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Abstract High-resolution magic angle spinning (MAS) 'H nu-
clear magnetic resonance (NMR) spectroscopy is increasingly
being used to monitor metabolic abnormalities within cells and
intact tissues. Many toxicological insults and metabolic diseases
affect subcellular organelles, particularly mitochondria. In this
study high-resolution 'H NMR spectroscopy was used to exam-
ine metabolic compartmentation between the cytosol and mito-
chondria in the rat heart to investigate whether biomarkers of
mitochondrial dysfunction could be identified and further define
the mitochondrial environment. High-resolution MAS spectra of
mitochondria revealed NMR signals from lactate, alanine, tau-
rine, choline, phosphocholine, creatine, glycine and lipids. How-
ever, spectra from mitochondrial extracts contained additional
well-resolved resonances from valine, methionine, glutamine,
acetoacetate, succinate, and aspartate, suggesting that a number
of metabolites bound within the mitochondrial membranes occur
in ‘NMR invisible’ environments. This effect was further inves-
tigated using diffusion-weighted measurements of water and
NMR spectroscopy during state 2 and state 3 respiration. State
3 respiration caused a decrease in the resonance intensity of
endogenous succinate compared with state 2 respiration, sug-
gesting that coupled respiration may also modulate the NMR
detection of metabolites within mitochondria.

© 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

High-resolution 'H nuclear magnetic resonance (NMR)
spectroscopy of tissue extracts is increasingly being used as
a means to profile the metabolic events associated with dis-
ease, drug toxicity and genetic manipulation. However, me-
tabolites are partitioned between compartments both on a
cellular and subcellular level, and the role of an individual
metabolite is often determined by the environment/compart-
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tion time; TSP, 3-trimethylsilyl-1-[2,2,3,3,-Hy4] propionate

ment [1,2]. NMR spectroscopy, both in vivo and in situ, has
proven successful at examining metabolic compartmentation
and inferring the properties of the compartmental environ-
ments. Diffusion-weighted magnetic resonance imaging is rou-
tinely used for monitoring cerebral disorders such as ischemia
and multiple sclerosis via the changes associated with the dif-
fusion of water, monitoring a combination of change in com-
partmentation and a change in compartmental environments
during these disorders [3-6]. Also, both diffusion- and relax-
ation-weighted NMR spectroscopies of red blood cells have
been successfully used to examine compartmentation of water
and metabolites in red blood cells [7,8], with Garcia-Perez and
colleagues even detecting the effect of subcellular compart-
mentation of water between the nuclei and cytosol of chicken
erythrocytes [9].

However, the subcellular environment of metabolites may
also complicate in vivo and in situ NMR spectroscopy. Ex-
amining superfused brain slices, Kauppinen and co-workers
[10,11] found that a sub-compartment of cerebral glutamate
was not NMR visible, suggesting that either synaptic or mi-
tochondrial glutamate may occur in a restricted environment,
possessing a very short spin—spin/transverse relaxation time
(T3), and hence being poorly visible in NMR spectra. Similar
observations have been made concerning lactate and taurine
in muscle and cardiac tissue [12,13].

One problem associated with in vivo and in situ NMR
studies of tissues is that resonances are broadened by dipolar
couplings, magnetic inhomogeneity and bulk susceptibility
differences. Magic angle spinning (MAS) 'H NMR circum-
vents these problems by averaging these effects to zero when
a sample is spun at an angle of 54.7° [14]. Furthermore, the
cytoplasm in tissues provides an ideal environment for the
application of MAS 'H NMR spectroscopy at modest spin
speeds (3-7 kHz), as the environment is more closely liquid
than solid phase, allowing molecules to ‘tumble’, hence reduc-
ing intermolecular dipolar coupling [15-17]. For samples
which are heterogeneous in terms of magnetic susceptibility,
static magnetic field inhomogeneity across the samples at the
macroscopic and microscopic level is also improved, again
sharpening NMR resonances.

Previously, high-resolution MAS 'H NMR has been uti-
lized in assigning the constituents of the liver, kidney, heart
and testes [16-19]. In this study we have used high-resolution
MAS 'H NMR spectroscopy to investigate subcellular com-
partmentation in cardiac tissue. Specifically we have examined
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the metabolic components of intact cardiac tissue, intact mi-
tochondria, tissue extracts and mitochondrial extracts. To fur-
ther characterize mitochondria we have also investigated mi-
tochondrial function in situ using high-resolution MAS 'H
NMR spectroscopy.

