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Abstract: Incomplete knowledge of the longitudinal relaxation
time constant (T,;) leads to incorrect assumptions in quantita-
tive kinetic models of cellular systems, studied by hyper-
polarized real-time NMR. Using an assay that measures the
intracellular signal of small carboxylic acids in living cells, the
intracellular T, of the carboxylic acid moiety of acetate, keto-
isocaproate, pyruvate, and butyrate was determined. The
intracellular T, is shown to be up to four-fold shorter than
the extracellular T, Such a large difference in T, values
between the inside and the outside of the cell has significant
influence on the quantification of intracellular metabolic
activity. It is expected that the significantly shorter T, value
of the carboxylic moieties inside cells is a result of macro-
molecular crowding. An artificial cytosol has been prepared
and applied to predict the T, of other carboxylic acids. We
demonstrate the value of this prediction tool.

Biology is governed by dynamic changes across multiple
distance- and time-scales. In turn, an impressive number of
biological activities execute and respond to such dynamic
changes in a highly organized and intricately regulated
manner. To study such activities in a meaningful context, we
require methods that allow us to directly assess functional
characteristics in the physiological environments.'! NMR
spectroscopy is a non-disruptive and quantitative analytical
tool, in which NMR signal intensities reflect the absolute
concentrations of molecules. Time-dependent changes of
these signals provide quantitative information about the
processes acting on NMR-visible components. The underlying
rationale of real-time NMR approaches for monitoring
metabolic processes is to detect the chemical conversions of
supplied isotope-labeled compounds through changes of their
spectral properties and the NMR signatures of their trans-
formation.”) While sensitivity remains a challenge for conven-
tional NMR spectroscopy, real-time NMR using dissolution
dynamic nuclear polarization (dDNP) is particularly well-
suited for metabolic studies.’! With this technique, the utility
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of NMR is broadened by an increase of sensitivity of many
orders of magnitude obtained by ex situ hyperpolarization.
While individual NMR signatures of chemical entities (CE)
are readily obtained, the measured signals are, however,
functions of the CE concentration and a CE specific
relaxation time constant that is dependent on the chemical
and physical environment in which the CE is measured. If this
relaxation time constant (spin lattice, 7)) is known, real-time
NMR using dDNP is a strong method for the insitu
quantification of metabolic reactions with complex kinetics.
Herein, we measure the intracellular 7, of small carboxylic
acids in living cells and demonstrate an experimental
prediction tool for the intracellular 7; that allows the data
fitting of complex kinetics.

A cellular system for the simultaneous detection of intra-
and extracellular CE acted as a basis for data modeling of the
intracellular 7.l (Supporting Information, Section S1).
Hyperpolarized [1-CJacetic acid was supplied to a suspen-
sion of living yeast cells at pH 4.2. The intracellular compo-
nent, acetate at pH 6.1, as well as the extracellular compo-
nent, acetic acid at pH 4.2, were measured over 2 min with
a repetition time of 0.7 s (Figure 1). Because the chemical
shift is sensitive to pH, a simple titration of acetate allows the
determination of the intracellular pH (Supporting Informa-
tion, Section S2). No active cellular transportation of acetic
acid takes place in glucose-fed yeasts.”! In such cells,
undissociated acetic acid crosses the plasma membrane by
diffusion.’”! At an extracellular pH of 4.2, well below the pKa
of acetic acid (4.76), 78 % of acetic acid is protonated and
available for diffusion into the yeast cells. An intracellular pH
of approximately 6.1 is maintained throughout the experi-
ment, which leads to dissociation and effective trapping of
acetate in the intracellular compartment (Figure 1A). The
evolution of intra- and extracellular signals was fitted to
a two-pool model, which resulted in the unambiguous
determination of the intracellular 7, of [1-"*Clacetate, with
a value of 9+ 1s (Figure 1B,C). The value obtained for the
intracellular 7, could be verified in an experiment in which
a paramagnetic agent quenched the extracellular acetic acid
signal. A solution of the gadolinium complex Gd-DO3A was
supplied to the yeast-cell suspension 15 s after the addition of
hyperpolarized acetic acid. This paramagnetic complex
quenches the hyperpolarization of the extracellular acetic
acid signal by coordination and rapid exchange, while leaving
the intracellular signal intact (Figure 1D)."! Both methods
yielded values for the intracellular 7, of acetate of approx-
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after addition of Gd-DO3A. T, of intracellular acetate is in this
experiment measured as the exponential decay of acetate with a value
of 8.6s.

imately 9 s, significantly shorter than the measured value for
the extracellular acetic acid, 40 +2 s.

