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Two-dimensional 'H detected '*C NMR spectroscopy has been used to study the intracel-
lular metabolism of [3-'*C]pyruvate in Halobacterium salinarium. The method, resulting
in considerable improvement in spectral resolution and signal-to-noise ratio, is well suited
for studying transient metabolic intermediates. Pyruvate utilization by the bacterium is a
double exponential function with rate constants of 49.13 and 4.67X10~° per min. The
relative *C enrichment is the fastest for C-3 glutamate. Glutamate C-4 labeling decreases
initially and increases later on during incubation, while glutamine C-3 is high to begin with
and exhibits a declining trend. The glutamate labeling indicates a high initial flux through
pyruvate carboxylase and extensive randomizing of the label in the tricarboxylic acid

cycle.
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Halobacterium salinarium is an extremely halophilic
chemoorganotroph that needs a high concentration of salt
for growth and maintenance of cell structure (7). Despite
the “anoxic” natural habitat that results from high salt
concentration, the organism has been described as an
obligate aerobe. The enzymes of the tricarboxylic acid
(TCA) and glyoxylate cycle are induced only in the presence
of acetate in the growth medium (2-4). It is, however, of
interest to study the TCA and the anaplerotic pathways in
vivo and to investigate the relative fluxes through pyru-
vate:ferredoxin oxidoreductase and pyruvate carboxylase.
In an earlier study using [2-'*C]pyruvate as a substrate we
observed the labeling of glutamate in addition to that of
lactate and alanine (5). Pyruvate:ferredoxin oxidoreduc-
tase and pyruvate carboxylase are the major routes for
entry of pyruvate into the TCA cycle (Fig. 1). Here we
report our observations on the metabolism of [3-!*C]-
pyruvate in H. salinarium. The NMR experiments, per-
formed in intact cells, allowed us (a) to study the metabo-
lism in the cells in an unperturbed manner, and (b) to follow
the flow of label from the substrate into intermediates and
or products in several metabolic pathways simultaneously.
Although this leads to considerable overall broadening of
the NMR signals, due to high intracellular concentration of
Mn?* (6), the method obviates the need for working under
conditions optimum for stability of the enzymes involved in
the pathways.
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The conventional methodology for studying metabolic
pathways using '*C NMR is through one-dimensional *C
spectra recorded as a function of time. Peaks are assigned
to 3C atoms of various substrates and metabolites and the
time development of their intensities is used for investigat-
ing the relevant metabolic pathways. This method suffers
from two basic problems: (a) an inherently poor S/N ratio
in *C spectra and (b) overlap of resonances in one-di-
mensional spectra. The poor sensitivity necessitates signal
averaging for as long as 30 min. The long acquisition
periods smear out information regarding transient and/or
short-lived metabolites. Essentially, the directly observed
13C spectra possess a very coarse time-resolution. The
second problem, of resonance overlap, is typical of one-di-
mensional spectroscopy and often obscures metabolites
with near-degenerate chemical shifts.

In this paper, we present an alternative method for
following metabolic pathways, using two-dimensional 'H
detected 'H-!3C correlated spectroscopy. Since the detected
nucleus is '"H, the method is highly sensitive. The inherent
signal-to-noise is about 8 times [(4/y¢)*?]) more than that
of directly observed *C spectra (7). In addition, Ts of
protons are much shorter than those of '*C. Therefore, the
relaxation delays between transients are also greatly
reduced. In combination, these factors greatly reduce the
time needed for acquiring a single one-dimensional 'H
detected spectrum (typically, a few seconds) with high
sensitivity. The full benefits of this approach are derived
through a two-dimensional experiment, e.g. HMQC (8),
which correlates the 'H and !3C shifts in the 2D spectrum.
This greatly enhances resolution by separating the '*C
shifts in the two-dimensional plane according to the shifts
of their attached protons. Since individual FIDs require
only a few seconds to be acquired, a complete two-dimen-
sional experiment with sufficient resolution may be per-
formed within 6 to 7 min. This effectively increases the
time resolution of the experiments by nearly a factor of

2102 ‘T /800100 U0 AIISeAIUN pezy olwe S| e /6io'sfeulnolpio)xo-ql/:dny wodj pepeoumoq


http://jb.oxfordjournals.org/

116
NH,
*CH;-CH-COOH
P) — A
CH,=C-COOH — *CH;-C-COOH
(PEP) . P T gH
. *CH;-CH-COOH
e s 2 N (L)
LT *CH;-CO-SCoA
3 s e ‘_‘A\.
. Citrate
; HOOC-C-*CH,-COOH
I Isocitrate
; EH |
HOOC-CH-CH,-COOH g
| HOOC-C-CH;-*CH,-COOH
HOOC-CH=CH-COOH / “eCOOH T * €COOH
/ @CH-NH, *CH-NH;
€CH, @CH,
HOOC-CH,-CH,-COOH *CH, H,
OOH OOH
(Gr) (G2)

