
Metabolic Dynamics – Kinetics 
and Transport Measured by 1 and 
2D NMR Spectroscopy, Modeling 

metabolic flux

Chemical Exchange in NMR
• Chemical exchange in NMR refers to any process in 

which a nucleus exchanges between two or more 
environments in which its NMR parameters (chemical 
shift, scalar coupling, dipolar coupling, relaxation rate) 
differ. 

• Chemical exchange  in NMR can be a curse or 
rewarding – its influence can cause signals to become 
invisible beyond detection or it can allow one to 
uncover a large range of motional properties at every 
site within a molecule ... 



v Chemical shift equivalence is also caused by rapid exchange mechanisms
(faster than once in 10-3 sec.).
• For example, the chemical shift of the cyclohexane protons is an

average of the shifts of the axial and equatorial protons. At room
temperature, the spectrum consists of a singlet at 1.42 ppm, the average of the axial and
equatorial chemical shifts.

Conformational Equilibrium

The equatorial protons would be more de-
shielded than the axial protons if there was 
not a rapid exchange of these two 
positions. 

axial

equatorial

v Non-equivalence – E.g. Mutarotation of carbohydrates
v The α- and β- anomers of carbohydrates are typically stable solids. However, in

aqueous solution, they quickly equilibrate to an mixture of the two forms.

v For example, in aqueous solution, glucose exists as a mixture of 36% α- and
64% β- (>99% of the pyranose forms exist in solution).

Conformational Equilibrium

80 mg of α-D-glucose was 
dissolved in 0.8 mL D2O

Conformational Equilibrium

• At room temperature, N,N-dimethylformamide shows 2 CH3 peaks,
because of the rate of rotation around the hindered C–N bond is slow
on the NMR time scale.

• However, as one raises the temperature the barrier to rotation is
overcome and the two CH3 peaks merge into a single peak at ≈ 123º
C.





Chemical Exchange Dynamics: 2 
site, 1st order case
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Combined with exchange gives 
Bloch McConnell Equations

Bloch McConnell Exchange Calculations
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1H NMR spectrum of 2.4 M aqueous formaldehyde solution (0.01 M phosphate buffer, pH 
= 7.4, T = 1.2 C, 500 MHz). Spectrum B is Spectrum A multiplied by 32.
In The slow exchange regime - exchange rate is related to the linewidth by the 
expression: 

Proton Exchange Kinetics in Aqueous Formaldehyde

Rivlin, M.et al. Journal of Magnetic Resonance, 242, 107–112.

Formaldehyde Proton Exchange – pH Dependence

k = ko + kH[H+] + kOH[OH-] 

CHEMICAL EXCHANGE SATURATION 
TRANSFER (CEST)

Chemical Exchange Saturation 
Transfer (CEST) is a technique where 
one resonance, in slow exchange with 
a second resonance, is saturated with a 
selective low power pulse followed by a 
hard non-selective 90° pulse. The 
intensity of the second resonance is 
then diminished due to the transfer of 
saturation from the first resonance as 
the result of chemical exchange.



At conditions OH peak cannot be observed directly, it can be detected indirectly through 
the water signal by the chemical exchange saturation transfer (CEST) experiment. CEST 
effect of 80% is obtained for methylene glycol concentration of 0.6 M, therefore can use 
to measure millimole comncentrations of the glycol OH.

CHEMICAL EXCHANGE SATURATION TRANSFER (CEST) EXPERIMENT

Another Exchange Effect: Selective 180°
Pulse

If z-magnetization of each species is 
inverted relative to the other, exchange will 
lead to a decrease in total z-magnetization
§Inverted spins of one species exchange 
between pools, depleting z-magnetization 
of other species

§Subsequent measurement of other species 
will give lower signal than expected

2nd resonance 
decreases due to 

exchange

① 1ST 180° PULSE

② CHEMICAL 
EXCHANGE

Z-MAGNETIZATION

Measuring Exchange with 180°
Inversion Pulses

Normal 
spectrum

After 
selective 

180°delay

Difference 
spectrum

Difference 
spectra, 

incremented 
delay for 
exchange

JOURNAL OF MAGNETIC RESONANCE, 17,406-410 (1975)