2. Materials and methods

2.1. Necropsy procedure

All animal procedures conformed to Home Office (UK) Guidelines.
Hearts were removed from healthy male Sprague-Dawley rats imme-
diately after killing. Tissue was either snap-frozen using liquid nitro-
gen and stored at —80°C prior to NMR analysis of intact tissue or
extracts, or used immediately to prepare mitochondria.

2.2. Mitochondrial preparation

Hearts were perfused with ice-cold 70 mM sucrose buffer at pH 7.0
containing 220 mM mannitol, 5 mM MOPS and 2 mM ethylenegly-
col-bis-(B-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA) to re-
move the blood. A second perfusion was carried out with a 10 mg/ml
nagarse solution in sucrose buffer after which the ventricular tissue
was weighed and minced in 10 ml of nagarse solution. Fresh nagarse
solution was added and the tissue homogenized with an equal volume
of protease inhibitor solution (1 protease inhibitor cocktail tablet/25
ml sucrose buffer). The remaining homogenate was centrifuged at
900X g for 3 min at a temperature of 4°C prior to decanting of the
supernatant and centrifuging at 10,000g for 10 min at 4°C. The pellet
was resuspended in 1 ml of sucrose buffer then centrifuged at
15000 X g for 5 min and a temperature of 4°C. The pellet was washed
in 1 ml of 10 mM potassium phosphate buffer, pH 7.4, containing
140 mM of potassium chloride, for 5 min at 4°C, the supernatant
discarded and the pellet stored at —80°C.

2.3. Conventional 'H NMR spectroscopy of heart tissue and
mitochondrial extracts

Heart tissue samples (=35, ~ 100 mg) were extracted in acetonitrile
and H,0 (50:50; 1 ml to 100 mg of tissue; pH 7) using a sonicating
micro-probe (five times 10 s). Samples were centrifuged at 5000 X g for
S min and the solvent removed by freeze drying. For extraction of
mitochondrial metabolites, the mitochondrial pellets (n=35) were
added to phosphate buffer (10 mM NaH,PO4/Na,HPO, buffer in
50% D,0; ~100-fold dilution, pH 7.4). Samples were sonicated for
three times 5 s using a micro-probe, prior to centrifugation at 45000
rpm (100000Xg) for 90 min. The resulting supernatant was then
freeze dried. Extracts were reconstituted in 800 ul of D,O with
4 mM 3-trimethylsilyl-1-[2,2,3,3,-H,] propionate (TSP) and NMR
data were acquired on a Bruker DRX600 spectrometer operating at
600.13 MHz 'H observation frequency (Bruker Biospin, Rheinstetten,
Germany) using the BEST® (Bruker efficient sample transfer) flow
injection probe for sample delivery and analysis. 'H NMR spectra
were acquired with a sweep width of 12019 Hz for 128 scans using
the nuclear Overhauser effect spectroscopy (NOESY) PRI1D pulse
sequence for water suppression with an acquisition time of 2.73 s
and ‘mixing time’ of 150 ms. This pulse sequence is based on the start
of the two-dimensional (2D) NOESY sequence and suppresses By and
By effects as well as the water resonance (spectra represent typical
results over five replicates unless stated otherwise).

2.4. High-resolution MAS ' H NMR spectroscopy of intact heart tissue
and mitochondria

Samples of heart tissue (n=15, ~ 10 mg) were placed in zirconium
oxide 4 mm diameter rotors together with 10 ul of D,O with 4 mM
TSP to act as a field frequency lock and chemical shift reference, and
analyzed by high-resolution MAS 'H NMR spectroscopy at 600.13
MHz, a temperature of 300 K and a spin rate of 4500 Hz. Spectra
were acquired with the NOESY PRI1D sequence described above. To
reduce the contribution of broad lipid resonances in these spectra,
Carr—Purcell-Meiboom-Gill (CPMG) spectra, consisting of a train
of 180° spin echoes used to attenuate resonances according to T,
[20] were also acquired with 256 scans and continuous wave irradia-
tion for solvent suppression. The total spin-spin relaxation delay
(2nm) was varied between 50 and 500 ms to provide spectra with
different T, weightings as described in Section 3. For assignment
purposes, 2D gradient correlation spectroscopy (COSY) spectra
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were measured on selected samples using 16 transients per increment
for 256 increments into 2K data points. A spectral width of 7184 Hz
was used with a gradient duration of 1 ms.

