Cellular Applications of 3'P and 13C
Nuclear Magnetic Resonance

R. G. Shulman, T. R. Brown, K. Ugurbil, S. Ogawa
S. M. Cohen, J. A. den Hollander

Nuclear magnetic resonance (NMR)
spectroscopy has been extensively used
in the field of biochemistry, primarily in
studies of biological macromolecules.
Recently, NMR studies have been ex-
tended to intact cells, organelles, and or-
gans. Consequently, it is now possible to

ously. We also show how saturation
transfer measurements on ATP and P;
can be used to follow specific enzymatic
rates in vivo.

Although "*C NMR has been used in
the past to follow the end products of
metabolic pathways (26, 27) and the re-

Summary. High-resolution nuclear magnetic resonance (NMR) studies of cells and
purified mitochondria are discussed to show the kind of information that can be ob-
tained in vivo. In suspensions of Escherichia coli both phosphorus-31 and carbon-13
NMR studies of glycolysis and bioenergetics are presented. In rat liver cells the path-
ways of gluconeogenesis from carbon-13-labeled glycerol are followed by carbon-13
NMR. In the intact liver cells cytosolic and mitochondrial pH’s were separately mea-
sured by phosphorus-31 NMR. In purified mitochondria the internal and external con-
centrations of inorganic phosphate, adenosine diphosphate, and adenosine triphos-
phate were determined by phosphorus-31 NMR while the pH difference across the

membrane was measured simultaneously.

obtain on metabolites in vivo the kinds
of detailed information about structure,
motion, reaction rates, and binding sites
that have been obtained by NMR studies
of purified biomolecules in solution. Nu-
merous investigations of intact systems
by means of phosphorus-31 NMR have
already been reported. These include
studies of red blood cells (/-3), yeast ¢),
Erhlich ascites tumor cells (5), muscle
6, 7), perfused rat hearts (8, 9), kidneys
(10), cultured mammalian cells (//, 12),
blood platelets (/3, /4), and chromaffin
granules (/5). The early work has pre-
viously been reviewed (/6). In this ar-
ticle we survey some of our recent *'P
and '»C NMR studies of suspensions of
Escherichia coli (17-21), rat liver cells
(22-24), and purified rat liver mito-
chondria (25), and describe the kinds of
information available from this ap-
proach. By using *'P NMR we have mea-
sured intracellular pH and the concentra-
tions and distribution of phosphorylated
metabolites such as adenosine triphos-
phate (ATP), adenosine diphosphate
(ADP), and inorganic phosphate (P;), and
here we demonstrate how the changes in
pH and the time development of these
compounds can be followed simultane-

action products in acetone-treated cells
(28), only recently have we used this ap-
proach to follow metabolic intermediates
incells (217, 23, 24). The '*C NMR experi-
ments on E. coli and liver cells discussed
here, where "C-enriched substrates
have been metabolized by the cells,
show how resonances from both the in-
termediates and end products of metabo-
lism can be observed and the distribution
of the label used to elucidate pathways
and kinetics. The *C and *'P nuclei in
many ways yield complementary data
and, when used on the same system,
supply a tremendous amount of simulta-
neous information about metabolic func-
tioning in vivo.

Phosphorus-31 NMR

Before discussing the *'P NMR experi-
ments we will review briefly the present
understanding of oxidative phosphoryla-
tion and transport. These ideas were
originally suggested by Mitchell (29) and

have been supported by many experi-
ments (30), including our own.

Figure 1 shows the two pathways in-
volved in energetics according to the
chemiosmotic hypothesis. Using the en-
ergy of electron transfer from a suitable
electron donor to O,, mitochondria and
some bacteria can generate a trans-
membrane pH gradient (ApH) and an
electrical potential (Ays) by translocation
of protons. This proton electrochemical
potential gradient is subsequently uti-
lized for many purposes, in particular for
transport of substances across the mem-
branes and for ATP synthesis by the
reversible membrane-bound enzyme,
adenosinetriphosphatase (ATPase) (3/).
In the case of facultative aerobes, such
as E. coli, ATP can also be produced in
the absence of oxygen by substrate level
phosphorylation of ADP during fermen-
tation of a carbon source such as glu-
cose. The ATPase then functions in re-
verse, creating a proton electrochemical
potential gradient by hydrolyzing the
ATP.

