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Abstract

NMR spectra of non-weakly coupled spin systems exhibit asymmetries in line intensities known as “roof effect” in 1D spectros-
copy. Due to limited spectral resolution, this effect has not been paid much attention so far in in vivo spectroscopy. But when high-
quality spectra are obtained, this effect should be taken into account to explain the quantum-mechanical fine structure of the system.
Adenosine 5'-triphosphate (ATP) represents a *>'P spin system with multiple line splittings which are caused by J-couplings of med-
ium strength at 1.5 T. We analyzed the ATP roof effect in vivo, especially for the B-ATP multiplet. The intensities of its outer res-
onances deviate by ca. 12.5% from a symmetrical triplet. As this asymmetry reflects the transition from Paschen-Back to Zeeman
effect with total spin that is largely broken up, the Clebsch—-Gordan coefficients of the system can be indicated in analogy to the
hyperfine structure of hydrogen. Taking the roof effect into account, the y? of fitting in vivo ATP resonances is reduced by ca.

9% (p < 0.005).
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The *'P NMR resonances of adenosine 5'-triphos-
phate (ATP) are multiplets which can be resolved in
vivo at 1.5 T, in particular, in spectra of human muscle
tissue. Because of the constant signal intensity, they are
often used as internal reference for relative quantifica-
tion of the concentrations of other phosphorus metab-
olites. Details of the seven resonances detectable at
1.5 T should be taken into account for accurate fitting
whenever high resolution is achieved, e.g., in skeletal
muscle.
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A quantum-mechanical effect which was—to our
knowledge—not considered so far in NMR spectroscopy
of this important biomolecule is the so-called “roof ef-
fect”: because of partially suppressed transitions between
singlet and triplet states during the transition from weakly
coupled AX systems to strongly coupled AB systems, rel-
ative intensities of multiplet components change.

A tissue metabolite which shows this effect clearly in
the "H NMR spectrum at 1.5 T is citrate (Cit) [1]. The
difference in chemical shifts of the coupled spins, Av, is
small compared to the scalar coupling constant J (ratio
ca. 1:2 at 1.5T). Therefore, deviations from the
Paschen—Back effect (both spins are coupled separately
to the external field) which is normally valid under these
experimental conditions occur and cause a strong atten-
uation of the outer resonances, while the inner ones are
amplified by the same amount.
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The effect is less pronounced for the three *'P nuclei
in ATP, but precise data processing should take into ac-
count that also in this system spectra are not first order.
The purpose of this contribution is to quantify this ef-
fect in vivo. Particularly, the B-ATP resonance is a dou-
blet-of-doublets and the resulting roof effect arising
from the contributions of two interactions could be
studied in detail. Furthermore, the impact of pH varia-
tion and chelation of Mg®" ions by the triphosphate
chain on the roof effect—two processes which affect in
vivo *'P NMR spectra—was studied in model solutions
in order to estimate a possible variance in spectra from
living tissue.

2. Theory

We consider a scalar-coupled system of two spin-% nu-
clei in an external field. The appropriate eigenbase in the
case of non-weak coupling is obtained by a rotation with
angle v of a two-dimensional subspace of the four-di-
mensional Hilbert space spanned by the product states
of a weakly coupled two-spin system [2]. The rotation
matrix U contains the coefficients +cos®¥ and +sin.
According to [3] we use the convention of a negative
mixing angle for scalar coupling. Hence, the coupling
constant J and chemical-shift difference Av are con-
nected with ¢ via

J

tan2y = — -, (1)
(the ratio is also known as perturbation parameter). The
sin/cos functions correspond to Clebsch-Gordan coeffi-
cients (CGCs) known from the hydrogen hyperfine
structure and characterize the system for a specific field
strength; in particular, the intensities of single-quantum
transitions of the two-spin system depend on ¢. An in-
crease of the coupling strength (19 — —45°) causes sup-
pression of the transitions where the singlet state is
involved and amplification of the transitions within the
triplet. Since this state originates from the second-lowest
product state (|]+—)), the outer resonances are affected
(i.e., resonances a and d, if the four signals are denoted
a...d with decreasing frequency according to [3]).

The relation between 9 and the line intensities is well
known [4] and reads

Iy x 1 —sin29 transitions b and c, (2)
I, < 1 +sin2¢9 transitions a and d. (3)

These quantities can be directly applied for the y- and a-
ATP doublets. Abbreviating the sin2¢ terms, the rela-
tive intensities of the doublets are (in the order of
decreasing frequencies): 1 — x, 1+ x for y-ATP and
1 —y, 1+ y for a-ATP. Because of the larger Av with
the B nucleus, the effect is less pronounced for y-ATP

and x < y if J,g = J,p. The total intensity /; + I, of each
doublet remains constant.

