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Abstract

Amide one-bond ""N-'H scalar couplings of '’N- and ['*N,?H-isotopically enriched ubiquitin have been measured with the Quan-
titative J approach by monitoring NMR signal intensity modulation. Scalar couplings of the non-deuterated protein are in average
~0.6 Hz larger than values of deuterated ubiquitin. This deviation is 30 times the error derived from experiment reproducibility. Refo-
cusing dipole/dipole cross-correlated relaxation decreases the discrepancy to ~0.1 Hz, suggesting that it likely originates from relaxation
interference. Alternatively, the subtraction of J values obtained at different magnetic fields largely reduces the relaxation effects. In con-
trast, the dynamic frequency shift whose main contribution to 'J('>’N-'H) arises from '>N chemical shielding anisotropy/NH dipole
cross-correlation, is not eliminated by refocusing spin evolution under this interaction. Furthermore, the average difference of

'J('>'N-"H) values at two magnetic fields closely agrees with the theoretical expected difference in the dynamic frequency shift.

Published by Elsevier Inc.
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1. Introduction

The accurate measurement of one-bond '"N—'H scalar
and dipolar couplings has become of great importance
since the revolutionary application of residual dipolar cou-
plings to the structural biology field [1-4]. As a result
numerous NMR experiments aimed to measure both
parameters have been designed in the last decade (see for
example references [5-9]). Scalar and dipolar couplings
are calculated either from resonance frequency splitting
[10] or NMR signal intensity (Quantitative J approach
[11]). Quantitative J experiments can be performed in two
fashions; J values are obtained from the intensity ratio of
signals originated from two spin operators that evolve with
the coupling, or from the J-modulation of the intensity
associated to a single operator.
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Scalar couplings derived from frequency splitting are
affected by inaccuracy in the determination of frequency
values, which usually results from line broadening or par-
tial signal intensity cancellation producing an artifact shift
in the peak maximum.

In the Quantitative J approach where two operators are
monitored, their different relaxation rates need to be
accounted for to reduce measurement errors. In contrast,
neither of these two sources of error affects Quantitative
J methods based on the intensity modulation associated
to a single operator.

J measurements can as well be affected by chemical
shielding anisotropy/dipole (CSA/DD) and dipole/dipole
(DD/DD) cross-correlated relaxation (CCR). In scalar
couplings derived from frequency splitting, CCR modifies
the peak shape leading to inaccuracy in frequency
determination [12]. In contrast, signal intensity in Quanti-
tative J experiments where either one or two spin operators
are monitored, might be affected by magnetization transfer
originated from CSA/DD and DD/DD CCR [6,13].
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Amide 'J("N-"H) couplings have been previously de-
rived from the intensity ratio of signals associated to two
spin operators [6]. The obtained values were found to vary
by using a non-selective vs. a selective pulse used to sup-
press DD/DD cross-correlation. The discrepancies were
attributed to processes of magnetization transfer that
would differently modify the signal intensity associated to
each operator. Cross-correlation interference has been the-
oretically analyzed and experimentally reported in protein
1J(1*C-"H) values measured by Quantitative J based on
intensity modulation associated to a single operator [13].
This analysis indicates that J values are affected by CCR
when the modification of intensity carries a change in the
periodicity of the modulation. In contrast, any type of
intensity modification would affect J values from Quantita-
tive J based on the intensity ratio.

A different interfering mechanism of cross-correlated
relaxation with coupling measurements is in the form of
dynamic frequency shifts. The imaginary component of
the spectral density function associated to CSA/DD
cross-correlation induces a change in the scalar coupling
commonly known as dynamic frequency shift [14]. For a
two spin system, IS, the dynamic frequency shift (DFS) is
described as [14,15]:

DFS(Icsa/ISpp) =~ (1/107)(uy/4m)(h/2n)
X a1yrys(ris) " (3cos? 0 — 1)
x 1/(1+ 1/ (o)) (1)

where, 7. is the overall correlation time of the protein, g
is the susceptibility of the vacuum, / is the Planck’s con-
stant, y; and ys, are the gyromagnetic ratios of nuclei I
and S, respectively, ri_g is the distance between nuclei I
and S, 0 is the angle between the principal axes of the
CSA and DD interactions, oy is the parallel minus per-
pendicular components of the I CSA tensor, and wy is
the angular Larmor frequency of I. Eq. (1) assumes that
the motion is completely isotropic, the CSA tensor is axi-
ally symmetric and the effect of internal dynamics is not
considered. It is noteworthy that under these conditions
the absolute value of the DFS decreases at lower mag-
netic field strength. In the presence of CSA/DD CCR
the dynamic frequency shift contributes to the measured
J according to Eq. (1). Amide 'J('>’N-'H) couplings will
be affected by the sum of two DFS values arising from
CSA('°N)/DD(NH) and CSA('H)/DD(NH) cross-corre-
lated relaxation [14].