In a variant of the yeast-cell experiment, a hyperpolarized
a-keto carboxylic acid, either [1-'*Clketo-isocaproic acid
(KIC) or [1-"*C]pyruvic acid, was supplied. In these experi-
ments, the extracellular pH was lowered to 2.2 to ensure
efficient uptake of these acids, which have pK, values of 2.65
and 2.5, respectively (Figure 2 A). The reaction mechanisms
of the alpha-keto acids are more complicated than that for
acetate since these acids are metabolized in yeast cells by the
enzyme pyruvate decarboxylase (PDC). Although pyruvate is
the preferred substrate, this enzyme also acts on KIC.
Decarboxylation results in the cleavage of the “C-label,
which results in the formation of *CO,. Therefore, signals
from the extracellular carboxylic acid and intracellular
carboxylate forms and the metabolic product CO, were
fitted to a three-pool model (Supporting Information, Sec-
tion S3), resulting in values for the intracellular 7, of [1-
BCIKIC and [1-"*C]pyruvate of 10.4 s and 12.7 s, respectively,
(Figure 2B,C). These values are 2.5-3-fold lower than the
extracellular T; values.” The three-pool model also permits
measurement of the 7 for the product, CO,. As a small
uncharged molecule, CO, is exported by free diffusion
through the cell membrane following a concentration gra-
dient over an approximately 50-fold difference in volume
from inside to outside the cells. The extracellular 7', of CO,
obtained in the yeast experiments (42 + 6 s) corresponds well
with an extracellular measured 7 of 38 s and values in the
literature.”)

Two additional small carboxylic acids, lactic and butyric
acid, which are commonly used as substrates in dDNP
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Figure 2. A) Experimental setup showing the uptake and conversion of
the alpha-keto carboxylic acids at pH 2.2 in yeast cells as well as the
loss of *C-label into CO, catalyzed by the yeast cytosolic enzyme
pyruvate decarboxylase (PDC). B) Evolution of [1-"*C]ketoisocaproate
(KIC) signal. Fitting of model to the intracellular signal, the subse-
quent production of CO,, and the decaying extracellular signal (inset).
C) Evolution of [1-"*C]pyruvate (pyr) signal. Fitting of model to the
intracellular signal, the subsequent production of CO,, and the decay-
ing extracellular signal (inset). Signals in (B) and (C) were modeled
using a three-pool model using the sum of three individual datasets
for KIC (2 mm) and pyr (8 mm).

metabolic studies, were studied in the yeast system. The
carboxylic acids were hyperpolarized and supplied at an
extracellular pH of 2.2 for lactic acid (pK, 3.86) and 4.2 for
butyric acid (pK, 4.82). Despite the low pH, at which all lactic
acid is in the protonated form, no intracellular lactate was
detected. In contrast, butyric acid diffused into the yeast cells
with a rate more than 20-fold faster than that of acetic acid
(Figure 3). At this high uptake rate, the intracellular concen-
tration of butyrate would, if no re-export took place, amount
to approximately 20 mm in 100s. No acidification of the
cytosol was detected during the experimental time window
(160 s), which suggests that the yeast cells effectively control
their pH by homeostasis. Instead, significant re-export of
butyrate takes place even at very low extracellular substrate
concentrations (0.17 mMm) and results in the need for inclusion
of an export term when modeling this data. The re-export
introduced ambiguity in the data fitting, which was solved by
measuring the extracellular 7 in a separate experiment and
using the resulting 7' as an additional input in the model
(Figure 3B). An unambiguous determination of the intra-
cellular 7, of [1-"C]butyrate (8.140.6s) could then be
obtained.
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Figure 3. Butyrate uptake in yeast cells. A) Extracellular (181.2 ppm)
and intracellular (184.7 ppm) signal evolution. B) Data fitting to the
decaying extracellular butyric acid signal and the intracellular butyrate
signal shown for one dataset (0.17 mm). Signals in (B) are modeled
using a two-pool exchange model including three datasets (0.17 mwm,
n=3). The inset table lists measured average uptake rate, export rates,
and T, relaxation constants.