For high-resolution MAS 'H NMR spectroscopy of intact mito-
chondria the above procedure was repeated with 10 pl of ~ 10 mg of
fresh mitochondria in D,O (previously stored on ice after prepara-
tion). Spectra were acquired at either 600.13 (descriptive studies of
mitochondria, n=3) or 400.13 MHz (for respiration state studies,
n=3 preparations) using a high-resolution MAS rotor and identical
pulse sequences as those described above. Mitochondria were consid-
ered viable if the respiratory control ratio was greater than 6 as mea-
sured using oxygen consumption rates in conjunction with a Clark
electrode, for state 2 respiratory rate (substrate but no adenosine
diphosphate (ADP) present) = ~ 10 nmol O, uptake/min/mg protein;
state 3 respiratory rate (oxidation of glutamate/malate coupled with
adenosine triphosphate (ATP) production) =70-80 nmol O, uptake/
min/mg protein). To examine mitochondria in different respiration
states, mitochondria were also studied in the presence of 10 ul of
D,O containing 0.25 mM sucrose, 4 mM glutamate, 2 mM malate,
3 mM Mg-acetate, 3 mM potassium phosphate, 0.4 mM EGTA, and
20 mM HEPES, with and without 350 uM ADP for state 3 and
2 respiration, respectively.

2.5. Diffusion-ordered spectroscopy (DOSY) of intact mitochondria

For diffusion spectroscopy a stimulated echo pulse sequence incor-
porating bipolar gradients as described by Wu and colleagues [21] was
used with 32 increments of a 53.1 Gauss/cm field gradient placed
along the magic angle axis. Sine-shaped gradients of duration 2 ms
(012 for a bipolar sequence) were used with 50, 100, 200 or 300 ms
inter-gradient delays. Thirty-two transients were acquired for each
increment using a 16 k time domain over a spectral width of
8.4 kHz. The apparent diffusion coefficient (ADC) of water was com-
puted by fitting the NMR signal as a function of gradient strength
squared into a single or double exponential within XWINNMR (ver-
sion 3.1, Bruker GmBH, Germany).

3. Results and discussion

The spectra of conventional cardiac tissue extracts con-
tained sharp resonances from many low molecular weight
metabolites including lactate, alanine, acetate, glutamate, glu-
tamine, succinate (not visible at current magnification), crea-
tine, taurine, choline and adenosine (not shown), as well as
resonances due to short chain lipids soluble in the acetonitrile/
water extraction medium (Fig. 1). By comparison, high-reso-
lution MAS "H NMR spectra of cardiac tissue were dominat-
ed by resonances associated with lipids, especially saturated
groups such as H,CH,CH, and H,CHj3 at 1.29 and 0.89 parts
per million (ppm) (bold type signifying which resonances are
observed; Fig. 1). However, using 2D NMR spectroscopy
(Fig. 2), resonances were assigned for all the low molecular
weight metabolites found in the 1D spectra of tissue extracts
as well as threonine and lysine, indicating that most of the
metabolites extracted from cardiac tissues using an aqueous
extract procedure are NMR visible using high-resolution
MAS 'H NMR spectroscopy.

Table 1
ADC of water in a sample of suspended mitochondria measured
with four different inter-gradient delays (A)

Diffusion Exponential Average translational
delay/ms it/ X 10710 m? 57! path/um

50 122+31 11

100 94103 14

200 7.5+0.2 17

300 54%0.2 18

n=3. The average translational path (o) of water was calculated by
o~ J2*A*ADC) for A> 6 where 6 is the time the gradient is ap-
plied for [9].
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Fig. 1. 600.13 MHz '"H NMR solvent suppressed spectra. a: High-resolution MAS 'H NMR spectrum of intact rat cardiac tissue. b: NMR
spectrum of an extract of rat cardiac tissue. c: High-resolution MAS 'H NMR spectrum of rat heart mitochondria. d: NMR spectrum of an
extract of rat heart mitochondria. Insert shows CH=CH resonance detected in c.