The intensities of the B-ATP signals are obtained as
follows (Fig. 1): the homonuclear scalar coupling con-
stant J,g causes two resonances with relative intensities
1 + x, 1 — x which are further split by the o—p coupling
(Jop). Each downfield resonance contributes with rela-
tive intensity 1+ y, the upfield signals with 1 — y. Be-
cause of the similar line splittings J,g =~ J,p, the two
middle resonances of the doublet-of-doublets coincide
at 1.5 T and only three signals can be resolved. Their
intensities are calculated from the products of these
intensities. Since the expected x and y are of the order
of 1072, we neglect terms like xy o< 10~* and obtain:

l:(1+x)(1+y)=l4+x+y=1+2,
2:(14+x)(1 =)+ 1 =x)(1+y) =2, (4)
3:(l—-x)(l—y)~l—x—y=:1-2.

The parameters x, y, and X now permit an appropriate
fit of the ATP multiplets. Proper phase correction is
crucial for detection of the roof effect, especially for
the B-ATP multiplet at 6 ~ —16 ppm (relative to the
phosphocreatine [PCr] resonance at 6 =0 ppm).

Beside intensity changes non-weakly coupled spin
systems also exhibit shifts of resonance frequencies as
a consequence of transformation U. According to [4]
the doublets are shifted apart so that the value of Av
determined from the centers of the doublets is larger
than the true one. Commonly, the chemical-shift differ-
ence is calculated using Av = /|(va — va)(vp — )] (e.g.

(5]
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Fig. 1. Simulated spectrum of a three-spin system like that of ATP.
The cumulative roof effect can be derived by the product of intensities
after successive line splitting and then be approximated by the sum
2 = x + y of the corrections of the doublets. If the doublet-of-doublets
cannot be resolved completely, its central resonance has the constant
relative intensity 2.
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This procedure fails here because of the multiple
splitting of the B-ATP signal. Hence, a direct relation-
ship between the rotational angle ¥ and the line posi-
tions is needed. A similar problem was studied recently
in the context of residual dipolar coupling of medium
strength in in vivo "H NMR spectroscopy [6]. An asym-
metry parameter Ap was defined which gives the energy
corrections as a function of the mixing angle 9’ of resid-
ual dipolar interactions (Sk is the coupling strength in
energy units):

sin20’  sin’y’
4 2tan29’ )

() = Sk( (s)
In principle, the transformation U # 1 is caused by the
flip-flop operators [, S_ and I_S, in the secular Hamil-
tonian of coupled spins. The only difference of scalar
and dipolar coupling is the coefficients of these opera-
tors: —0.25 in the case of dipolar and +0.5 in the case
of scalar interactions. As a consequence, the sign of
the mixing angles is opposite (¥ > 0), but all the resul-
tant effects can be treated by analogy. Modification of
Eq. (5) yields the parameter that determines the asym-

metric line positions of scalar-coupled systems
(h = Planck’s constant, J in Hz):
sin29  sin’Y
Ap(¥) = —Jh| ———————|. 6
p(V) ( 2 tan 219) (6)

In the case of the ATP spin system the condition at 1.5 T
is expected to be very close to the regime of the Paschen—
Back effect and the significance of Ap(¥) has to be
verified.

Ap(¥) consists of two terms that originate from the
Zeeman operator Hy (1) and the operator H;(49) of sca-
lar coupling, respectively. The maximum shift of the line
positions is 0.5 x J, while the ¥-dependent variation of
the intensities of the components is not limited and
can account for changes of up to 100% (Egs. (2) and
(3)). Spin systems with small deviations from Paschen—
Back effect, e.g., with —5° <4 <(0°, are characterized
by J < Av. Hence, their chemical-shift difference Av var-
ies insignificantly and can be derived in good approxi-
mation from the centers of the doublets.

In principle, Ap can be estimated directly from ¥ in
the case of weak state mixing. The Taylor expansion
of the function in Eq. (6) is

T 1/ =n 3 1/ m 5
Ap(V) = — — — 9 (97 ).
o) Jh(360°19+6(180°19) +15(180°1) +0( ))

(7
Fig. 2 illustrates that the higher orders are important
only for large |¢¥|. For 0 > ¢ > —15° the linear term suf-
fices and since ¥ > —45°, the expansion can be cut off
after the cubic term for nearly the entire range of mixing

angles. For weak mixing the shift (in Hz) of the multi-
plets is approximately wJ1¥/360°.
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Fig. 2. Approximation of the asymmetry parameter Ap (Eq. (6); solid
line) by Taylor expansion (Eq. (7); dashed lines). For weak state
mixing, the linear approximation suffices to estimate quantum-

mechanical corrections of the line positions. (Inset) Range of strong
coupling with approximation of first, third, and fifth order.