In addition to the previously mentioned interfering
mechanisms, J couplings are affected by the difference in
the relaxation rate of the in-phase and anti-phase spin
operators resulting from scalar coupling [16]. As illustrated
by Eq. (2), the larger the difference of the relaxation rates,
the smaller the value of the apparent J [17].

Japp =J — (AR)*/[(2m)(2J)] (2)

where, J,,, is the apparent scalar coupling constant, J is
the coupling constant in the absence of differential relaxa-

tion and AR is the difference between the transverse relax-
ation rates of the in-phase and anti-phase operators.

For large coupling constants such as protein
1J("H-"3C) (~140 Hz) and amide 'J("H-"°N) (~—94 Hz),
the operators will interconvert fast during the J evolution
period, averaging their relaxation rates [18], and therefore,
decreasing the influence of this relaxation effect in the J
value [17].

Aiming to obtain accurate amide one-bond '"N-"H cou-
plings in proteins, it is the purpose of this communication
to analyze several factors affecting their measurement. We
report herein the magnitude of relaxation interference
when using the Quantitative J approach based on a single
operator, and evaluate the efficiency of selective pulses to
cancel relaxation effects. Our data suggest that the interfer-
ence arising from DD/DD cross-correlation is almost elim-
inated by refocusing spin evolution under this interaction
or by subtracting data obtained at two magnetic fields. In
contrast, the dynamic frequency shift does not vanish when
CSA/DD CCR is refocused. Additionally, the comparison
of J values obtained at different magnetic fields indicates
that the DFS originated from CSA('°’N)/DD(NH) is
positive.

2. Results and discussion

The NMR experiments used to obtain one-bond "N—-'"H
scalar couplings of the protein ubiquitin are shown in
Fig. 1. In the pulse scheme of Fig. la [5] transverse '°N
magnetization anti-phase with respect to '"H (2N, HY) is
created at point a, and evolves with the scalar coupling
(J) during 2/ as follows:

2N,HY cos(nJ22) — N, sin(nJ24) (3)

After '°N chemical shift evolution during #;, the collected
operator 2N,HY, is a function of the '"N-'H scalar
coupling and the resulting signal intensity can be described
as:

I = (4pcos(nJ2A) + A;) exp(—4,224) (4)

where A is the intensity of a reference signal (e.g. 1st time
point) and A4, represents the amount of magnetization that
does not evolve with J because of imperfections in the ©
pulses. The exponential function, exp(—A,24) accounts
for signal intensity decay due to relaxation pathways and
evolution with coupling to passive spins. A Gaussian func-
tion is commonly used to take into account intensity decay
resulting from passive coupling [19]. We found J differences
of less than 0.01 Hz by including this function into Eq. (4)
(smaller than the experimental error, 0.02 Hz), indicating
that the exponential function suffices to account for passive
coupling.