Escherichia coli

These ideas can be investigated by us-
ing *'P NMR because concentrations of
ATP, ADP, and P; can be measured si-
multaneously with ApH. This is illus-
trated in Fig. 2, which presents the intact
cell *'P NMR spectrum under anaerobic
conditions of freshly harvested E. coli
cells, before and approximately 5 min-
utes after the addition of glucose (20).
These and the other spectra discussed in
this article were measured by means of a
Bruker HX-360 spectrometer operating
in the Fourier transform mode. The reso-
nances were assigned to specific metabo-
lites on the basis of chemical shifts, their
dependence on pH in extracts and, when
necessary, were confirmed by adding the
assigned compound to the extracts. The
specific assignments are given in the fig-
ure.

Several interesting changes occur in
the spectrum after glucose addition. Be-
fore glucose addition the 5- to 19-part-
per-million (ppm) region of the spectrum
is dominated by nucleoside diphosphate
(NDP) peaks; after glucose addition the
spectrum is dominated by nucleoside
triphosphate (NTP) peaks.

The other significant difference be-
tween A and B in Fig. 2 is the low field
region (—3 to —5 ppm) which typically
contains resonances from phospho-
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monoesters such as sugar phosphates.
Before glucose addition the broad phos-
phomonoester resonance in this region
includes contributions from several com-
pounds that have been assigned to glyco-
lytic intermediates and nucleoside mono-
phosphates (/8). Afterward, however, it
is dominated by the intense peak from
the B anomer of fructose 1,6-bisphos-
phate (FBP) (Fig. 2B). This compound is
present in large amounts only during
glycolysis and is the major intermediate
during this process.

The critical role assigned to the mem-
brane-bound enzyme ATPase by the
chemiosmotic model has been examined
by *'P NMR with the use of ATPase in-
hibitors, uncouplers, and mutant strains
(ATPase™) that are deficient in ATPase
activity. If the ApH observed after glu-
cose addition (Fig. 2B) is created by the
ATPase hydrolyzing ATP and simultane-
ously extruding protons out of the cell,
then the magnitude of the ApH generated
should be reduced in cells treated with
dicyclohexylcarbodiimide (DCCD), an
inhibitor of the ATPase, or in E. coli
ATPase™ mutants. In both DCCD-
treated and ATPase™ cells NMR experi-
ments showed a ApH of <0.1 (indicated
by an unsplit P; peak), and higher NTP to
NDP ratios during glucose catabolism
under anaerobic conditions. In addition,
with the ATPase pathway blocked, the
NTP lasted several times longer after
glucose was exhausted. This indicates
that the major pathway of ATP use under
our experimental conditions was through
ATPase, where it was hydrolyzed to
create a ApH across the cell membrane.
Both the DCCD-treated and ATPase~
cells were shown by *'P NMR to have
intact and functioning electron transport
chains capable of generating a ApH in
the presence of lactate and O,.

In other experiments, E. coli cells
were allowed to catabolize glucose in the
presence of the uncoupler p-trifluo-
romethoxyphenylhydrazone (FCCP) that
transports protons across the cellu-
lar membrane, thereby destroying pH
gradients. Under these conditions, once
again, a single P; peak was observed,
showing that ApH = 0. However, unlike
the DCCD-inhibited cells, there was
little sign of NTP even though glucose
was being utilized. This presumably oc-
curred because NTP was consumed
much faster than usual as the cells rapid-
ly hydrolyzed it in an attempt to create a
proton gradient. In agreement with this,
prior treatment with DCCD to inhibit the
ATPase counteracted the FCCP effect
on the NTP levels; while these cells did
not produce a ApH, they accumulated
high concentrations of NTP.
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Mitochondria

In eukaryotic cells, the site of oxida-
tive phosphorylation is the mito-
chondria. The mitochondrial electron
transport chain creates a proton electro-
chemical potential gradient across the