Fig. 1. Pyruvate metabolism in H. salinarium. 1, pyruvate:
ferredoxin oxidoreductase; 2, pyruvate carboxylase; 3, malic en-
zyme. *Initial and @ subsequent labeling of glutamate carbons
through 1 (G,) and 2 (G;). The asterisk shown in a-ketoglutarate
indicates the label introduced via 1, and that in oxaloacetate is from
2. A, alanine; G, glutamate; L, lactate; P, pyruvate; PEP, phospho-
enolpyruvate. Dashed arrows indicate anaplerotic reactions.

four. Recently, similar applications involving 'H-*N HM-
QC experiments have been reported for the study of in vivo
glutamine synthetase activity in rat brain (9, 10).

MATERIALS AND METHODS

Chemicals—[3-'3*C]Pyruvate was procured from Isotec,
Miamisburg, OH, USA, and bacteriological peptone was
from Oxoid, Hampshire, England. All other chemicals were
of analytical grade and were used as supplied.

Cell Culture—H. salinarium (earlier H. halobium) cul-
ture was kindly provided by Prof. A.K. Singh, Department
of Chemistry, Indian Institute of Technology, Bombay. It
was maintained and propagated in a medium containing 250
g NaCl, 2 g KCl, 20 g MgSO, -7H,0, 10 g glucose and 10 g
peptone per liter (11). Cells were grown in Erlenmeyer
flasks (50 ml culture in 150 ml flask) in a rotary shaker at
37°C and 150 rpm. After incubation for 70 h the culture was
diluted 20 times with fresh medium for further propaga-
tion. At the end of the incubation period, cells were
harvested by centrifugation at 1,200X g for 30 min and
resuspended (25% w/v) in basal salt medium (growth
medium without peptone and glucose) prepared in D,O.

NMR Experiments—NMR experiments were carried out
on a Bruker AMX 500 spectrometer, equipped with a
broadband inverse-detection probe. The experiments were
started by adding solid [3-'*C]pyruvate to a 0.5 ml suspen-
sion of H. salinarium cells in a 5 mm diameter NMR tube.
The pulse sequence used was the standard 'H-*C HMQC
sequence (8). For each spectrum, 512 (&, complex) x 108
(¢, real) data points were acquired, with the minimum
phase cycle of two transients per ¢ increment. Quadrature
detection along &, was achieved using the TPPI method
(12). Spectral widths along w. and @, were (7,042 Hz, 14
ppm) and (7,546 Hz, 60 ppm), respectively. Presaturation
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Fig. 2. 'H-*C HMQC spectrum of H. salinarium cells. The cells
were incubated with [3-*C]pyruvate for 6 h. The resonance assign-
ments are A3, carbon-3 of alanine; D3, C-3 of aspartate; E3 and E4,
C3 and C4 of glutamate, respectively; P4, C4 of proline; Py3, C3 of
pyruvate. *Unassigned resonance. A “skyline” projection of the '*C
(&) axis and a cross section along the 'H (w:) axis are also shown,
indicating the high signal-to-noise ratio in the spectrum.

of the H,O signal was achieved with a 20 Hz rf field applied
for 1 s. The relaxation delay (including the acquisition and
presaturation periods) between transients was 2s. Low-
power *C decoupling (2.5 kHz) was used during acquisi-
tion. This had to be carefully optimized since sample
heating due to high salt concentrations may lead to degrada-
tion of spectral quality during the course of the experiment.
The total acquisition time for each spectrum was about 7
min. Spectra were processed using Felix 2.30 software
(Biosym). Peaks were assigned either by comparison with
those reported in the literature or by recording spectra of
authentic metabolites in basal salt medium. Chemical
shifts are reported with respect to TSP.

RESULTS

Two-Dimensional Spectra—Figure 2 shows a contour
plot of the HMQC spectrum of H. salinarium cells, grown
in complex medium supplemented with glucose, after
incubation with [3-'*C]pyruvate for 6 h. Resonances corre-
sponding to C-3 of alanine (A3) and lactate (La3) are
observed in addition to those of C-3 (E3) and C-4 (E4) of
glutamate, C-3 of glutamine (Q3), C-4 of proline (P4), and
unutilized C-3 pyruvate (Py3). Minor signals are also
observed for C-3 of aspartate (D3). The high resolution of
the spectrum is clearly evident. As the projection along the
13C (@,) axis shows, the peaks due to C-3 of glutamate and
C-3 of pyruvate could not have been resolved in the
corresponding '*C one-dimensional spectrum alone. On the
top of the plot, a cross section along w, is shown, indicating
the high S/N ratio of the spectrum.