The coupling constants are known from previous stud-
ies, e.g. [7], to be less than 20 Hz. Hence, the maximum
shifts (corresponding to By — 0) are 10 Hz for the dou-
blets and 20 Hz for the B-ATP multiplet (cumulative ef-
fect). Using 1.5-T data from [7], the minimum Av
(derived from the multiplets’ centers) is Av,g = 8.5 ppm
~ 219 Hz, while its maximum change owing to Ap(¥)
would be Av,; = (219 — 20 — 10) Hz = 189 Hz; this cor-
responds to a mixing angle ¢ = %arctan(—%) ~ 3°,
Regarding the linear term in Eq. (7) the frequency shift
is less than 8.73 x 1072 x 20 Hz x 3 ~ 0.5 Hz for the dou-
blets (i.e., 1 Hz for the B-ATP multiplet). These values do
not exceed the spectral resolution in vivo and can there-
fore be neglected.

3. Materials and methods
3.1. Spectrometer

Phosphorus-31 NMR experiments were performed
on a clinical whole-body MR scanner with field induc-
tivity of 1.5 T (MAGNETOM Vision Plus with Helicon
2E magnet; Siemens AG, Erlangen, Germany).

A double resonant {'H}—>'P surface coil (25 x 25 cm?
“heart/liver coil”’; Siemens) was used which consists of
one linear-polarized receive/transmit coil (for excitation
and detection at 63.6 MHz and excitation at 25.7 MHz)
and one circular-polarized receive coil with integrated
pre-amplifier (for detection of the *'P signal). The an-
tenna includes a high-pass filter for 63 MHz and a
low-pass filter for 25 MHz to enable {'H}—>'P spin
decoupling.
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3.2. In vivo NMR spectroscopy

Consent to the experiments according to procedures
approved by the Institutional Review Board was ob-
tained prior to each examination from informed healthy
male volunteers (n = 5). Both calfs were placed symmet-
rically on the surface coil which was placed in the iso-
center of the magnet horizontally on the patient table
of the tomograph. First transverse MR images
(300 mm field of view) were acquired, followed by
slice-selective shim which yielded linewidths Avy,
»,('H) ~ 30—40 Hz of the tissue water resonance.

Localized *'P NMR spectra were obtained from a
8 x 8 two-dimensional spectroscopic imaging (SI) data-
set (250 mm FOV, 50 mm thickness) with 8 x 8 phase-
encoding steps, NEX = 20 acquisitions, and TR =1.1s
(23.5 min measurement time). This repetition time was
the minimum allowed according to safety guidelines that
must be considered when the second RF channel is em-
ployed (SAR, recommended limit of RF power deposi-
tion for local exposition). A rectangular 2-ms pulse
and the “decoupling” pulse train during the first 50 ms
of the 256-ms acquisition period (a WALTZ-4 cycle with
2-ms pulses, interpulse delays of 0.5 ms), both at 'H fre-
quency, enabled NOE signal amplification owing to
cross-polarization between dipolar-coupled "H-*'P spins
[8,9] (in fact, there exists no scalar '"H->'P interaction for
ATP which can be decoupled).

3.3. Model solutions and in vitro NMR spectroscopy

The chemical shifts of the resonances of the ATP
polyphosphate chain depend on pH and on the concen-
tration of Mg(II) ions [10]: they change monotonically
when HCI or MgCl, is added to the solution. Moreover,
chelation of Mg(II) ions causes a decrease of the J-cou-
pling constants from ca. 19.5 to ca. 15.5 Hz on average
[11]. Changes of Av and J affect the perturbation param-
eter and can therefore modify the roof effect.

To study and quantify these phenomena, we acquired
spectra of ATP with and without Mg?" ions (equimolar
to ATP) using aqueous solutions of MgCl, - 6H,O and
ATP (45 mM). Each solution (200 ml in a cylindrical
bottle of 60 mm diameter to cover a complete SI voxel)
also contained PCr (90 mM) as internal chemical-shift
reference (0 =0 ppm) and for frequency adjustment
(all compounds purchased from Sigma—Aldrich, Stein-
heim, Germany). The selected range of pH (4 < pH < 8,
adjusted with 1 M HCI/1 M NaOH) leads to line posi-
tions which cover the full range of *'P chemical shifts re-
ported for this molecule [10].

All experiments were performed with the same an-
tenna and pulse sequence as the in vivo measurements.
Model solutions were placed in the center of the sur-
face coil, flanked by two bottles containing 2 L water
to obtain an adequate load of the coil. The slice-selec-

tive shim produced linewidths of Av; /2(1H) ~ 7 Hz for
this setup.