Spectra of mitochondrial extracts (Fig. 1) contained many
sharp resonances from low molecular weight metabolites in-
cluding valine, methionine, glutamine, acetoacetate, succinate,
aspartate, creatine, and choline. Observing the metabolites
contained within mitochondria directly, high-resolution
MAS 'H NMR spectra of rat heart mitochondria largely re-
flected lipid resonances including the resonances at 2.71 and
5.35 ppm from CH=CHCH,CH=CH and CH=CH moi-
eties in polyunsaturated fats (PUFAs) (Fig. 1). While the
spectra contained sharp resonances from taurine, choline,
phosphocholine, glycine and creatine these resonances made
only a small contribution to the spectra compared with the
lipid resonances (Fig. 1), suggesting that many of the metab-
olites detected in extracts of mitochondria are in a highly
restricted environment within intact mitochondria.

Using a stimulated gradient echo to attenuate the water
resonance according to the diffusion properties of water, at-
tenuation curves were found to fit to a monoexponential func-
tion for the four diffusion times used with R?>>>0.95. The
calculated ADC for water was less than that for free water
and decreased with increasing diffusion time (4), consistent
with the water being in a restricted environment (Table 1).
However, calculating the average translational path of water
for each diffusion time, indicated a mean free path, an order
of magnitude larger than mammalian mitochondria which are
~1 um in length. This suggests the water attenuation de-
tected was the result of water both extra- and intra-mitochon-
drial, producing a single component as a result of rapid aver-
aging of these environments, so that the ADC of water
represented an average of the two extremes. The dynamics
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Fig. 2. 600.13 MHz gradient. '"H-'"H COSY high-resolution MAS NMR spectrum of rat heart tissue.

and environment of water in suspensions of isolated rat liver
mitochondria have been previously investigated by 'H NMR
using T; and T, relaxation as a probe. Results showed mono-
exponential relaxation in resuspension medium and in mito-
chondrial suspensions, suggesting a fast water exchange across
the inner mitochondrial membrane [22]. To investigate the
mitochondrial environment further, fresh mitochondria were
incubated in HEPES buffer containing glutamate and malate
with or without ADP (n=3). As previously observed, conven-
tional spectra of the mitochondria had a relatively large con-
tribution from lipid resonances. Using a CPMG pulse se-
quence with a spin echo delay of 200 or 500 ms to partially
and completely attenuate all the lipid and HEPES, respec-
tively, the singlets from succinate and acetate at 2.4 and
1.9 ppm were detectable. The increase in spin echo times pro-
duced a narrower resonance for succinate, with a linewidth of
10 Hz using a 200 ms total spin echo and 4 Hz using a 500 ms

total spin echo. Standardizing spectra to the acetate reso-
nance, the succinate singlet at 2.4 ppm was reduced in inten-
sity for mitochondria resuspended in the presence of ADP
compared to those without, with state 3 respiration producing
11 £4% and 25 *+ 8% decrease in the resonance integral using a
200 or 500 ms spin echo (rn=3) (Fig. 3).

High-resolution MAS 'H NMR spectroscopy of intact tis-
sue maintains tissue structure and allows the observation of
spectra comparable in resolution to those obtained in solution
state [14-16], facilitating investigations into metabolic com-
partmentation in situ. However, there have been numerous
reports of NMR invisible metabolite pools, including com-
partments of ADP, lactate, creatine, glutamate and taurine
existing in highly restricted environments [10-13]. In the
present study, the detection of a number of organic acids
and amino acids, including acetoacetate and glutamine, in
the mitochondrial extracts, but not in intact mitochondria,
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Fig. 3. 400.13 MHz CPMG high-resolution MAS 'H NMR spectra of mitochondria using a total spin echo delay of 200 ms (top spectra) or
500 ms (bottom spectra). Spectra are scaled according to the intensity of the acetate peak at 1.9 ppm. Key: A: Mitochondria incubated with
malate and glutamate only. B: Mitochondria incubated with malate, glutamate and ADP. S/N signifies the signal to noise ratio for the succi-

nate peak in each spectrum.

suggests that a number of metabolites within mitochondria
occur in ‘NMR invisible’ environments, and even low molec-
ular weight metabolites that are detected by high-resolution
MAS spectroscopy may have resonances that are underrepre-
sented in terms of their total mitochondrial concentration.

