-aconi-
tate and from the double-bonded carbons of trans-
aconitate. This method provides extra information for
assignments and gives greater sensitivity on carbonyl
and other carbons that are not directly bonded to hy-
drogen atoms. Such carbons give poor S/N in **C spec-
tra because of long relaxation times and lack of NOE
in directly detected 1D *C spectra. However, HMBC
was found not to be useful in vivo because the faster
transverse relaxation (shorter T,) of metabolites in vivo
very greatly reduced the signal strength. We note that
for comparable acquisition times in extract spectra (2—
3 h) the S/N in some HMBC peaks is lower than in
HSQC (for example, **C in malate and citrate that gave
rise to signals in HSQC spectra was not detected in an
HMBC spectrum acquired in comparable acquisition
time). This, in part, is because the relative intensity
of different peaks is rather sensitive to spectroscopic
mixing times so that quantitation (or even assessing



relative labeling in different positions within a mole-
cule) from HMBC spectra requires knowledge of cou-
pling constants and relaxation times for the protons
and carbons involved.

The application of 2D multiple quantum methods to
following N labeling in plants was also assessed. In
extracts, ’N-'H HMQC and HMBC allow the detec-
tion and resolution of labeled amino acids with greater
sensitivity in 1 h than was possible in 1D *N spectra
in 48 h. (data not shown). This parallels findings by
Street et al. (8) in supernatants from mammalian cell
cultures. HMBC in particular allows resolution of sig-
nals from labeled amino acids whose ’N primary
amine signals are poorly resolved. The sensitivity en-
hancement due to indirect detection of N is more
marked than that of *C. This is shown in Fig. 5 which
contains the HMQC spectrum and a projection of the
same taken in 10 min of the same sample of maize root
tips from which the spectra of Fig. 2 were acquired.
The two signals are both due to °N-labeled glutamine
after 3 h of labeling with 5 mM *N-labeled ammonium.
The S/N in the projection of shown in Fig. 5B is superior
to S/N in 1D N spectra of a variety of plant cell and
root tissue samples (reviewed in 1, 3). This is despite
the fact that the sample size here was 10-40 times
smaller than in other studies (1, 3) and the acquisition
time was 3-12 times shorter. Unfortunately due to
rapid exchange of protons at physiological pH the
HMQC signals from primary amine groups cannot be
detected in vivo by this approach, whereas it can be
seen in 1D '®N spectra. HMBC can be used to overcome
this in extracts by detecting proton signals from 'H
atoms coupled to the ’N-labeled amine groups through
several bonds. However, the smaller couplings involved
require longer evolution times that are incompatible
with in vivo T, relaxation rates. A 1D HMQC sequence
has been used to detect glutamine in brain and liver
tissue (24). Derivatized amino acids from plant extracts
have been used with indirect detection of N labeling
to study amino acid and protein turnover (9). Consis-
tent with these studies, we found significant gains in
both sensitivity (at least 10-fold reductions in acquisi-
tion times) and in resolution relative to directly ob-
served 1D '°N spectra by using gradient-assisted °N—
'H HMBC (not shown). We found that the indirect de-
tection methods for both N and 3C (especially at 600

MHz) are more sensitive to the presence of salt in ex-

tracts than is direct detection. Thus ethanol/water ex-
traction is preferable to extraction procedures, such as
those using perchloric acid that dissolve more salts.
For ®N in vivo work, heteronuclear multiple quantum
methods seem only applicable to amide and other nitro-
gens whose hydrogens exchange slowly at near-neutral
pH, though for this purpose significant sensitivity
gains are also made.

We conclude that for studying metabolism, hetero-
nuclear multiple quantum spectroscopy at high field
confers advantages compared to 1D NMR spectroscopy
both in vivo and in extracts. Those advantages include
greater information for assignment of resonances,
greater sensitivity, and therefore use of smaller sam-
ples and greater time-resolution for in vivo studies
than has hitherto been possible.
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