3.4. Data processing

The first steps of post-processing were performed
with the software LUISE (Siemens) of the MAGNE-
TOM scanner: No k-space zero-filling, but a Hanning
filter was applied prior to 2D FFT to the array of
8 x 8 spectra for damping the signal in the outer quarter
of the matrix. In contrast, single FIDs were zero-filled to
4096 complex data points which corresponds to a fre-
quency resolution of 0.038 ppm ~1 Hz after FFT. Only
one in vivo spectrum required exponential apodization
(100 ms time constant); the other datasets were not
line-broadened. Constant and different linear phase cor-
rections were done on the scanner prior to transfer of
the data to a PC for further post-processing with Origin
6.1 (OriginLab, Northampton, MA, USA). This in-
cluded the baseline flattening tool and analysis of the
spectra with the Levenberg—Marquardt algorithm
assuming Lorentzian lineshapes of the resonances.

4. Results

From the 8§ x 8 SI dataset covering both calfs, one
voxel in the center of one calf was selected comprising

Front: -135°/10ppm
PCr Back: -170°/10ppm

Front: -170°/10ppm
Back: -135°/10ppm

GPC

T T T T T T 1
10 5 0 -5 -10 -15 -20
8 [ppm]

Fig. 3. Invivo {'H}-*'P NMR spectrum of the human calf illustrating
the roof effect of the ATP multiplets (dashed lines). As a consequence
of its large chemical shift, the B-ATP signal is quite sensitive to linear
phasing. In this case, ¢ = —152°/10 ppm is applied. Smaller || cause a
decreased and finally inverted roof effect of the B-ATP signal (upper
left inset), larger |¢| exaggerate the effect (upper right inset). No
baseline correction; experimental sequence parameters: SI with NOE
signal enhancement and 'H decoupling enabling resolution of the
glycerophosphorylcholine (GPC) resonance, 8x8 voxels of size
31.25%31.25x 50 mm® each, NEX =20, TR=1.1s, measurement
time = 23.5 min.
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Fig. 4. Effect of different linear phasing ¢ on the corrections x, y, and X for data obtained in vivo and from an MgATP model solution (pH 7.03).
Positive corrections represent an increasing (/), negative values a decreasing (\) “roof.”” The predictions (H, @, A) derived from line positions and
coupling constants are very stable. If the linear phasing is too small, the roof effect of the B-ATP resonance is inverted and that of the doublets
exaggerated. Increasing the linear phasing, the fit results (C1, O, A) pass over the true value (intersection of solid and dashed lines). Because of partial
overlap with the nicotinamide adenine dinucleotide (NAD, see Fig. 3) resonance, the effect for the B-ATP doublet in vivo is overestimated by the fit
and the corresponding crossing is shifted to the right. In contrast, correct phasing of the resonances from model solutions can be obtained

simultaneously (representative errorbars for fit results of y and X).

tissue both of m. soleus and m. gastrocnemius. The lin-
ear phase correction has a significant influence on the
observable roof effect of the B-ATP resonance. This is
demonstrated in Fig. 3. The effect is easy to identify
for the two doublets, while its complement for the dou-
blet-of-doublets is sometimes displayed incorrectly in
the literature. An inadequate linear phase causes a can-
celation or even an inversion of the effect for this
resonance.

To determine the correct phasing ¢, each spectrum
was evaluated with eight different values ¢ = —135°,
—140°,...,-170°/10 ppm (Fig. 4). These spectra were
approximated by two Lorentzian doublets and one trip-
let comprising the variable parameters x, y, and X (an
additional singlet was used to consider the composite
signal of UDP glucose and nicotinamide adenine dinu-
cleotides [NAD, NADH, NADP, and NADPH], in
the following shortly NAD, on the high-field side of
the o-ATP doublet). Because of the high resolution
(the mean value for the linewidth of the B-ATP “triplet”

components was (9.1 + 2.4) Hz), the predictions for the
roof effect derived from the line positions and coupling
constants of each spectrum are very stable and can be
used for accurate phase adjustment (Fig. 4): since the
fit results for the correction parameters show a nearly
linear dependence on the phasing, the true value of ¢
can be determined from the intersection of the linear
fit of the X-values with the X-predictions. In principle,
this method is also applicable to the corrections x and
y, but the B-ATP multiplet enables the most reliable
phasing for in vivo spectra (see Section 5).