Fig. 1. Schematic view of an
E. coli cell, demonstrating the
linkage between substrate lev-
el phosphorylation, oxidative
phosphorylation, and the enzyme
ATPase. The ATP formed during
glycolysis by substrate level phos-
phorylation can be hydrolyzed by
the membrane-bound ATPase to
pump protons out and thus form a
proton electrochemical gradient.
The electrochemical gradient can
independently be formed by the
electron transport chain, during
which electrons are transferred to
an acceptor, usually O,. Under
these circumstances, the ATPase
which is coupled to the electrochemi-
cal gradient can synthesize ATP
with the energy obtained from trans-
porting protons down the gradient.
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mitochondrial membrane. The energy
contained in this gradient is sub-
sequently used to synthesize ATP by the
mitochondrial ATPase. Figure 3 illus-
trates the *'P NMR spectra obtained
from a suspension of purified rat liver
mitochondria under anaerobic and aero-
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Fig. 2. Phosphorus-31 NMR spectra at 145.7 megahertz of an anaerobic E. coli suspension
containing ~5 x 10! cells per milliliter (A) before and (B) 4 to 6 minutes after glucose addition.
Each spectrum was the sum of 400 scans with a repetition time of 0.34 second and a 45-degree
radio-frequency pulse. Abbreviations: S-P, sugar phosphates; P;, inorganic phosphate; P;*,
P, external and internal P;, respectively; PEP, phosphoenolpyruvate; NDP, nucleoside
diphosphate; NAD*, nicotinamide adenine dinucleotide; UDPG, uridine diphosphate glucose;
FBP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; NTP, nucleoside tri-
phosphate; and R is the reference signal from 0.1 percent orthophosphoric acid in 0.1M HCL. X
is unassigned. [Adapted from Ugurbil ez al. (20)]
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MM TSR ISR A M EARLEAERAS EAERARRR B M R bic conditions (25). The identifications of
resonances were made as in the case of

E. coli. Similar to energized E. coli,
mitochondria in suspension exhibit two

P; resonances, internal and external; in

addition, one can detect resolved NMR

peaks from external and internal pools of

ADP and ATP. The latter peaks are re-

A solved because chemical shifts of ADP
and ATP depend on the degree of com-

plexation with divalent metal ions as well
f‘M‘Mr-J as on the pH. From their measured
chemical shifts (Fig. 3) internal ATP and

ADP are shown to be predominantly

bound to divalent metal ions, whereas in

B=C—A the suspension medium which is essen-
; A ;)‘V" bl \ tially free of divalent cations, the}f are
"‘Nw(\m | QWW L«llﬁ W J~U 'W NW\W uncomplexed. The NMR spectra (Fig. 3)
show that, as expected, ATP is synthe-
sized from ADP and P; in the presence of

0, and succinate.

Furthermore, the spectra allow us to
distinguish between the internal and ex-
ternal pools of P;, ADP, and ATP. Most
of the ATP formed is external but some
is retained inside the mitochondria. Fur-

c ther, the P; consumed ultimately comes
from both internal and external pools.
The observed reduction in AMP occurs
MIY because of the adenylate kinase activity
that catalyzes the reaction AMP + ATP

NP P SR B B NS BN SN A —2 ADP, which allows AMP ulti-

-5 0 10 20 30 ppm Mmately to form ATP. In addition to
Fig. 3. Oxidative phosphorylation of external ADP by mitochondria in 0.25M sucrose at 0°C. Showing the origin of the reactants, the
(A) Ten minutes of accumulation before oxygenation. (B) The difference between (C) and (A).  difference spectra (Fig. 3B) shows clear-
(C) Ten minutes of accumulation after oxygenation with 5 mM succinate and H,O, (25). ly how oxygenation has converted ex-
‘ ternal ADP primarily to external ATP
and how the smaller internal pools of
these energy-rich compounds have
changed (25).