The internal environment of the mitochondrion is highly
viscous, and molecules will have low mobility and hence short
T,. In addition, the mitochondrion contains numerous para-
magnetic moieties, particularly the complexes of the respira-
tory chain, which will lead to line broadening of NMR reso-
nances. Haggie and Brindle [23], investigating the visibility of
F labelled proteins within mitochondria, found that while
free citrate synthase labelled using '°F fluorine tagged trypto-
phan was readily observable in vitro, in yeast mitochondria
none of the '°F resonances normally detectable could be ob-
served. Line broadening as a result of the high viscous nature
of mitochondria and sequestration of enzymes into multien-
zyme complexes was thought to be responsible for this. In a
similar manner metabolites may be complexed with enzymes
within the mitochondrial matrix. Analogously, the free con-
centration of ADP in the cytosol, as detected by NMR spec-
troscopy, is significantly smaller than that measured using
extraction procedures as a result of ADP complexation with
proteins within the cytosol [24,25].

Unfortunately, it was not possible to deduce anything di-
rectly about the mitochondrial environment of water, with the
rapid transport of water most likely confounding our mea-
surements so that only one diffusion component was detected
at each diffusion delay. However, Cerdan and colleagues [9]
investigating the diffusion properties of water in liver mito-
chondria have measured an ADC for mitochondrial water of
5.8+1.9x 1071 m? s7! using a biexponential fit, demonstrat-
ing a relatively restricted environment and comparable to the
value measured in this study using a diffusion delay of 300 ms.
However, they used shorter diffusion times than those that
were applied in this study and exchange of water across the

mitochondrial membrane may have had a smaller contribu-
tion to their attenuation profiles.

To further investigate the effects of NMR visibility on me-
tabolites within mitochondria, state 2 and 3 respirations were
investigated using 'H NMR spectroscopy. High-resolution
MAS 'H NMR spectroscopy of the pellet of mitochondria
failed to detect the resonances from malate, despite the use
of a CPMG filter to attenuate the resonances of HEPES,
suggesting the substrate was transported within the mitochon-
dria. A broad resonance at 2.1 ppm may have contained a
contribution from glutamate, but again line broadening pro-
cesses, presumably due to the restricted environment within
the mitochondria, made this difficult to assess. However, sin-
glets at 8.35 and 8.26 ppm were detectable in these spectra
indicating that ADP and/or ATP were observable. The de-
crease in the resonance intensity of endogenous succinate dur-
ing state 3 as compared with state 2 respiration suggests that
coupling of oxidative phosphorylation to the redox transport
chain causes a repartition of succinate between an NMR ob-
servable and an NMR invisible pool. Intriguingly this was
also accompanied by an increase in the resonance intensity
of the broad resonances at 2.1 ppm suggesting that glutamate
may have become more visible. Robinson and colleagues [26],
investigating the competition for oxaloacetate, produced by
malate dehydrogenase (MDH), between aspartate amino
transferase (AspAT) and either cytosolic or mitochondrial cit-
rate synthase (CS) in vitro, discovered that mitochondrial CS
outcompeted AspAT while the reverse was true for AspAT
and cytosolic CS. They suggested a multienzyme complex was
formed between mitochondrial CS and MDH, with the oxa-
loacetate channelled between the two enzymes. In this study,
the decrease in succinate could result from its conversion to
malate via fumarate which in turn is complexed with a mito-
chondrial multienzyme metabolic arrangement. Alternatively,
succinate may become sequestered at the inner mitochondrial
membrane with complex II during state 3 respiration, reduc-
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ing the rotational freedom of the metabolite as well as placing
it in a highly inhomogeneous magnetic environment.

The creatine detected by high-resolution MAS 'H NMR
spectra is presumably localized within mitochondrial creatine
kinase, found on the outer surface of the inner mitochondrial
membrane, possibly coupled to the adenine nucleotide trans-
locase. Thus, the creatine detected is most likely in the inter-
membrane space, along with other substrates such as lactate
which are not transported across the inner mitochondrial
membrane.

The lipids detected within mitochondria contained more
unsaturated moieties both in terms of mono- and polyunsat-
urated fats than cardiac tissue as a whole. These same
CH=CH and CH=CH-CH,-CH =CH moieties have been
observed to increase in intensity during programmed cell
death in glioma [27,28]. Given that apoptosis is triggered by
large releases of cytochrome ¢ from the mitochondrial mem-
brane, the polyunsaturates detected in mitochondrial mem-
branes may also be responsible for the '"H NMR spectroscopy
changes detected during programmed cell death, as mitochon-
drial lipids become repartitioned into the cytosol.
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