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High-resolution slow magic-angle spinning (150 Hz) 1H PASS NMR spectroscopy is performed on
intact excised rat m. tibialis anterior. Untreated muscles and muscles in vitro incubated in Krebs-
Ringers buffer based on deuterium oxide are investigated. In the high-frequency region of the 1H
NMR spectra, resonances from H4 (∼7.1-7.2 ppm) and H2 (∼8.2-8.5 ppm) in histidine are observed.
In addition, a resonance appears at 6.7 ppm for the untreated muscles. However, this resonance is
absent in muscles following incubation in deuterium oxide. On the basis of its behavior in deuterium
oxide combined with supplementary measurements for creatine solutions, the 6.7 ppm resonance is
ascribed to the amino protons in creatine. Moreover, the present study demonstrates that the
observation of the 6.7 ppm resonance depends on pH, which explains earlier reports stating its
occasional appearance. Finally, measurements on solutions of ATP/AMP and histidine indicate that
both ATP/AMP and histidine contribute to the resonances at ∼8.2-8.5 ppm in the 1H NMR spectra
of muscle tissue.
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INTRODUCTION

Recent advances in spectral resolution for1H NMR spectra
of tissues employing magic-angle spinning (MAS) have resulted
in promising results, suggesting that the technique may be a
useful diagnostic tool (1-10). However, a prerequisite for
optimal use of the information contained in these1H spectra is
identification of the various resonances appearing in the spectra.
In the low-frequency region of1H NMR spectra of muscle
tissues, several lines appear that have been assigned to various
protons in lipids, amino acids, and carbohydrates (7-11). In
the high-frequency region of the1H spectra, resonances from
the H4 and H2 protons of the imidazole ring in histidine have
been reported at∼7.2 and∼8.4 ppm, respectively (11-17).
Moreover, additional resonances at∼8.3-8.5 ppm have been
reported (11-15,17) and assigned to the H2 and H8 protons
in ATP (12-15). However, this assignment was later questioned
because of quantitative discrepancies with ATP levels deter-
mined from 31P NMR spectra (17), and accordingly the

assignment of these resonances remains an unsolved matter.
Likewise, a resonance at∼6.7 ppm has often been reported in
1H NMR studies of muscle tissue (11,13,15,17) and has been
assigned to the protons of the amino groups in creatine (13,
15). However, because this resonance is observed only oc-
casionally (11, 17), the origin of this resonance is not fully
understood.

Magic-angle spinning (MAS), where contributions from
magnetic susceptibility, dipolar coupling, and chemical shift
anisotropy (CSA) are eliminated (18), leads to high-resolution
1H NMR spectra for biological tissues (1-10). However, the
high spinning rates used in conventional MAS experiments,
where sample spinning rates in the kilohertz range are employed
to eliminate spinning sidebands from the isotropic metabolite
spectrum, cause disruptions of cell structures and severe tissue
damage (2,19, 20). Recently, the method of phase-altered
spinning sidebands (PASS), originally developed for solid-state
NMR (21), has been modified for studies of biological objects
(22). This technique suppresses the spinning sidebands caused
by magnetic susceptibility effects from the isotropic centerband
spectrum and can be applied at substantially lower spinning
rates, thus preventing structural damage to the sample studied.

The aim of the present study is to investigate the origin of
the high-frequency resonances in the1H MAS NMR spectra of
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muscle tissue employing slow-MAS PASS1H NMR spectros-
copy to excised untreated muscle tissue, to in vitro D2O-
incubated muscle tissue, and to solutions of histidine, ATP, and
creatine in H2O/D2O.

MATERIALS AND METHODS

Muscle Samples.Five-week-old Wistar rats with a live weight of
∼125 g were sacrificed by cervical dislocation, and m. tibialis anterior
muscle was immediately excised. Immediately upon excision, the intact
muscle was placed in a 5 mmi.d. (7 mm o.d.) rotor used for the NMR
measurements, which were started 20 min post-mortem (see below).
These muscles are in the following designated untreated muscles.