The internal ADP, ATP, and P; con-
centrations have also been measured
during oxygenation in the absence of ex-
ternally added ADP and their concentra-
tions used to calculate a free energy of 10
kilocalories per mole at 0°C for the inter-
nal reaction ATP = ADP + P;. When
this measurement is combined with a
measure of the proton electrochemical
| ) ' ' ' ¥ ¥ potential and the number of protons

transferred across the membrane per
o ATP formed, the NMR measurements
will provide a quantitative test of the en-
ergetics of the chemiosmotic hypothesis.
Z . a . The chemiosmotic hypothesis also
6.8 R e A Al

int P;

ext ADP

ext AMP

7.6

7.2+

pH

6.4 |— LN Fig. 4. The top *'P NMR spectrum is a 7-min-
AL A, ute accumulation of 1000 60°-pulses of a sus-
6.0 — pension of rat liver cells, ~20 milligrams of
protein per milliliter. The sample, at 12°C, had
1 | 1 1 ! L 1 I I previously been treated with valinomycin
0 20 40 60 80 100 120 140 160 which reduced the ATP levels slightly from
their normal values. The bottom shows the
t (minutes) pH derived from the *'P chemical shifts of the
peaks labled P;™ (OJ), P;¢ (O), and fructose-1-phosphate peak (A). These values are compared with the pH measured by an external pH meter
(®@). The external pH was jumped up ( 1) or down ( | ) at the times indicated by the addition of suitable buffers after the valinomycin (VAL) was
added (32).
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postulates that the electrochemical po-
tential gradient is coupled to transport.
Inorganic phosphate is one of the anions
that is thought to distribute themselves
between the intra- and extramitochondrial
volumes according to ApH. To test this
the relative distribution of P, was mea-
sured by *'P NMR in mitochondria at
various values of ApH. The data showed
unequivocally that the phosphate carrier
in mitochondria acts to exchange H,PO,~
for OH".

Rat Liver Cells

Although the contribution of ApH to
the proton motive force has been pre-
viously measured in suspensions of puri-
fied mitochondria. for this to be impor-
tant in vivo it is necessary that mito-
chondria maintain an electrochemical
proton gradient with respect to the cyto-
sol. That this in fact is the case has been
demonstrated by *'P NMR measure-
ments on suspensions of rat liver cells
(22). Figure 4 shows the *'P NMR spec-
trum of a suspension of aerobic liver
cells. The P, peak is split into two and the
upfield peak. P, corresponding to
pH = 7.10, is assigned to the cytosol and
the downfield peak, P;™, corresponding
to pH = 7.70, to the mitochondria. The
pH difference between cytosol and mito-
chondria is larger at lower external pH
because the mitochondrial pH stays ap-
proximately constant in our aerobic ex-
periments, whereas the cytosol follows
the external medium. In this particular
case the pH difference has been en-
hanced by adding valinomycin, an iono-
phore for K*, which collapses Ay and in-
creases ApH. It has the additional effect
of lowering the ATP levels. as is, in fact,
observed in the liver cells (Fig. 4). Al-
though valinomycin was used in this *'P
NMR experiment, a splitting could be
observed in its absence, particularly
when the external pH was lowered. The
assignments P;™ and P in the upper half
of Fig. 4 are supported by the sequence
of measurements shown in the lower half
(32). The pH values shown were calcu-
lated  from the results of another experi-
ment on a suspension of liver cells to
which fructose had been added. Under
these circumstances fructose-1-phos-
phate (F1P) accumulates only in the
cytosol. Since the FIP chemical shift is
pH sensitive, its resonance provides a
specific measure of the cytosolic pH. Af-
ter 20 minutes, valinomycin was added
and at intervals (indicated by the arrows)
the external pH was “‘jumped’ up or
down with small amounts of appropriate
buffers. The P; peak labeled P¢ gives a
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pH identical to that of FIP, which sup-
ports its assignment to cytosolic phos-
phate. Further, both P;* and FIP give pH
values that agree with the external pH
measured with a pH meter. The other in-

P

NTP; PP,

organic phosphate peak P;™ indicates an
approximately constant pH 7.5 even
when the cytosol pH has dropped as low
as 6.1, and this peak is assigned to the
mitochondrial phosphate.