Figure 3, a-d, shows stacked plots of the annotated region
of the spectrum in Fig. 2, recorded at intervals of (a) 13, (b)
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Fig. 4. Utilization of (3-'*C]pyruvate by H. salinarium. The
initial concentration of the added substrate was equated to the volume
of its 2D NMR signal determined as mentioned in “MATERIALS
AND METHODS.” All subsequent concentrations were calculated by
normalizing the peak volumes to the initial concentration. Circles are
data points and the solid line is a double exponential fitting.

74, (c) 257, and (d) 726 min after addition of labeled
pyruvate. In Fig. 3a, the dominant signal is due to the
substrate, but it is evident that within the first 10-15 min,
metabolites are already beginning to appear in small
quantities. The appearance and subsidence of peaks corre-
sponding to various metabolites may be seen in Fig. 3, b-d.

Pyruvate Uptake—The utilization of [3-*C]pyruvate by
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Fig. 3. Stacked plots of

pyruvate metabolism in H.
i salinarium. The cells were
incubated with [3-'*C]pyruvate
as mentioned in Fig. 2a and 2D
HMQC spectra were acquired at
various time intervals. The plots
represent the annotated region
(1.45-3.0 ppm w,;, 15-40 ppm
@) at (a) 13, (b) 74, (c) 257, and
(d) 726 min after the addition of
labeled pyruvate to the cell
suspension. The indicated time
is the time at the end of the
acquisition of a 2D spectrum.

H. salinarium is shown in Fig. 4. No difference was
observed in the chemical shifts of the pyruvate in the
extracellular medium and that inside the cells. Figure 4
therefore represents the change in total concentration of
the labeled pyruvate with time regardless of transport
across the cell membrane. As mentioned earlier, solid [3-
BC)pyruvate was added to a 0.5 ml cell suspension. The
initial phase corresponds to a faster utilization as compared
to the later slower uptake of the substrate. The data were
fitted to a two-exponential decay function and the rates
were 49.13 and 4.67 X 1072 per min.

Production of Metabolites—Time dependences of the '*C
enrichments of various positions in the metabolites were
monitored by following the appearance of resonances of
these metabolites. The results are shown in Fig. 5. The
concentrations of lactate labeled at C-3, generated by
lactate dehydrogenase reaction, and alanine C-3, a product
of either amination of pyruvate and/or a transamination
reaction, increased in parallel during the later phase of the
experiment. The initial rise of labeled alanine was, how-
ever, faster than that of lactate. The rise time and
maximum concentration were the same in both cases. The
concentration of glutamate labeled at C-3 rose sharply in
the initial stages, reached a maximum after about 3 h, and
decreased gradually thereafter. In contrast, glutamate C-4
concentration decreased initially, reached a minimum and
then showed an increasing trend throughout the experi-
ment. Proline C-4 concentration increased gradually during
the experiment. The initial concentration of glutamine C-3
was high and showed a declining trend in the experiment.
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Fig. 5. Time evolution of the '*C enrichment of metabolites in
H. salinarium incubated with [3-'*C]pyruvate. Volumes of the
2D NMR resonances have been directly plotted against time. a: C-3
glutamate; b: C, C-3 lactate; v, C-3 alanine; ®, C-4 proline; =, C-4
glutamate; and v, C-3 glutamine.