The Nuclear Overhauser Effect

When the X-transition is irradiated, the populations of the αα and αβ states become equalized (saturated), as 
do the βα and ββ states. As relaxation occurs, the difference in these two populations depends crucially on 
which of the three relaxation processes dominates. 
If ω2 > ω1,ω0 then the βα/ββ population will tend to that of the ββ state, and the αβ/αα states will tend that 
of the αα state, hence there will be a larger population difference for the A transition (2Δ) than the 
equilibrium difference (Δ).

http://www.che
m.wisc.edu/area
s/reich/nmr/08-
tech-02-noe.htm

The Nuclear Overhauser Effect

The alteration of normal spin 
population of a nucleus X by 
irradiation will cause the populations 
(and hence signal intensities) of other 
(non-irradiated) nuclei (A) to change 
provided that X is causing T1
relaxation of A by the dipole-dipole 
mechanism. 

For the ω2 process, each time an X 
nucleus relaxes from β to α state, and 
A nucleus also undergoes a β to α 
transition (ββ → αα). This has the 
effect of increasing the population 
difference of A, i.e. an increase the 
area of A. This is a positive NOE.



Application to protein dynamics/binding
Possible pathways in a mobile 
protein that can be probed 
with NMR . Chemical 
exchange (red) and cross 
relaxation (blue) occur, the 
latter either exchange-relayed 
or through direct excitation of 
C(α) protons. 

van Zijl et al., Magn. Reson. 
Med. 2003;49:440–449.

signals from each NMR experiment, and a stack plot was
generated (Fig. 2).

Hazards
The reagents and enzyme used in this experiment present
no reported physical hazards. The preparation of 1 M imid-
azole buffer requires the use of 3 M NaOH. Students should
wear appropriate safety protection. A discussion of mag-
netic fields should always be included when using an NMR,
including the hazards related to pacemakers or other medi-
cal devices that could be affected by a strong magnetic

field. These hazards are minimized when using a 60 MHz
magnet as described.

Discussion
Calculation of Enzymatic Activity from NMR
Integration of 31P Signals
The 31P signals that were used to calculate enzymatic activ-
ity were the phosphate of PEP (0.0 ppm—set as external
standard) and the b-phosphate of ATP (–20.5 ppm). The 31P

A representative stack plot of 31P NMR (1H broadband decoupled) spectra results for a single NMR tube reaction moni-
toring the pyruvate kinase mediated conversion of PEP and ADP to pyruvate and ATP. The reaction was initiated by the
addition of pyruvate kinase. The initial concentrations of PEP and ADP were 61 and 65 mM, respectively. The reaction
buffer was 1 M imidazole at pH 7.5 and contained 6 mM MgCl2 and 19 mM KCl. As the reaction progressed, integra-
tions of the 31P signals for the b-phosphate of ATP (–20.5 ppm) were compared to those of the phosphate in PEP
(0 ppm).

FIG 2

Werner and Johnson 511

Enzyme kinetics

Werner, R. M., & Johnson, A. (2017). Biochemistry and Molecular Biology Education, 
45(6), 509–514. 

disappearance of PEP by UV spectroscopy [12], or the lac-
tate dehydrogenase coupled assay monitoring the appear-
ance of NADH [1, 13, 14].

Several additional factors were presented that con-
vinced the class to support this project. First, the enzyme
and all necessary reagents were commercially available at
a reasonable cost (see Supporting Information). Second, the
equilibrium constant (Keq 5 3.2 3 105) for this reaction is
sufficiently large to expect almost complete conversion of
starting material to product [8]. Third, due to favorable sol-
ubility in water, the reactant concentrations could be high
allowing for rapid NMR signal acquisition. Finally, and
most importantly, a review of the literature revealed that
the 31P NMR signals of both the starting materials (PEP and
ADP) and product (ATP) are sufficiently resolved to allow
for direct integration of spectral peaks and calculation of
reactant to product ratios [1, 15–20]. This study builds
upon earlier work on the enzyme kinetics of PK utilizing
31P NMR and seeks to present a simplified approach for the
undergraduate biochemistry laboratory [16].