Fig. 5. Phosphate-31 NMR
spectra of E. coli grown aero-
bically in glucose at 25°C in
(A) the absence of and (B) dur-
ing saturation of NTP, reso-
nance. The samples contained
about 5 x 10" cells per millili-
ter. The arrows indicate the
frequencies of the low-power
field used. The repetition
time was 0.17 second and the
pulse angle was 60°. The
spectra consist of 4000 scans
each, taken in alternate 30-
second intervals. The peaks
labeled P/ and P corre-
spond to intracellular and ex-
tracellular P;, respectively.
The peak labeled PP; at 22 ppm
is polyphosphate. The peak
| identified as NTP, consists of

aG

BFBP—C-1

! 1 |

aFBP—C-1

BFBP—C-6

25 approximately 50 percent ATP
and 50 percent non-adenine
triphosphates (/8).

M |~Ala

| 1
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Fig. 6. A 1-minute accumulation of the *C NMR spectrum measured at 90.5 megahertz of an E.
coli suspension at 20°C. The 8G and &G are from the labeled carbon of the 50 mM [1-*C]glucose
used as substrate. The peaks labeled B are from the buffer, M is malate, S is from the C-2 carbon
of succinate, L is lactate C-3, E is the methyl carbon of ethanol, Ala is alanine C-3. The FBP
peaks can be seen clearly in this spectrum taken between 5 and 6 minutes after glucose addition.

[Adapted from Ugurbil er al. 21)]

BFBP—C-1
aFBP—C-1
| BFBP—C-6

Glucose
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| l |

Fig. 7. The FBP region of the
C NMR spectrum of E. coli
cells, in the presence of [1-
Clglucose. The spectrum is
the sum of six consecutive 1-
minute spectra. The 8 and «
anomers of FBP-C-1 are clear-
ly seen as is the small amount
of BFBP-C-6. These assign-
ments have been checked by
measuring during enzymatic
digestion the NMR spectra of
an extract from a similar ex-
periment. First fructose bis-
phosphatase was added to
convert FBP to F6P, then
phosphoglucoseisomerase was
l used to change F6P to G6P.

75 70 65

60 The resonances behaved ex-
actly as expected, confirming
the assignments (2/).
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These results, which are the first direct
measurements of a pH gradient between
cytosol and mitochondria in a whole cell,
are strong support for the validity of
Mitchell’s chemiosmotic model applied
to the eukaryotic cell. The width of the
mitochondrial resonance allows us to
calculate the root-mean-square spread in
pH values inside the mitochondria; in
this case it is less than 0.2 unit.

Kinetics in vivo

In addition to the types of information
in the above examples, NMR studies can
also supply kinetic data on the rates of
reactions in vivo. This is because an indi-
vidual spin will *‘remember’’ for approx-
imately its spin lattice relaxation time,
T,, any perturbation away from its equi-
librium state. Thus, if a spin on a mole-
cule undergoing chemical exchange is
saturated, that is, the population dif-
ference between the nuclear Zeeman lev-

6
,OH
5
H
4K OH H pHOH
OH I/ 1
g2
H OH
A
|
|
¥

6 2-
CHp OPO3

H

T—
&)

4
O

els is eliminated by the application of a
radio-frequency field at its resonant fre-
quency, it will transmit that saturation to
the molecular species with which it is ex-
changing. By measuring the resultant re-
duction in magnetization at the resonant
frequency of the second species, we can
determine the unidirectional exchange
rate provided the 7,'s are known. This
technique is known as saturation transfer
33, 34).