The obtained uptake rates for acetate, butyrate, keto-
isocaproate, and pyruvate correlate well with approximate
experimental LogP values for the different acids (Table 1),

Table 1: Model-extracted import rates and experimental hydrophobicity
(LogP) and pKa values for small carboxylic acids.

Carboxylic acid Import rate [s™] LogPt pK,
Butyric acid 0.08+0.01 0.79 4.82
Keto-isocaproic acid 0.008 n.a. 2.65
Acetic acid 0.004 +0.0005 -0.17 4.76
Pyruvic acid 0.0008 —0.5 2.50
Lactic acid No import -0.72 3.86

[a] Experimental values taken from www.drugbank.ca.

which suggests that the large differences in cross membrane
diffusion rates are related to differences in lipophilicity. The
uptake rate of pyruvic acid is low, and relatively high substrate
concentrations were needed to measure the intracellular
signal. That no signal from intracellular lactate could be
detected may thus be ascribed to the relative hydrophilicity of
this compound.

Macromolecular crowding, which reflects viscosity, solute
binding, and/or collisional interactions, in the cytosol is
a likely reason for the short intracellular 7' values that were
measured for the four small carboxylic acids."” A reduced
apparent diffusion constant, reflecting the intracellular envi-
ronment, has also been observed for lactate in vivo."'! Very
different protocols have been suggested in the literature to
mimic macromolecular crowding in the cytosol.l'*!¥ We
evaluated whether such an artificial cytosol (AC) could
cause a shortening of the 7 of small carboxylic acids and thus
act as a prediction tool for intracellular 7, values of other
carboxylic acids. A mixture of ethanol, sucrose, and buffers
efficiently lowered the 7 of the investigated carboxylic acids
(Supporting Information, Section S4). Although not a macro-
molecule, a high sucrose concentration imposes a similar
restriction in mobility of the carboxylic acids by displacing
water. Excellent correlation was obtained between the T
measured in the AC and the intracellular measured T,
(Table 2). From a comparison between the 7 measured in
the AC and the intracellular measured 7, values of hyper-
polarized [1-"CJacetate, [1-"C]KIC, [1-"C]pyruvate, and [1-
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Table 2: The intracellular (T;;,) relaxation rate constants are obtained
from data fitting. T, sc lists relaxation rates measured in an artificial
cytosol. These are also given relative to acetate (relative T, »c) and used
to predict T, values relative to the measured T, value for acetate
(predicted T ;,y)-

Carboxylic acid Thint Tiac Relative Predicted T;
T],AC

Butyric acid 8.1+0.6 8.5 0.85 7.7

Keto-isocaproic acid 10.4 1 1.1 9.9

Acetic acid 9.0£1.0 10 1.0 9.0

Pyruvic acid 12.7 15 1.5 13.5

Lactic acid NA 5 0.5 45

BC]butyrate, it may be expected that relative intracellular
T, values can be used to predict the intracellular 7 of
carboxylic acids that cannot be easily obtained from a cellular
model system (Table 2).

In the literature in which kinetic fitting based on hyper-
polarized NMR signals is used, it is a common assumption
that the 7, values for the intracellular and extracellular
fractions of a compound are equal or similar."*'”l The
experiments described here do not support this assumption.
This finding has major implications for the estimation of
intracellular reaction rates. For example, assuming that the 7}
of acetate is the same inside and outside the cell results in an
overestimation of the uptake rate by a factor four (Supporting
Information, Section S5).

The data herein show the first measurements of intra-
cellular 7 values for small carboxylic acids, and the implica-
tions for quantitative analysis of hyperpolarized data are
demonstrated.
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