A total of 15 experiments are acquired in which the val-
ue of A is modified such that the modulated function is
sampled at three zero crossings (Fig. 2). J values are de-
rived from the fitting to Eq. (4) of peak intensities in the
15 ['"H-""NJ-HSQC spectra as a function of 2.
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Fig. 1. NMR pulse schemes for 'J(**N-H")-modulated ['H-'N]-HSQC,
(a) with effective DD/DD cross-correlated relaxation, (b) where DD/DD
cross-correlated relaxation is refocused, (c) with effective CSA('°N)/
DD(NH) cross-correlated relaxation. Narrow and wide bars correspond
to 90° and 180° flip angles. Small white bell shapes are 90° 'H pulses
(~1 ms) included in the WATERGATE module for water suppression
[25]. The white bar indicates (a) 180° hard pulse, (b) REBURP pulse [20]
for selective H" inversion (1.4 ms at 600 MHz and 2.33 ms at 360 MHz,
for 4.5 ppm inversion bandwidth). The large white bell shape in (c) is a
REBURP pulse [20] for selective H* and HP inversion (1.11 ms at
600 MHz and 1.85 ms at 360 MHz, for 5.85 ppm inversion bandwidth).
Unless otherwise indicated phases of radiofrequency pulses are applied on
x. For (a) and (b) ¢1 = 8(), 8(—); o= x, —x; b3 = 2(x), 2(»), 2(—x),
2(—y); ¢4 = —Xx; receiver = x, 2(—x), 2(x), 2(—x), x, —x, 2(x), 2(—x), 2(x),
—x. For (¢) ¢; =x, —x; ¢ = —x; receiver = x, —x. The applied time
delays are as follows; t = 2.25 ms. For (a) 4, = 19.1, 19.5, 19.8, 20.7, 21.2,
24.2, 24.6, 25.1, 26.2, 26.5, 29.9, 30.3, 30.7, 31.1, and 31.9 ms. Assuming
that the 180° >N and 'H pulses are applied simultaneously and that
7180(N) > 11580(H), the fraction 2/m of 7,59(N) needs to be added to 21 to
account for J evolution during pulses of finite length in order to extract J
values from signal modulation [5,26]. For (b) 4, = A, — [TrReBURP/2 —
190(N)]. 4, values are shorter than 4, such that the time during which the
magnetization is in the transverse plane is identical in experiments (a) and
(b). J evolution is assumed to be active during the duration of the
REBURP pulse. Therefore, the length of this pulse is added to 2/, in
analogy to previously reported experiments for 'J(C—H) measurements in
which the total length of the 180° pulse affecting the spin in the
longitudinal axis is added to the J evolution time [27]. For (c) d = 10 ms,
Je = Ay — [TREBURP/2 — Too(N)]. Analogously to experiments (a) and (b),
the time 7,30(H) and the fraction 4/m of 79o(N) need to be added to 2(4 — d)
to take into account J evolution during these pulses. Quadrature detection
in the #; dimension is obtained using the States-TPPI protocol [28], by
simultaneously incrementing ¢, and ¢5 in (a) and (b) and ¢, in (c). For the
three pulse schemes, pulse field gradients have a sine-bell shape with
amplitude of 25G/cm at their center. Gradient durations are:
G 12345=50, 2.3, 1.0, 0.4, and 2.0 ms. 5N decoupling during 'H
acquisition was achieved by applying the WALTZ-16 decoupling sequence
[29]. NMR experiments were performed at 360 and 600 MHz at 27 °C.

In the experiment of Fig. 1a, amide >N is coupled to pro-
tons that are two or three bonds away, such as H* and HP.
Considering '°N coupling to a second 'H in addition to H",
the magnetization at point b can be described as:

2N, HY cos(m/24) cos(nJ;24) — N, sin(mJ24) cos(nJ ;24)
— 2N, H/ sin(nJ22) sin(mJ ;24)
— 4N, HYH/ cos(nJ24) sin(m/,21) (5)

2.5

1.5 ¢

Normalized Intensity

0.02 0.03 0.04 0.05
2(A-d) (s)

Fig. 2. Fitting to Eq. (7) of normalized experimental intensity modulated
with time for the '’N-H" amide group of ubiquitin Leu 56 using the pulse
scheme of Fig. 1c at 600 MHz. Error bars correspond to normalized errors
calculated from reproducibility.

where, J is the amide one-bond '>’N-H” coupling and J;is
the scalar coupling between amide N and H* or HP. In
the experiment of Fig. la, magnetization evolution with
both CSA('’N)/DD(NH) and CSA('H)/DD(NH) cross-
correlated relaxation is refocused. In contrast, magnetiza-
tion evolves during 2/ with DD/DD cross-correlated relax-
ation. This interaction can involve the "’N-H" dipole, and
a dipole between the amide '°N and a second 'H scalar
coupled to it, for example H* or HP.

As a result of this interaction magnetization is trans-
ferred between the operators, 2N, HY and 2N, H/. At point
b (Fig. 1a), the evolution of the collected operator can be
described as:

2N, H[cos(mJ24) cos(nJ ;24) cosh(I"24) + sin(nJ24)
x sin(nJ;24) sinh(I"24)] (6)

where I' is the cross-correlated relaxation rate between the
amide 'N-H" dipole and the amide ISN-H*# dipole.

Magnetization transfer between the operators, 2NyH§V
and 2N, H/ can result as well from '"H-'H cross-relaxation
(Nuclear Overhauser Effect). The modification of signal
intensity arising from this relaxation pathway is not expect-
ed to change the J value since the periodicity of the modu-
lation will not be affected.