Application of correct linear phasing was then fol-
lowed by one fitting session in order to determine the ac-
tual line positions and J;g for final prediction of the
correction parameters. x> of a fit that considers the roof
effect (with an accuracy of 107 for the correction
parameters) was finally compared to %> for an evalua-
tion wit x =y = 2 = 0. All parameters for the different
studies and mean values are listed in Table 1. The aver-
age improvement of the fits corresponds to a reduction

Table 1

Roof effect of ATP in in vivo *'P NMR spectra of the human calf muscle at 1.5 T (w, = 25.757 MHz)

Study # Linear phase (°/10 ppm) —tan 29, (Aj‘—"ﬁ) —tan 27, (Z‘ffﬁ) x (%) y (%) 2 (%) AxZ (%)
1 —145.78 T Pk 5.11(6) 7.30(9) 12.42(11) -3.0

2 ~151.76 A s 5.16(3) 7.34(4) 12.49(5) 9.4

3 ~160.72 o T 5.10(4) 7.40(7) 12.50(8) -10.8

4 ~152.50 T o 5.51(7) 7.47(9) 12.99(11) -8.7

5 ~156.87 ) T 4.92(6) 7.01(9) 11.93(11) ~11.1
Mean B o 5.16(22) 7.30(18) 12.46(37) ~8.6(3.3)

The mixing angles ), and 9, determine the correction terms x and y, respectively, and X = x + y. Accuracy of the correction parameters is high (last
digits in brackets; 0.11% for X at most), so the interindividual variations dominate the uncertainty of the mean values (0.18-0.37%). Taking the roof
effect into account improves all fits since +* was reduced in each evaluation (Ay? column).
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Fig. 5. In vivo *'"P NMR spectrum of ATP (and NAD) from human
calf muscle (study # 2 of Table 1). The post-processed spectrum (black)
after baseline and precise phase correction clearly exhibits the entire
roof effect. For those high-resolution spectra (the linewidth of the -
ATP multiplet components is 6.6 Hz) accurate fitting of the post-
processed data with Lorentzian lineshapes (red) requires the correction
parameters x, y, and X; the difference signal (data — fit) is nearly noise.
Experimental parameters, see Fig. 3.

of ¥* by about 9% (p < 0.005 for a paired two-sample
test).

Fig. 5 demonstrates that the roof effect can be com-
pletely resolved in in vivo spectra after careful post-pro-
cessing. Especially the doublet-of-doublets causes
problems if the effect is ignored since three peaks violate
the simple model of intensity ratios 1:2:1 and >
creases mainly as a consequence of an inadequate
approximation around ¢ ~ —16 ppm.

For characterizing the average quantum-state mixing
of the studied spin system in vivo, Table 2 displays the
mean values of the mixing angles and CGCs. The mixing
angles are small. Hence, breaking of the mutual spin—
spin interaction by the external field is very effective,
but first deviations from the Paschen—-Back condition
for the *'P spin system in ATP can already be detected
at 1.5T.

3P NMR spectra of ATP model solutions were re-
corded to explore whether the physiological parameters

Table 2
Mean values (and standard deviations) of quantum-mechanical state
mixing of the ATP 3'P spin system in vivo at 1.5T

Signal J (ppm) Mixing angle (°) CGC, CGGC,
y-ATP -2.37(2)  Y,=—1.48(6) 0.99967(3)  —0.025(1)
a-ATP —747(2)  9,=-2.09(5) 0.99933(3)  —0.0365(9)

B-ATP  —16.00(2)

Note. —wo = 25.757 MHz; data from n = 5 volunteers. The Clebsch—
Gordan coefficients are denoted CGC; = cost¥ and CGC, = sin9.
Accuracy of these coefficients is up to 3 x 107> (last digits in brackets).

[H'] and [Mg>"] have a measurable influence on this
weak mixing of states. The line positions of ATP are sus-
ceptible to [H'] in the range between pH 5 and pH 8
[10]. Although changes in chemical shifts of the three
multiplets in vivo are mainly expected to originate
from changes in Mg(Il) chelation, we also studied
the sole influence of pH variation on ATP spectra.
The signal with the largest variance originates from
the terminal *'P nucleus (y-ATP). It is clearly shifted
to lower frequencies (6 = —2.79 — —6.80 ppm); the -
ATP resonance is shifted by 0.77 ppm in the same direc-
tion (6 =—18.45—> —19.22 ppm), while the shift of
the o-ATP signal is less pronounced (6 =-7.70 —
—7.93 ppm). Table 3 gives the corresponding parameters
indicating that the roof effect of the y-ATP doublet
increases, while that of the o-ATP doublet slightly
decreases upon acidification. The changes of X for
the cumulative effect range within the limits of the
uncertainty of the measurements.

To explore the effect of Mg(II) ions on the mixing of
states in ATP, model solutions with equimolar amounts
of MgCl, - 6H,0O and ATP were measured. The impact
of complex formation is demonstrated in Fig. 6. A
stronger shielding of the *'P nuclei is induced, thus all
resonances are shifted to higher frequencies. From the
observation that the B-ATP multiplet undergoes the
largest frequency shift (6 = —18.63 - —16.38 ppm)
upon addition of Mg®" ions to the neutral solution,
the perturbation parameters are expected to increase.
However, this effect is partially counteracted by the
simultaneous decrease of the line splittings. A detailed
analysis of x, y, and X is therefore needed, particularly
in combination with data obtained from solutions with
different pH.