To examine the effect of OH-/NH-exchangeable muscle (and H2O)
protons, muscles were preincubated in a Krebs-Ringer bicarbonate
buffer (pH 7.4) based on D2O (Cambridge Isotope Laboratories, Inc.,
Andover, MA) and containing 122.1 mM NaCl, 25 mM NaHCO3, 2.8
mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.3 mM CaCl2, and 5
mM glucose. The buffer was equilibrated with 5/95% CO2/O2. The
muscles were incubated at 30°C for 2 h, and the buffer was changed
each 30 min.

Individual Components. L-Histidine (0.3 M), creatine (0.4 M), and
ATP/AMP (mixture, 0.04 M/0.05 M) (Sigma Chemical Co., St. Louis,
MO) were dissolved separately and as mixtures in phosphate buffers
based on 100% D2O or 25/75% H2O/D2O. The pH of the phosphate
buffers was adjusted to 5.5, 6.5, and 7.0, respectively. The structural
formulas and numbering for the appropriate ring protons are depicted
in Chart 1.

NMR Measurements.Slow-MAS PASS1H NMR experiments were
performed on a Varian Unity INOVA-400 (9.4 T) spectrometer at 400
MHz. A 7 mm home-built high-speed spinning1H/19F-X double-
resonance probe, of similar design as recently described (23), tuned to
400 MHz, was used. In all experiments a spinning speed of 150 Hz,
using a 7 mm multiple black/white marked zirconia rotor for computer
rotor speed control to<(1 Hz, was used. The two-dimensional (2D)
1H PASS experiments were performed as described previously (22).
The π/2 pulse width was 8.2µs, and water suppression was achieved
by implementing the DANTE pulse sequence prior to the start of the
2D 1H PASS segment. The DANTE pulse sequence consisted of 4000
pulses with a flip angle of∼5° and equally spaced by 100µs. The 2D
1H PASS sequence with 16 evolution steps (22) was used for the
measurement. For each of the 16 evolution steps a total of 16 scans
was acquired with a recycle delay of 3 s, resulting in a total time of 15
min for each experiment. The 2D1H PASS experiments were
continuously repeated 16 times to follow the post-mortem development;
that is, at the end of one experiment the succeeding experiment was

immediately started. All measurements were carried out at room
temperature. The1H chemical shifts are relative to the internal H2O/
HOD resonance being suppressed at 4.8 ppm.

Determination of pH. Using the1H NMR spectra, the pH of the
muscle tissue was calculated from the chemical shift of the H4 proton
in histidine (Chart 1) using eq 1 reported by Lundberg et al. (15).

Here pKa is the acid dissociation constant,δH and δA are the H4
chemical shifts of the acid and alkaline form, respectively, andδ is
the actually observed chemical shift. pKa was set to 6.88, whereasδH
andδA were set to 7.254 and 6.923 ppm (15), respectively. The relative
increase in lactate was determined from the changes in the area of the
1.3 ppm resonance by subtraction of the first spectrum.

RESULTS

The assignments for the high-frequency resonances obtained
for the muscle samples investigated in this work (vide infra)
are summarized inTable 1.

Muscle Samples. Figure 1shows typical slow-MAS PASS
1H NMR spectra obtained for an untreated and a D2O-incubated
m. tibialis anterior at 20 and 160 min post-mortem. In the region
from 0 to 4 ppm several resonances are detected, the most
dominating being the resonance at 1.3 ppm, which originates
from methylene (CH2) groups in lipids and the methyl (CH3)
group in lactate. During the measuring period, the intensity of
the 1.3 ppm resonance increases due to formation of lactate
(24). The changes in lactate content and pH determined from
the chemical shift of the histidine H4 proton are displayed in
Figure 2. For the untreated muscle (Figure 1a,b), resonances
are observed in the high-frequency region (from 5.5 to 9 ppm)
at 6.3, 6.7, 7.2, 7.5, 8.2, and 8.4-8.5 ppm. During the measuring
period of 4 h, the intensity of the 6.7 ppm resonance increases
markedly, and the resonances at 7.2 and 7.5 ppm move slightly
toward higher chemical shift values. In contrast to these
observations, for the D2O-incubated muscle (Figure 1c,d),
resonances are observed only at the chemical shifts of 7.2 and
8.4-8.5 ppm, respectively, which likewise move slightly toward
higher chemical shift values during the measuring period. The
observation of the weak resonance at 5.3 ppm in the D2O-
incubated muscle (Figure 1c,d) results from the improved
suppression of the water resonance (4.8 ppm) following D2O
incubation.