Using this technique, we were able to
measure the unidirectional rate for
ATPase-catalyzed synthesis of ATP
from ADP and P; in E. coli (I8). The
spectra in Fig. 5 show our results at 25°C
with aerobic E. coli cells which were re-
spiring on endogenous carbon sources
during the measurements. Figure S5A
shows the typical spectrum obtained un-
der these conditions where there are no
changes in the intensities of the reso-
nances for approximately 2 hours. Thus,
the system is in a steady state. Figure SB
illustrates the spectrum of this sample

2 1 2-
5 KNH H? (OH){CH,0PO3 )

[ a,BFructosel 6-bisphosphate ]

Aldolase

Fig. 8. Selected steps
in the pathway of glu-
cose metabolism.
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obtained when the ATP position is irra-
diated, while in Fig. SA (which is essen-
tially a control experiment) the irradiat-
ing frequency was positioned halfway to-
ward the P/ resonance (as indicated by
the arrow). Figure S5C is the difference
between the two. The spectra were ob-
tained by switching the irradiating fre-
quency between the two positions every
30 seconds for a total of 30 minutes. As
shown in Fig. 5C, the two spectra cancel
perfectly except in two places, the NTP,
which is directly saturated and the inter-
nal P;. The reduction of the P;"" is 20 per-
cent of its original value. After the same
cells were incubated for 10 minutes with
DCCD in order to inhibit the ATPase, no
transfer to P;'» was observed, thus show-
ing that the exchange that transfers the
saturation to P;'" spins is dominated by
the ATPase catalyzed reaction. Using a
T, of 0.4 second for the P;'", which was
measured on a similar DCCD-treated
sample, we calculated an apparent uni-
molecular rate constant for the synthesis
rate of ATP by the ATPase of =0.8 per
second.

The unidirectional rate constant mea-
sured in this experiment describes the
one-way flow across the ATPase and is
different from net velocities measured,
for example, by changes in the ATP pool
as a function of time. The latter is deter-
mined by the difference between the two
unidirectional rates in opposing direc-
tions; while the unidirectional rates
could be very fast, the difference may in
fact be very small. Indeed, in our experi-
ments, if the O, is turned off, the NTP
intensity decays with a time constant
which is of the order of minutes, whereas
the unidirectional rate we have deter-
mined for the ATPase is 0.8 per second.
We emphasize here that in this experi-
ment it has been possible to measure ki-
netics by NMR of a membrane-bound
enzyme, a process that avoids the diffi-
culties of solubilizing the enzyme and
that keeps it coupled to an energized
membrane. Furthermore, the saturation
transfer measurement ensures that a par-
ticular rate is being measured, in con-
trast to the more conventional 7, or 7,
measurements which respond to binding
but are not specific.

Carbon-13 Nuclear Magnetic Resonance

Unlike ®'P, where the natural abun-
dance is 100 percent, C has only a 1
percent natural abundance. This has led
us to use *C-enriched substrates to label
various metabolic pathways, as has been
done with "C. By using the techniques
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we had developed to study *'P NMR we
have been able to follow in vivo the la-
beling of intermediates as well as prod-
ucts. In these experiments it has been
possible to determine the distribution of
the '*C labels among the different car-
bons of intermediates and products. This
is illustrated below by measurements of
glycolysis in E. coli and gluconeogenesis
in liver cells. In both cases, the experi-
mental conditions were the same as
those that we used in the *'P studies, so
that the spectra obtained as the E. coli
catabolized glucose or the liver cells syn-
thesized it could be correlated with the
internal pH values and ATP levels, for
example, that we had obtained using 3'P
NMR.