Experimental Procedures
Materials
The following were purchased from Sigma-Aldrich: rabbit
muscle pyruvate kinase (PK, E.C. #: 2.7.1.40) ammonium
sulfate suspension (stated activity: 500 U/mL), phospho(e-
nol)pyruvic acid monopotassium salt (PEP, MW 5 206.13 g/
mol) (Note: the potassium salt of PEP was found to have
fewer impurities than the commercially available sodium
salt by 31P NMR analysis), and adenosine diphosphate
sodium salt (ADP, MW 5 427.20 g/mol). Aqueous stock sol-
utions of 1 M MgCl2 and 1 M KCl were prepared with the
reaction buffer consisting of 1 M imidazole at pH 7.5 in
HPLC grade water. The use of imidazole buffer was neces-
sary because phosphate containing buffers (i.e., PBS) would
interfere with integration of the PEP 31P NMR signal near
0.0 ppm.

NMR Tube Reaction Conditions
Reactions were prepared by weighing 22.2 mg ADP
(52 lmol) and 10.1 mg PEP (49 lmol) into a 1.5 gram glass
vial (PEP was limiting). Imidazole buffer (0.76 mL) was
added along with 5 lL of 1 M MgCl2 and 15 lL of 1 M KCl.
(Note: no D2O was required for this experiment because
the NMR that was used does not utilize a deuterium lock
signal). This reaction mixture (representing t 5 0 min) was

added to a standard 5 mm NMR tube via glass pipette, and
a 31P NMR spectra was obtained (see NMR conditions
below). The enzymatic reaction was initiated upon addition
of 20 lL (!10 U) of pyruvate kinase to the NMR tube (stock
enzyme solution was !500 U/mL, diluted to 0.5 U/mL in
imidazole buffer) giving a final reaction volume of 0.8 mL.
(note: we chose to use 10 U of enzyme for a more dramatic
demonstration of ADP ! ATP conversion, see “Discussion”
below) The final reaction concentrations were: 65 mM
ADP, 61 mM PEP (limiting), 6 mM MgCl2,19 mM KCl, and
approximately 12.5 U PK/mL. Importantly, it was found
that higher concentrations of MgCl2 (50 mM) caused signifi-
cant line broadening and signal degradation due to para-
magnetic effects [16]. Upon addition of the enzyme, the
NMR tube was quickly placed in the spectrometer and 31P
NMR spectra were collected at time intervals of 1, 11, 21,
31, 41, 51, and 1440 min. The initial reaction temperature
was approximately 258C and was not carefully controlled
when the NMR tube was initially charged with reagents;
however, the reaction temperature was kept constant at
308C over the 24 h duration of the experiment by the NMR
probe heater.

NMR Conditions
The 1H broadband decoupled NMR spectra were collected
on an EM-360 Varian instrument with the EFT-60 Anasazi
FT NMR upgrade (note: this system does not have a deute-
rium lock signal). On this instrument, the observe fre-
quency for 31P is 24.31 MHz. Before acquisition of spectra
for each time value, the field offset was externally set to
the signal corresponding to PEP (note: the 31P signal of
unbound PEP is located at 0.9 ppm relative to 85% phos-
phoric acid [16], thus an internal reference was omitted so
that integration of the PEP signal was possible). In order to
compare data appropriately, this field offset was reset
before each experiment to account for slight differences in
magnetic drift. The relaxation delay was set to 5 s to allow
for complete relaxation of bulk magnetization, thus allow-
ing for accurate integration of 31P NMR signals [17]. A total
of 8 scans, requiring approximately 45 s for acquisition,
were performed at the following time intervals (0, 10, 20,
30, 40, 50, 1439 min). Due to the 45 s delay, the actual
time the experiments were completed represented approxi-
mately 1 min after the acquisition began (1, 11, 21, 31, 41,
51, 1440 min). FIDs were processed using NUTS NMR soft-
ware (Anasazi) with a line broadening of 1.0 Hz. Integrals
over the same spectral regions were obtained for the 31P