Creatine. Panelsa-c of Figure 3 show slow-MAS PASS
1H NMR spectra obtained for H2O/D2O solutions (25/75% v/v)
containing creatine and with pH adjusted to 5.5, 6.5, and 7.0,
respectively. The resonances observed at 3.0 and 3.9 ppm are
independent of pH and are assigned to the CH3 and CH2 protons
in creatine, respectively (seeChart 1). In addition, at pH 5.5 a

Chart 1. Chemical Structures of (a) Creatine, (b) Histidine, (c)
Adenosine 5′-Triphosphate, and (d) Adenosine 5′-Monophosphate

Table 1. Assignment of the High-Frequency Resonances in 1H NMR
Spectra of Muscle Tissue

compound assignment

1H chemical shift
δ (1H) (ppm)

ATP/AMPa ribose H1 6.1
creatine (phosphocreatine) >C(NH2)2 6.7
histidine ring H4 7.0−7.25b

ATP/AMPa ring H2 8.0−8.2b

histidine ring H2 8.0−8.5b

ATP/AMPa ring H8 8.3−8.5b

a Covers also other nucleotides and degradation products. b The chemical shift
values are pH-dependent.

pH ) pKa + log
δH - δ
δ - δA

(1)
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resonance also appears at 6.7 ppm, a resonance that is absent
in the spectra obtained at higher pH.

ATP and Histidine. For the pure ATP/AMP solutions
(chemical structures shown inChart 1) resonances are observed
in the high-frequency region at 6.0 ppm (H1 in ribose), 8.0 ppm

(H2 ring), and 8.3 ppm (H8 ring) independent of pH, and, as
an example, the spectrum recorded for the sample at pH 6.5 is
shown inFigure 4 a. The splittings observed for the resonances
are caused by magnetic field inhomogeneity effects attributable
to vortex formation of the solution spinning at 150 Hz. This
was confirmed by recording the1H NMR spectrum of the same
solution contained in a 5 mm NMR tube on a liquid-state 200
MHz Gemini 2000 NMR spectrometer, which showed no
splitting of the resonances (not shown). A PASS1H NMR
spectrum obtained for a pure histidine solution at pH 6.5 is
shown inFigure 4b. For the pure histidine solutions (chemical
structure shown inChart 1) resonances for H4 and H2 are
observed at 7.1-7.2 and 8.0 ppm, respectively, in the high-
frequency region, and the resonances shift toward higher
chemical shift values with lower pH.Figure 4c displays the
PASS1H NMR spectrum obtained for a 50:50% v/v mixture
of the ATP/AMP and histidine solutions at pH 6.5. For the high-
frequency region resonances are observed at 6.0, 7.1, 8.1, and
8.4 ppm.

DISCUSSION

High-resolution1H NMR spectroscopy has proven to be
useful in studies on muscle physiology (17,25-27), and high-
resolution1H MAS NMR spectroscopy has also been demon-
strated to be an excellent tool for the characterization of various
tissues (1-10,28-31). However, a disadvantage of MAS is

Figure 1. Slow-MAS PASS 1H NMR spectra of rat m. tibialis anterior: (a) untreated muscle 20 min post-mortem; (b) untreated muscle 160 min post-
mortem; (c) deuterium oxide-incubated muscle 20 min post-mortem; (d) deuterium oxide-incubated muscle 160 min post-mortem. Each spectrum was
collected at 25 °C with a spinning frequency of 150 Hz.