DISCUSSION

Pyruvate, added to a cell suspension of H. salinarium, is
utilized in several different metabolic pathways (Fig. 1).
The condition of the cell suspension seemed to be partly
aerobic. The limited oxygen tension results in the produc-
tion of lactate. Labeled alanine, observed in the NMR
spectra, is a result of single-step transaminase and or
amination reactions. The intensity of the lactate signal
reflects the extent to which oxygen is limited in the
experiments. In other experiments where the oxygen
tension was further reduced, the lactate concentration was
found to be high. The concentration of alanine was, how-
ever, not affected in these studies.
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Pyruvate enters the Kreb’s (TCA) cycle through two
routes. One of them is the pyruvate dehydrogenase reaction
which generates acetyl-CoA, followed by its condensation
with oxaloacetate to form citrate. The condensation reac-
tion is catalyzed by citrate synthase. The pyruvate dehy-
drogenase reaction is well documented and known to exist
in many prokaryotes and most eukaryotes. In H. salinar-
ium, as in other halophilic bacteria, the conversion of
pyruvate to acetyl-CoA is catalyzed by pyruvate:ferredox-
in oxidoreductase (13, 14). This enzyme utilizes ferredoxin
as the coenzyme for transfer of electrons instead of NAD*
and FAD. The other route is pyruvate carboxylase, which is
utilized by most heterotrophs and eukaryotes for carbon
dioxide assimilation (15-19); its presence in halobacteria
has been reported (20). Our observations on labeling of
glutamate suggest that both these routes are available for
the entry of pyruvate into the TCA cycle in H. salinarium.
The time profiles of the metabolites (Fig. 5, a and b) have
some unusual features. First, the enrichment at C-3
glutamate is the fastest when compared to the other
carbons of glutamate. Second, the labelings of C-4 of
glutamate and proline are parallel, except in the initial
phase. These observations suggest that the relative flux of
pyruvate carboxylase is high during the initial phase and
that most of the label enters the TCA cycle through this
route. Also, a major fraction of [3-!*C]pyruvate label
entering via pyruvate:ferredoxin oxidoreductase is recy-
cled. These two factors result in rapid build up of C-3
glutamate. With continued incubation, the flux through
pyruvate carboxylase and the extent of recycling decrease
while the flux of pyruvate:ferredoxin oxidoreductase
increases. This is reflected by the increasing concentration
of C-4 glutamate in the latter phase of incubation. We had
shown earlier that, at the steady state, 10% of the total
label enters the TCA cycle through pyruvate carboxylase,
with 90% of the label going through pyruvate:ferredoxin
oxidoreductase (data not shown). Furthermore, the extent
of recycling (the fraction of labeled oxaloacetate condensing
with acetylCoA to form citrate) of the label is 40%. In
addition, a progressively incremental amount of C-4
glutamate is sequestered for C-4 proline generation. This
again is evident from the almost parallel evolution of the
concentrations of the two labeled metabolites (Fig. 5a).

[2-*C]Acetyl-CoA, formed from [3-'*C]pyruvate, leads
to C-4 glutamate during the first third of the TCA cycle
(Fig. 1a). C-3 glutamate is generated by, (i) recycling and
scrambling of this label during subsequent cycles and, (ii)
entry of the label (from pyruvate) through the pyruvate
carboxylase reaction and its complete randomization due to
substantial back-reaction through the (fumarase/succinate
dehydrogenase) fumarate/succinate stage before it pro-
ceeds to condensation with acetyl-CoA (Fig. 1b). Glutamate
C-3 is thus the combined result of the «-ketoglutarate
produced by extensive cycling of the label in the TCA cycle
and the high flux through pyruvate carboxylase in the initial
stage of incubation (Fig. 5a).

A high initial glutamine C-3 concentration is indicative of
a high glutamine synthetase activity during this period. The
enzyme has been reported to be under negative allosteric
modulation by alanine (15). In our experiments we ob-
served an increase in the level of alanine with time (Figs. 3
and 5). Although there are no independent reports of
alanine-mediated allosteric inhibition of glutamine syn-
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thetase in H. salinarium, our observations seem to be
consistent with this phenomenon.

At present, we are investigating the multiple labeling in
glutamate, specifically as affected by growth conditions of
this halophilic archaebacterium. The TCA cycle enzymes in
the bacterium exist in the cytosol except for succinate
dehydrogenase, which has been reported both in cytosol and
membrane fraction (21). Although we do not expect any
kind of organization of the cycle enzymes as has been
reported in other organisms and higher eukaryotic systems
(22-24), this has yet to be investigated. The strikingly
different pattern of evolution of C-3 labeled glutamate and
glutamine and C-4 glutamate suggests changing relative
fluxes of pyruvate carboxylase and pyruvate:ferredoxin
oxidoreductase, and randomizing of the label in the TCA
cycle.

Finally, for the first time, the efficacy of using two-di-
mensional 'H detected '*C NMR spectroscopy to trace the
time-course of intracellular substrate metabolism in intact
cells has been demonstrated in this study. High signal-to-
noise ratio is achievable in a relatively short experimental
time (6 to 7 min), thus improving the accuracy of quantifi-
cation and the time resolution of the kinetics, with concomi-
tant gains in spectral resolution. The limitation of this
method is the inability to obtain information regarding '*C=
O carbons since they do not possess attached protons.
Appropriate pulse techniques are being developed to
address this problem.

We are grateful to the National Facility for High Field NMR located
at T.I.LF.R., Bombay for machine time on the 500 MHz NMR spec-
trometer and we thank the facility staff for their cooperation.
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