Phosphorylation reaction catalyzed by pyruvate kinase (PK).
FIG 1
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510 31P NMR of the Pyruvate Kinase Reaction

signals representing the a- and b-ADP phosphates for pure
ADP (time 5 0) are well resolved, however, as the reaction
proceeds, a mixture of these signals along with the a- and
c-ATP phosphate signals overlap at approximately 25.5
and 210 ppm (Fig. 2).

Integration Results
The integral for the PEP 31P signal was set to a relative
value of 1.0 for each separate NMR experiment (Table I).

To calculate the relative fractions of PEP and ATP
formed over time, both (1) and (2) were applied:

Fraction PEP 5 ðIntegral of PEPÞ=
½ðIntegral of b2ATPÞ1 ðIntegral of PEPÞ$

(1)

Fraction ATP 5 1 – Fraction PEP (2)

For example, the integrals for the experiment at 11 min,
gave the following result for Eq. (1): (1)/[(0.73) 1 (1)] 5
0.578, meaning that after 11 min of reaction, 57.8% of the
original PEP 31P signal remained in the reaction. Applying
Eq. (2): 1 – 0.578 5 0.422, meaning that 42.2% of the new
31P signal at 220.5 ppm represented the b-phosphate of
the newly created ATP (Table I).

Calculation of Enzymatic Activity
In order to calculate the enzymatic activity of pyruvate
kinase, the 31P integrals and resulting fraction of either
PEP or ATP were first converted to lmol of PEP or ATP
using (3)) and (4):

lmol PEP 5 ðFraction PEPÞ3 ðlmol PEP used in reactionÞ (3)

lmol ATP 5 ðFraction ATPÞ3 ðlmol PEP used in reactionÞ
(4)

Figure 3 shows the conversion of PEP to ATP using these
calculated values for the lmol of ATP produced and the
resulting decline in the lmol of PEP per minute.

To calculate units/mL of pyruvate kinase activity, the
lmol ATP formed was divided per unit time and then
divided by the enzyme volume (mL) as in Eq. (5):

Units=mL PK activity 5 ðlmol ATP formedÞ=ðmin of rxn:Þ=
ðenz: vol:mLÞ

(5)

Integration results of 31P NMR experiment

31P integrals

Time (min) PEP b-ADP 1 c-ATP a-ADP 1 a-ATP b-ATP Fract. PEP lmol PEP Fract. ATP lmol ATP

0 1 1.46 1.6 0 1.000 49.0 0.000 0.0

1 1 1.65 1.69 0.19 0.840 41.2 0.160 7.8

11 1 2.13 2.38 0.73 0.578 28.3 0.422 20.7

21 1 2.62 2.86 1.24 0.446 21.9 0.554 27.1

31 1 2.92 3.02 1.55 0.392 19.2 0.608 29.8

41 1 3.45 3.64 2.04 0.329 16.1 0.671 32.9

51 1 4.12 4.14 2.57 0.280 13.7 0.720 35.3

1440 1 33.87 36.26 31.5 0.031 1.5 0.969 47.5

Integrals were combined for the b-ADP and c-ATP 31P signals as well as for the a-ADP 1 a-ATP 31P signals, due to spectral overlap. The
fraction of PEP and ATP as well as the lmol PEP lost and ATP formed were calculated using Eqs. 1–4.

Reaction progress curve of the enzymatic conver-
sion of PEP to ATP by PK calculated using 31P
integrals.