Figure 2. Development in pH and lactate content in rat m. tibialis anterior.
Lactate was estimated from the increase in intensity of the 1.3 ppm
resonance, and pH was calculated from the chemical shift of H4 protons
in histidine.
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the high centrifugal forces associated with the use of spinning
speeds in the kilohertz range because this may cause severe
damage to the samples investigated. Wind and co-workers (22)
have developed a technique based on the method of phase-
altered spinning sidebands, which can be employed at much
lower spinning speeds, thereby preventing the damaging effect
on sample integrity, and the technique has proven to be useful
for studying post-mortem muscle tissue (11). In the present study
we have taken advantage of this slow-MAS PASS1H NMR
technique and have employed it to study intact, excised rat
muscles. Excellent high-resolution1H NMR spectra (cf.Figure
1) have been obtained, implying that the technique is a superior
tool for investigating and characterizing intact muscle tissues.

Even though1H NMR spectroscopy has been widely em-
ployed in studies of muscle tissues, the origin of the high-
frequency resonances in the1H NMR spectra of such samples
appears still to be a matter of dispute (17). Resonances from
the H4 and H2 protons in histidine are often reported around
∼7.0-7.2 and∼8.2-8.5 ppm, respectively, for muscle tissues
(11-17,27), which seem to be generally accepted. In contrast,
other resonances in the high-frequency region are only observed
occasionally for muscles and have been interpreted differently
(11, 12, 17). The aim of the present study is to investigate the
origin of these “occasional” resonances. In untreated muscle
tissue, resonances are observed at 6.3, 6.7, 7.1-7.2, 7.5, 8.2,

and 8.4-8.5 ppm in the high-frequency1H region. The
resonances at 7.1-7.2 and 8.2 ppm are confirmed to originate
from the H4 and H2 protons in histidine, respectively. This is
based on the facts that identical resonances are observed for
the histidine solutions and that they show an expected pH
dependence. The resonance around 6.7-6.8 ppm has previously
been ascribed to the H4 protons in histidine located in oxidative
fibers and to a pH difference between glycolytic and oxidative
fibers (17). However, if for the muscle tissue both the 7.1-7.2
ppm resonance and the 6.7-6.8 ppm resonance should reflect
H4 protons in histidine, this would correspond to an unrealisti-
cally high pH gradient within a muscle (see eq 1). In the present
study it was observed that the 6.7-6.8 ppm resonance is absent
in the muscle tissue incubated in D2O. A difference in pH
between glycolytic and oxidative fibers should not be influenced
by incubation of the muscle in D2O, and accordingly, the data
obtained in the present study disagree with the suggestion (17)
that the 6.7-6.8 ppm peak originates from the H4 proton in
histidine residues in a less acidic environment. On the contrary,
the results of the present study strongly indicate that the 6.7-
6.8 ppm peak originates from amino protons, as these protons
are easily exchanged by deuterium in the presence of D2O. It
is noticeable that the 6.7-6.8 ppm resonance is similar to the
resonance observed in1H spectra of pure creatine solutions
(Figure 3). Consequently, we propose that the 6.7-6.8 ppm

Figure 3. Slow-MAS PASS1H NMR spectra obtained on H2O/D2O solutions
(25/75%) containing creatine and adjusted to (a) pH 5.5, (b) pH 6.5, and
(c) 7.0. Each spectrum was collected at 25 °C with a spinning frequency
of 150 Hz.