In contrast to the signals of ATP, the resonances of
MgATP only show changes for pH < 7 [10]. The corre-
sponding results are found in Table 3. In neutral solu-
tion, the cumulative roof effect is reduced slightly
compared to the pure ATP solution. Hence, the reduc-
tion of J;g by 3-4 Hz as a consequence of complex for-
mation has a stronger effect on the state mixing than
the decrease in Av;g. However, the reduction of X is very
small (11.87% — 11.54%, Table 3). Altogether, the ex-
treme values range within 11.48% (MgATP at pH
5.02) and 11.97% (ATP at pH 8). The average improve-
ment of the fit as indicated by the reduction of 3> was
20.8 £12.4% (p <0.022). In contrast to the in vivo
experiments, the variance of Ay* is quite large.

Since small alterations of the ATP resonances in vivo
are usually explained by changes in the intracellular
Mg(II) concentration, we analyzed quantum-state mix-
ing for the two neutral solutions (Table 4). The assumed
increase of ¢ as a consequence of the pronounced down-
field-shift of the f-ATP multiplet can hardly be observed
for ¥,. Reduction of the coupling constants is more
important and causes even a decrease of ¥, upon ion
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Table 3

Roof effect of ATP and MgATP in *'P NMR spectra of model solutions at 1.5 T

Model solution Linear phase — tan 29, (ﬁ) — tan 29, (AJ:Z)) X v z Ay
Molecule (pH) (°/10 ppm) (%) (%) (%) (%)
ATP (5.02) ~153.88 o B 5.77(8) 6.06(16) 11.84(17) —0.9
ATP (7.04) ~159.91 T i 4.91(3) 6.96(4) 11.87(5) ~36.5
ATP (8.00) ~157.01 T et 4.86(4) 7.11(6) 11.97(7) ~15.7
MgATP (4.00) ~161.98 A T 5.29(2) 6.23(2) 11.52(3) -20.1
MgATP (5.02) —~158.27 T ) 4.78(11) 6.70(14) 11.48(18) -30.9
MgATP (7.03) ~159.97 Toeah T 4.44(3) 7.11(5) 11.54(5) -20.7

The mixing angles 1, and 9J,, determine the correction terms x and y, respectively, and 2 = x + y. Considering the roof effect reduces %* (on average)
by 20.8 £ 12.4% (p < 0.022). Note. —wy = 25.758 MHz, except for the experiment with ATP at pH 7.04 where w, = 25.756 MHz.

——ATP
----MgATP
4 splittings
:‘ — decrease

shift to
v- and a-doublet

-2 -4 -6 8 10 12 -14 -6 -18 20 -22
3 [ppm]

Fig. 6. 3'P NMR spectra of aqueous solutions of ATP (45 mM) and
ATP with equimolar amount of Mg?" at physiological pH (experi-
mental parameters, see Fig. 3). Chemical shifts are relative to the PCr
singlet at 6 = 0 ppm. The complex formation of the cation with the
triphosphate chain diminishes the chemical-shift difference between the
signal of B-ATP and its two coupling partners with the consequence of
a stronger mixing of the eigenstates. This effect is partially counter-
acted by the simultaneous decrease of the line splittings.

chelation. Altogether, the CGCs derived from the in
vivo spectra reflect a higher degree of state mixing than
in the case of the neutral solutions. Concerning ¥, spec-
tra of all model solutions, irrespective of pH or complex-
ation, yielded values smaller than those obtained from in
vivo data. Only ¥, = —1.6540(4)° for ATP at pH 5 was
found to exceed the value of calf muscle tissue. Hence,
the roof effect of the B-ATP multiplet as evaluated

Table 4

for m. gastrocnemius and m. soleus is supposed to repre-
sent the upper limit of observable successive state mixing.

5. Discussion

Phosphorus-31 NMR experiments on model
solutions of ATP and the human calf muscle in vivo
demonstrate that the complement of the roof effect of
the o- and y-ATP doublets can be identified in the B-
ATP resonance. Careful post-processing of the FID
reveals the true fine structure of the high-resolution
spectrum even in vivo. Since the effect is less pronounced
than in the case of the citrate signals in "H NMR spec-
troscopy, it suffices to approximate the cumulative
intensity corrections in first order.

The derivation of Egs. (2) and (3) in [4] yields single-
quantum transitions with contributions from resonance
frequencies of both nuclei. Neglect of the weaker contri-
bution is permitted when the relative frequency differ-
ences are very small. This condition is fulfilled for the
homonuclear ATP system, where the chemical-shift dif-
ference is less than 14 ppm in vivo.