Escherichia coli

An example of the spectra obtainable
(21) by feeding enriched glucose to E.
coli is shown in Fig. 6. The spectrum is a
[-minute accumulation taken between 5
and 6 minutes after [1-"*Clglucose was
added to the anacrobic E. coli suspen-
sion. The specific assignments, given in
the figure, were made as before on the
basis of chemical shifts, behavior in ex-
tracts, and, in one case discussed below,
by enzymatic digestion of the com-
pound. When glucose was first added to
the sample, the NMR spectrum reflected
that the glucose was in anomeric equilib-
rium with a 64 : 36 ratio of 8 : « anomers.
The lower concentration of the g form,
seen 6.5 minutes after glucose addition
(Fig. 6), indicates that this particular
strain of E£. coli, MRE 600, preferentially
catabolizes the w-anomer; this prefer-
ence was not observable in three other
E. coli strains because, unlike MRE 600,
they displayed rapid anomerase activity.
Escherichia coli cells are capable of pro-
ducing varying ratios of glycolytic prod-
ucts depending on their environment. In
Fig. 6 the dominant product is lactate,
but succinate, malate, ethanol, and ace-
tate are also present in small quantities,
the last not being observed in the partic-
ular spectrum shown. In addition to the
end products in Fig. 6, it is possible to
observe fuctose bisphosphate (FBP),
the major intermediate of glycolysis in E.
coli. The internal concentration of this
metabolite was estimated to be 13 mM
from the *'P studies. The time sequences
of the "C and *'P NMR spectra indicate
that FBP increases in | or 2 minutes to a
constant value that is maintained until
the concentration of glucose drops to
less than 10 percent of its initial value.
Afterward. the FBP drops to zero in 4
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Fig. 9. Carbon-13 NMR spectrum at 25°C of rat liver cells from a normal rat, accumulated
between 18 and 35 minutes after the introduction of 22 mM [1,3-'*C] glycerol. Glucose is labeled
strongly at the 1, 3, 4, and 6 carbon positions of the « and 8 anomers of glucose. Note that the
carbon-carbon spin coupling has split the lines from C-3 and C-4 of glucose. G-C-1,3 is the
labeled glycerol peak, and «GP is L-glycerol 3-phosphate. [Adapted from Cohen et al. (24))

minutes, remaining visible for 2 minutes
after the glucose has completely van-
ished.

The FBP region of the spectrum is ex-
panded in Fig. 7, where six 1-minute
consecutive spectra, which displayed
constant FBP intensity, were added to-
gether to improve the signal-to-noise ra-
tio. Note that the peak at 65.8 ppm has
been assigned to the C-1 of « FBP. From
the relative intensities of the peaks of the
«- and BFBP we have concluded that
FBP is an anomeric equilibrium, in vivo.
This measurement shows one of the ad-
vantages of obtaining NMR measure-
ments in vivo: the time for FBP anomeri-
zation is about 1 second, so that it would
be very difficult to avoid some equilibra-
tion while extracting the FBP.

In addition to the time course that can
be obtained from sequential spectra
taken at l-minute intervals, more de-
tailed rate information can be obtained
from the observation of a label at the
peak assigned to the C-6 of BFBP (Fig.
7). The presence of this peak shows that
some of the label, introduced at C-1 of
glucose and therefore expected to flow
into the C-1 of FBP, has been ‘‘scram-
bled’” to the C-6 FBP position. From this
it is possible to calculate the degree of
disequilibrium of different enzymatic
steps, in vivo. This can be understood
by reference to Fig. 8, which shows
some of the reactions involved in glucose
metabolism. The relevant reactions are
those catalyzed by aldolase and tri-
osephosphate isomerase (TPI). For ex-
ample, if the aldolase triangle had rates

that were rapid compared to the through
rate and hence the constituents were at
equilibrium, then the C-1 and C-6 peaks
of FBP would have equal intensities. At
the other extreme, it the flux were very
fast compared with the reactions that
mix the label, then no ‘‘scrambling’’
would be observed. By repeating the ex-
periment using [6-'?Clglucose we have
shown that no “‘scrambling’’ in the re-
verse direction is observed to within an
accuracy of 5 percent. Although an un-
equivocal assignment of the pathway re-
sponsible for the *‘scrambling’ observed
requires a detailed analysis, it is evident
from these results that there is consid-
erably more flux through aldolase toward
the trioses than there is in the reverse di-
rection.

In similar experiments on yeast it has
been found that, in contrast to the results
with E. coli, the ‘‘scrambling’’ itself is
much larger and is approximately equal
in the two directions. In this case, the
data seem to be fitted reasonably by the
simple aldolase-TPI" triangle with TPI
close to equilibrium and a back flux
through aldolase almost as large as the
forward flux (35).