TABLE I

FIG 3
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• Simple pulse-acquire
• Magnetization transfer –

saturation 
– 31P – Creatine kinase activity 

in vivo

10mm	Bioreactor:	LDH	microspheres:	0.5	kU/mL,	0.1	kU/mL,	0.05	kU/mL
1mL	HP	[1-13C]	pyruvate	(7	mM),	urea	(20mM)	injected	over	30s.	TR=3s	FA=10°,	
37°C • Linear	characteristics	of	initial	rates	of	reaction	– LDH	

encapsulated	consistently

Pyruvat
e

Lactate
x	4

Ure
a
x	7

31P	to	
measure	
NADH/NAD+

Enzyme Kinetics



Micro-carrier beads MR bioreactors – reaction 
rates Talia Harris et al. PNAS 2009;106:18131-18136

Scheme of the traditional  
perfusion system with cells 

grown on Biosilon polystyrene 
beads

Microcarrier beads MR bioreactors – rate limiting 
factor Talia Harris et al. PNAS 2009;106:18131-18136

A. MCT1 inhibition - Repeated aliquots of 5.9 
mM hyperpolarized 13C1-pyruvate into batches 
of T47D cells, to whose perfusing media the 
indicated concentrations of inhibitor were 
coadded

B. 31P NMR spectra showing the constant 
viability 

C. Washout experiments – Simulations of 
pyruvate-to-lactate conversion whose rate 
remains unaffected by the washing out 
(kwash = k0, gray Upper and red Lower); a 
conversion whose rate is halved vis-à-vis its 
original level (kwash = k0/2, green Lower); or a 
conversion whose rate goes suddenly to zero 
upon restarting the perfusion (kwash = 0, 
blue Lower). 

Simultaneous observation of the lactate pools in 
UOK262 cells

– Lacin:  183.13 ± 0.006 and Lacex: 183.15 ± 0.006
– LWHM - Lacin:  4.3 ± 0.1 and Lacex: 2.5 ± 0.07 Hz



Kinetic modeling of bioreactor 
data

acquisition of a complete kinetic dataset within a few minutes.
The clinical potential of this method is widely recognized and
studies of cancer have been the focus of most early investiga-
tions (4). In tumor cells, for example, excess conversion of
pyruvate to lactate occurs as the result of hypoxia or of intrin-
sic metabolic reprogramming during malignant transformation
(5), and therefore may serve as a useful biomarker of malig-
nancy in vivo (6–13) and in cultured cells (12,14–17). Recently,
flux from hyperpolarized (HP) 13C-pyruvate to HP 13C-lactate
has been reported based on the observed time–intensity curve
of HP 13C-lactate (4,11–21). These measurements have the
potential to distinguish between healthy and diseased tissue,
and have been used to monitor treatment response in cancer
(4,13,16–20).
The mathematical models used for the analysis of HP kinetic

data must differ significantly from those described previously
for the analysis of chemical or enzyme kinetics because factors
other than simple flux affect the appearance of HP nuclei in an
end-product such as lactate. First, the T1 of the various
metabolites will influence the appearance of HP [1-13 C]lactate.
Even if fluxes are identical, a long relative to a short T1 of
[1-13 C]pyruvate or [1-13C]lactate favors the appearance of the
HP [1-13C]lactate signal. Second, the flip angle and repetition
rates for observing the HP pyruvate and lactate signals will
influence the time–intensity curve of HP [1-13C]lactate. The T1
values of lactate and pyruvate measured in aqueous solution
may not be relevant in an intracellular environment in which
binding to enzymes and increased viscosity may shorten T1.
This combination of unknown T1 decay rate constants,
relatively short duration of observation, effects of acquisition
conditions and unknown pool sizes of the relevant metabolites
present challenges in the measurement of fluxes from dynamic
HP datasets. The delivery of pyruvate to the region of interest
adds an additional complication in vivo.
A simple model for the detection of 13C-enriched lactate