Figure 4. Slow-MAS PASS1H NMR spectra obtained on H2O/D2O solutions
(25/75%) at pH 6.5 containing (a) ATP/AMP (50%/50%), (b) L-histidine,
and (c) a mixture of ATP/AMP (50%/50%) and L-histidine. Each spectrum
was collected at 25 °C with a spinning frequency of 150 Hz.
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resonance originates from amino protons in creatine, which also
is in accordance with previous suggestions (13, 15). Interest-
ingly, in the spectra acquired for the untreated muscle tissues
(Figure 1a,b) an increase in the intensity for the resonance at
6.7-6.8 ppm assigned to the amino protons in creatine is
observed post-mortem, which most likely can be ascribed to
the decrease in pH as a consequence of lactate formation and
accumulation. This finding is noteworthy when the occasional
appearance of the 6.7-6.8 ppm resonance is considered, as can
be explained by differences in pH for the studied muscle
samples. This is in accordance with the appearance of the 6.7-
6.8 ppm resonance during exercise (17), where a decrease in
pH is likewise taking place. A pH dependency of the intensity
of the resonance from the amino protons at 6.7-6.8 ppm is
also further supported by the spectra acquired for the creatine
solutions (Figure 3), which show increased intensity with
decreasing pH. The pH dependency of the resonance from the
amino protons in creatine at 6.7-6.8 ppm should probably be
ascribed to a pH-dependent exchange rate, causing a pH-
dependent “NMR visibility:. Finally, it should be mentioned
that the resonances ascribed to creatine may originate from both
creatine and phosphocreatine in the muscles, which will have
identical resonances in the1H NMR spectrum.

Comparison of the resonances from the H2 and H4 protons
in histidine in the1H spectra of muscle tissue (Figure 1) implies
that there is a contribution from more than the H2 protons in
histidine to the resonances observed in the region 8.2-8.5 ppm.
Nucleotides have resonances in this region (9, 12, 14, 15, 24),
which is also demonstrated in the present study (Figure 4). As
adenosine phosphates (ATP, ADP, and AMP) are known to be
present in muscles, it is proposed that adenosine phosphates
(H2 and H8 ring protons,Chart 1) also contribute to the
resonances in the region 8.2-8.4 ppm in the1H NMR spectra
of muscle tissue. This is supported by the1H spectra obtained
on mixtures of ATP/AMP and histidine, which reveal that
resonances from H2 in histidine and protons of ATP overlap.
Table 1 summarizes the assignment for the resonances in the
high-frequency region of slow-MAS PASS1H NMR spectra
for the intact muscle tissues.

For muscles incubated in D2O, a low-intensity resonance is
observed around 5.3 ppm in the1H spectra because of a lower
water content and thereby improved water suppression for these
muscle samples (Figure 1c). This 5.3 ppm resonance is
tentatively ascribed to the H1 proton inR-glucose/glycogen (7-
9, 30). Detection of this resonance could be of interest in future
studies, as glucose and glycogen are important metabolites in
muscles through their action in glycolysis because of the great
interest in understanding the properties of these metabolites in
relation to exercise-induced depletion of energy stores (32-
34). Lactate, formed as a consequence of anaerobic glycolysis,
is another key metabolite, as it, among other factors, affects
the pH of the muscles. Using the intensity of the 1.3 ppm
resonance originating from methylene protons in lipids and
methyl protons in lactate, the present study has demonstrated
an expected increase in lactate post-mortem. Further studies are
needed to confirm the use of the present methodology to study
glycogen, glucose, and lactate metabolites in muscles.

In conclusion, the present study has demonstrated that
excellent high-resolution1H NMR spectra for excised muscle
tissue can be obtained by employing slow magic-angle spinning
(150 Hz) PASS1H NMR spectroscopy. To investigate the origin
of the high-frequency resonances in such high-resolution1H
NMR spectra of muscle tissues, measurements have also been
performed on muscle tissue incubated in D2O and for H2O/

D2O solutions of histidine, ATP/AMP, and creatine. On the basis
of these results it is proposed that the resonances at∼7.1-7.2
ppm originate from H4 protons in histidine and the resonances
at ∼8.2-8.5 ppm from H2 protons in histidine/nucleotide
moieties. Finally, a resonance at 6.7-6.8 ppm exhibits pH
dependence and exchanges its protons for deuterium in D2O; it
is therefore proposed to originate from the amino protons in
creatine.
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