Rat Liver Cells

Similar kinds of information can be ob-
tained from suspensions of liver cells
performing gluconeogenesis (24). Figure
9 shows a "*C NMR spectrum accumu-
lated during the period 18 to 35 minutes
after [1,3-"*Clglycerol was added to a
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suspension of rat liver cells. Glycerol
and «-glycerophosphate («GP), which is
an intermediate in glycerol metabolism,
are detectable in the spectrum together
with glucose, which is synthesized from
glycerol by way of the well-established
pathway outlined in Fig. 8. To a first ap-
proximation all the '’C label appears in
the 1, 3, 4, and 6 carbons of glucose, ex-
actly as expected. Consecutive spectra
recorded after glycerol addition (Fig. 9
was taken from one such series), allow
one to follow the time course of the "C
distribution in glycerol, «GP, and glu-
cose. Differences in the rates of syn-
thesis of these metabolites and others,
such as lactate and alanine, have been
measured in liver cells from normal and
hyperthyroid rats. In the latter, the
glycerol consumption and glucose syn-
thesis rates were several times faster and
the concentration of oGP was several
times lower. From these data we deter-
mined the flux of «GP through the cyto-
solic and mitochondrial «GP-dehy-
drogenases. These results agreed with
measurements obtained in vitro which
had shown that the mitochondrial «GP-
dehydrogenase rate is increased in the
cells from the hyperthyroid rats. Several
other differences between the hyper-
thyroid and the normal rat livers were
revealed by the NMR experiments, dem-
onstrating the usefulness of the simulta-
neity available from NMR spectra in un-
derstanding the complex cellular reac-
tion to hormonal stimulation (24).

In Fig. 9 the peaks labeled C-3 and C-4
appear to be triplets. The triplets arise
from the spin-spin coupling that occurs
whenever a "*C is next to another '*C.
Thus, if a glucose molecule was formed
by condensing two 1,3-'*C-labeled tri-
oses, then the resonances at positions 3
and 4 would both be split into doublets,
while if only one of the trioses were la-
beled there would be only a single peak.
Thus, by comparing the intensity of the
center peak (the unpaired label) with the
intensity of the wings (the paired label) it
is possible to calculate the amount of un-
labeled substrate incorporated into the
glucose. This enables one to interpret a
single NMR spectrum in terms of the
amount of label incorporated in the glu-
cose, as well as in terms of the total glu-
cose produced.

Another important point is the equal-

ity of label in the two halves of the glu-
cose molecule (that is, carbons 1, 2, 3
and 4, 5, 6). In all experiments with
glycerol, even when unlabeled substrate
enters the synthesis path, the two halves
of the resulting glucose are equally la-
beled. This requires either that the TPI
reaction be in equilibrium or that other
fluxes through the triose pool be negli-
gible.

The existence of any flux through the
pentose cycle can be determined quan-
titatively from the observed label distri-
bution. For example, it has been ob-
served that [2-'3Clglycerol produces glu-
cose with 10 percent of its label moved
from the C-2 to the C-1 position (but not
from the C-5 to the C-6) (24). From this it
was possible to calculate that about 10
percent of the hexoses have been cycled
through the pentose pathway and to esti-
mate the relative fluxes through the
transketolase and transaldolase sub-
paths.

Conclusions

We have reviewed recent experiments
on E. coli, rat liver cells, and purified rat
liver mitochondria with the aim of dem-
onstrating the quality of information that
can be obtained from experiments with
31P and '*C NMR. From the former one
obtains simultaneously the internal pH
and considerable information about the
distribution and concentrations of phos-
phorylated metabolites. It has been pos-
sible to observe, we believe for the first
time, a pH difference between cytosol
and mitochondria in an intact cell.
These, together with the results on P;
transport and ATP formation in isolated
mitochondria, support Mitchell's chem-
iosmotic model. In addition, it has been
possible, by using saturation transfer, to
measure a true unidirectional rate in
vivo, namely, the ATPase synthesis rate
in aerobic E. coli. From *C NMR further
information on in vivo rates can be ob-
tained by observing the amount of
“‘scrambling’’ in a particular metabolic
pathway. For example in E. coli, one can
conclude that during glycolysis the aldol-
ase is out of equilibrium. It is clear that
3P and '"C NMR measurements allow
one to follow the details of metabolism
and bioenergetics in vivo.
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