after the administration of labeled pyruvate is to consider
three pools: intracellular pyruvate, intracellular lactate and
extracellular lactate. Even this three-pool model becomes
rather complex once the effects of T1 and radiofrequency
(RF) excitation are included. The accuracy of rate constants
determined by fitting an HP dataset to a lactate appearance
curve will be improved if the number of unknowns is
minimized or constrained. One approach taken previously
was to assume that the back reaction, HP [1-13C]lactate to
HP [1-13C]pyruvate, is negligible (15,17,19,20). This assumption,
which is equivalent to the Michaelis–Menten kinetics model,
may be appropriate if lactate rapidly exits the cytosol and no
longer has access to lactate dehydrogenase (LDH). Another
simplifying assumption is that the mass of lactate does not
change over the time of HP observations. Over the approxi-
mately 2-min time period in which HP experiments are carried
out, this is a reasonable assumption. Information about the
decay of the HP [1-13C]pyruvate signal would also be useful,
but the detection of this signal is complicated by its high
intensity; even a tip angle as small as 1! can overflow the
receiver, and smaller tip angles mean a lower signal from
the metabolites of interest. The accuracy of flux measure-
ments determined by fitting an HP dataset assuming
two pools (pyruvate and lactate) or three pools (pyruvate
and intracellular lactate and extracellular lactate), or assum-
ing unidirectional versus bidirectional exchange, has not
been investigated.

In this study, six kinetic models, summarized in Fig. 1, were
constructed and assessed. HP and mass spectrometric (MS)
data were acquired from a convenient model system: a
glioblastoma cell line. In this case, unlike in vivo or perfused
cells, the model does not need to include the delivery of
pyruvate as a function of time as the cells are delivered to
the HP solution by a nearly instantaneous bolus. Three of the
kinetic models allowed bidirectional flux between pyruvate
and intracellular lactate, between intracellular lactate and
extracellular lactate or among all three compartments. A fourth
model incorporated unidirectional flux from pyruvate to
intracellular lactate to extracellular lactate. A fifth model
assumed a two-pool bidirectional exchange as applied earlier
(4,11–14,16,18,21–23). The sixth model allowed only forward
flux, pyruvate to lactate, as described in other reports
(15,17,19,20). The most flexible model, three compartments
with bidirectional fluxes, was fitted simultaneously to both
the MS and HP datasets to determine T1 values for pyruvate
and lactate. Using a large sample of randomized initial
conditions, each of the six models was then used to fit
the HP data alone or the MS and HP data simultaneously.
Only the two-pool bidirectional exchange and three-pool
bidirectional exchange models were capable of providing
results compatible with the MS data, and only the two-pool
model accurately predicted the MS curve when the MS data
were not provided as part of the fitting. Nevertheless, the
initial rate of conversion of pyruvate to lactate could be
accurately estimated by all six models, even when fitting only
the HP data to the models. There was little difference in fluxes
returned by fitting to either the unidirectional or bidirectional
two-pool models.

EXPERIMENTAL DETAILS
Shaped pulses

Selective pulses were created with VNMRJ PBox software (Agilent,
Santa Clara, CA, USA). Two Gaussian shapes were combined
with frequency offsets set to pyruvate C2 (205.8 ppm) and lactate
C1 (183.4 ppm) referenced to pyruvate C1 (171.1ppm) with
bandwidths of 500 and 350Hz, respectively. To test the efficiency
of this double-Gaussian selective excitation pulse, a frequency

Figure 1. Two- and three-pool models. The six models used to fit the
kinetic data are shown. kij is the rate of transfer from pool i to pool j. E,
extracellular lactate; L, lactate (total or intracellular); P, pyruvate. Total
pyruvate is in exchange with lactate such that it is converted instantly
on entering the cytosol. kLP, kLE and kEL can be set to zero in different
combinations to create the various models.

COMPARISON OF MODELS OF LDH EXCHANGE FOR 13C HYPERPOLARIZED PYRUVATE

NMR Biomed. 2012; 25: 1286–1294 Copyright © 2012 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/nbm
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Hyperpolarized 13C ACES pH Imaging

• ACES has a pH dependent chemical shift change over the physiologic 
range (A-D).

• Co-polarize and use 13C Urea as a chemical shift reference

Low pH

High pH

Hyperpolarized 13C Bicarbonate pH Imaging