Regarding a single spectrum, J;3 and Av;g can be deter-
mined precisely yielding reliable values x and y for the
roof effect (accuracy of the order of 10~%; x and y as inde-
pendent fit parameters exhibit a 10 times larger standard
deviation). Hence, interindividual variations are more
important in vivo, but they are also known to be very
small for these frequency-related parameters [7].

Impact of complete complexation with Mg(Il) ions on the quantum-mechanical state mixing of the ATP *!P spin system at 1.5 T in neutral solution

Signal o (ppm) Mixing angle (°) CGC, CGGC,
v-MgATP —2.552(2) 9, = —1.2712(3) 0.999754(3) —0.0222(1)
a-MgATP —7.707(2) ¥y = —2.0379(5) 0.999368(8) —0.0356(2)
B-MgATP —16.380(4)

v-ATP —3.542(3) 9, = —1.4082(3) 0.999698(3) —0.0246(1)
a-ATP —7.959(3) ¥y = —1.9951(4) 0.999394(7) —0.0348(2)
B-ATP —18.625(3)

Accuracy of these single fits is higher compared to the mean values of in vivo data (Table 2). Note. —wo = 25.756 MHz for the experiment with
MgATP; 25.758 MHz for that with ATP; pH 7.04 and 7.03, respectively. Nomenclature, see Table 2.
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Evaluation of different linear phasings as demon-
strated in Fig. 4 turned out to be appropriate to find
the correct shape of the multiplets. Particularly useful
is the B-resonance, which has the highest susceptibility
of the ATP signals to linear phasing after adjusting the
constant phase with the dominant PCr signal. Correct
adjustment can be achieved simultaneously for the a-
ATP doublet unless it overlaps partially with other sig-
nals (e.g., from NAD) which influence the response to
different phasing. The y-ATP signal should not be con-
sidered for this method since it might overlap with the
intense PCr signal and linear phase corrections affect
this doublet only to a minor degree because the chemi-
cal-shift difference is less than one-sixth compared to
that of the B-ATP multiplet.

The spectral resolution of 1 Hz in our study is worse
than tissue-specific variations of line positions in spectra
of m. gastrocnemius and m. soleus reported by [12]. The
indicated changes of the coupling constants in the two
tissue types were at most 1 Hz for J,g—which is not
important compared to our result J,3 =18.1 £+ 0.8 Hz.
Therefore, tissue-specific variations within the calf con-
cerning the roof effect of ATP at 1.5 T can be neglected.

Our study of five volunteers yielded values of x and y
with an accuracy of about 2 x 10>, Evaluation of a larger
group was found to be not necessary: since the roof effect
is characterized by parameters derived from coupling
constants and chemical shifts, we compared our data to
results of previous in vivo studies where these quantities
were determined with high accuracy (but which did not fo-
cus on this effect). For example, Jung et al. [7] obtained
spectra of 13 volunteers and analysis of their data yields
x=49(1)%, y="7.3(1)%, and X =12.2(2)%, which is
quite consistent with our data (Table 1, bottom line).

The considerations of the cumulative roof effect of the
B-ATP resonance are only valid if signal contributions of
adenosine 5’-diphosphate (ADP) are insignificant.
Otherwise the a- and y-ATP doublets would contain sig-
nals which represent a connectivity by themselves. Since
Jup has nearly the same value in ADP and ATP, the roof
effect of the two doublets would be more pronounced,
because their Av is smaller than the frequency differences
of the coupled resonances in the ATP spectrum.
However, the activity of the ATP synthase shifts the
equilibrium strongly to the triphosphate such that [AD-
PJ:[ATP] = 1:300 [13]. Contributions of other nucleoside
di- and triphosphates can also be neglected [14]. Hence,
the line intensities of the components of the two doublets
are determined exclusively by the roof effect of ATP and
the multiplet structure simulated in Fig. 1 is confirmed by
the in vivo experiments.

The in vitro experiments showed that acidification
causes a decrease in y and an increase in x for the *'P
resonances of ATP and MgATP (Fig. 7). Changes of x
and y mutually compensate such that > is nearly inde-
pendent of pH in both molecules.

]T T T T T
X
12 = + *
114 —
X 10; —=—x (ATP) i
j— - o -y(ATP)
& 1 —A—3(ATP)
- 9 x (MgATP) —
3 y (MgATP)
> 8 x (MgATP) i
c X invivo data
ke % 1
© 7 4 %
5 I
(@] 6 - - -
. J
5 l\g‘c ]

pH

Fig. 7. Correction terms x, y, and X for 'P NMR spectra of ATP and
MgATP model solutions as a function of pH. Changes in x and y
compensate mutually and yield a constant X. In the range of physiolog-
ical pH, chelation of Mg(II) ions mainly induces changes in x, but barely
in y. The mean values of in vivo experiments are also shown (x).

Previous studies showed maximum changes of *'P
chemical shifts and coupling constants in the case of
[Mg® [ATP]~ 1, i.e., complete complexation of ATP
[11,15] (this is consistent with the dissociation constant
of the complex which reflects a high stability: 45 uM
at 25 °C and 38 uM at 35 °C [16]). Hence the variations
observed in our spectra represent the maximum effect of
Mg>"-ATP interaction on ATP spectra.

To consider (maximum) variation of intracellular
[Mg®"], the degree of Mg(II) complexation in the phys-
iological range of pH requires only a small modification
of y in the range of 6.96 « 7.11; the effect of decreasing
Jup 1s slightly overcompensated by the reduction of Av,g.
A very high degree of complexation implies a reduction
of x =4.91 — 4.44, which also reduces X since the sim-
ilar shift of the y- and B-resonances upon addition of
Mg>" cannot compensate the reduction of J,5. Because
the observed coupling constant J,g in vivo is distinctly
larger than in neutral MgATP solution (18.1 Hz vs.
15.8 Hz), a strongly reduced J normally will not occur
in vivo and a non-negligible fraction of ATP molecules
in the cell is supposed to remain uncomplexed. Studies
where [Mg”>"] was determined from the chemical-shift
difference of the a- and B-ATP signals indicate that ca.
90% of cellular ATP is complexed with Mg [12,16],
but it is suspected that another mechanism partially
compensates the effect of Mg(II) chelation on J [12].
Of course, only the resultant in vivo value of J,g—which
is always larger than that of any MgATP model solu-
tion—accounts for the roof effect and is connected with
the observed higher degree of state mixing in muscle tis-
sue. If this value does not vary to such an extent that the
mixing of the y-ATP eigenstates is reduced, the param-
eter values x ~ 5.2% and X = 12.5% are well suited for
fit of all in vivo spectra obtained at 1.5 T.
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Fig. 8. The ATP molecule with the different remaining total 3'P spins
F established by J coupling.

In contrast to the evaluation of in vivo spectra, the
improvement of the fit of spectra of model solutions as
expressed by the reduction of y* shows a significant
higher variance (Table 3). This is because spectra with
large signal-to-noise ratio exhibit a small residual signal
and hence small changes in > appear as relative large
reductions. Moreover, this scattering produces a relative
high p value. The ATP solution with pH 5.02 has a un-
ique spectrum since the two doublets overlap such that a
symmetric triplet appears. In this case, neglect of the
roof effect could be compensated by modified ampli-
tudes of the Lorentzian lineshapes and the improvement
was poor. However, the mean value of Ay? demonstrates
the improvement which is achieved by the consideration
of the roof effect for both in vitro (p < 0.022) and in vivo
(p <0.005) spectra. Since the overall intensity of the
multiplets is not affected by the roof effect, ¥* is the ade-
quate parameter to value the higher accuracy of the fit.
Assuming symmetric multiplets will not falsify the quan-
tification of the overall B-ATP intensity, but will miss
the true lineshape.

The CGCs can be determined with high, although dif-
ferent accuracy. Interindividual variations again exceed
the uncertainty of a single evaluation. Hence, the in vivo
coefficients are less precise than those for the different
model solutions. CGC, =sind, which quantifies the
small admixture of the orthogonal -eigenstate for
increasing ||, has a larger error because of the steep
slope of the function at ¥ = 0.

Regarding the CGCs of ATP obtained here, it is inter-
esting to note that the remaining total spin is larger for
the connectivity o—f although its coupling constant is
smaller than J,p. This is a consequence of different Av.
According to Fig. 8 the shielding of the y *'P nucleus is
stronger and yields a higher resonance frequency than
for the o nucleus. The electrons affect the formation of
the total spins F which results in F,p < Fy, although
for the coupling constants J,p > J,g is valid.

6. Conclusion

A cumulative roof effect caused by multiple J-cou-
plings can be approximated by the sum of single interac-

tions if the deviation from the Paschen—Back regime is
small. The *'P nuclei of ATP in a magnetic field with
an inductivity of 1.5 T represent a system with such prop-
erties; the consequences can be observed in high-resolu-
tion in vivo spectra. Hence the simplification to
symmetric AX doublets as it is often used for fitting rou-
tines is inadequate and this prior knowledge should be
applied to the analysis of high-resolution in vivo NMR
spectra in order to reduce y> of the fits (about 9% in this
study). The transition from Paschen—Back to Zeeman re-
gime due to an “insufficient strong” field By is character-
ized by CGCs that slightly modify the uncoupled base
|1, ms) and by a non-vanishing total spin. Experiments
demonstrate that the mixing of states is very small, but
definitely detectable, even in in vivo NMR.
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