Experiments in Fig. 1a and b are identical, except for the
application of a REBURP pulse [20] to selectively invert
"HY. This pulse refocuses magnetization evolution with
DD/DD cross-correlated relaxation and scalar coupling
of amide "°N to any other 'H different from "H™. In the
experiment of Fig. 1b, evolution with CSA('°N)/DD(NH)
and CSA('H)/DD(NH) cross-correlated relaxation is as
well refocused.

Fig. 3a shows that J('>N-H") values obtained with the
experiment of Fig. la for '*N-labeled ubiquitin are in aver-
age 0.6 Hz larger than those of ['°N,?H]J-enriched ubiquitin.
This systematic deviation, which is 30 times larger than the
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Fig. 3. (a) 'J(">'N-H") values at 600 MHz obtained with the experiment of
Fig. la for deuterated (x axis) and non-deuterated (y axis) ubiquitin. Black
circles, crosses and open circles correspond to residues with two beta
protons, one beta proton, Gly and highly flexible residues, respectively. (b)
1J(">N-H") data obtained at 600 MHz with the pulse scheme of Fig. 1b
for deuterated (x axis) non-deuterated (y axis) ubiquitin. (c) J(I’N-H")
values at 600 MHz for ['N,’H]-labeled ubiquitin obtained with the
experiment of Fig. 1b (x axis) and Fig. la (y axis). (d) Difference in
1J(SN=H") values at 360 and 600 MHz for non-deuterated ubiquitin
measured with the pulse scheme of Fig. 1b (x axis) and Fig. la (y axis).
Residues with low intensity because of exchange processes (Glu 24, Gly
53) and residues that are partially overlapped (Asp 21, Ala 28, Leu 69, Leu
73) are not represented. Ile 36 is excluded because its "H" chemical shift is
close to the edge of the selective pulse excitation profile. '*N-labeled
ubiquitin was expressed and purified as previously described [30].
['*N,?H}-labeled ubiquitin was purchased from Spectra Stable Isotopes.

experimental error derived from reproducibility (0.02 Hz),
points out the interference of relaxation with scalar cou-
pling measurements. The discrepancy is more pronounced
for residues containing two vs. one beta proton, as shown
in Fig. 3a. The systematic deviation can result from a more
complex magnetization evolution with J than that de-
scribed in Eq. (3). Processes of magnetization transfer
resulting from DD/DD cross-correlation as defined in
Eq. (6) will modify the periodicity of the signal modulation,
thus affecting the obtained J value [13]. It is possible to
theoretically estimate the expected cross-correlation inter-
ference, as previously described for 'J('*C-'"H) measure-
ments [13]. Signal intensity has been simulated
considering magnetization evolution with an ideal
J(®N-H") = —94 Hz, and three DD/DD CCR pathways,
ie. N-H"/N-H?,, N-H'/N-H?, N-H"/N-H'. By
using Eq. (4) to fit the simulated intensity the obtained
J(''N-H") = —94.16 Hz. The deviation 0.16 Hz closely
agrees with the average discrepancy of residues with one
beta proton, 0.2 Hz (Fig. 3a). The larger differences shown
in Fig. 3a for residues with two beta protons probably arise

from more complicated relaxation mechanisms that have
not been accounted for.

The mentioned DD/DD CCR pathways are absent in
’H-labeled ubiquitin. Therefore, should the interference
prove valid, non-deuterated ubiquitin J values obtained
with the pulse scheme of Fig. 1b will become similar to
those of deuterated ubiquitin, and the later will not be
affected by the application of a selective vs. a non-selective
pulse. As shown in Fig. 3b J('">’N-H") values of non-deu-
terated ubiquitin decrease by the application of the selec-
tive pulse, while J values of deuterated ubiquitin do not
show a systematic deviation and are unmodified within
the experimental error (Fig. 3c). The discrepancy is almost
completely counter-balanced by selective pulse application.
Nevertheless a small deviation of ~0.1 Hz is observed
(Fig. 3b). To test if this small difference results from mag-
netization evolution with cross-correlation during the rela-
tively long selective pulse, we calculated the differences
between non-deuterated and deuterated ubiquitin J values
obtained at two magnetic fields (600 and 360 MHz) with
the pulse scheme of Fig. 1b. To achieve the same inversion
bandwidth (4.5 ppm) the length of the selective pulse used
at the two magnetic fields is substantially different (1.4 ms
at 600 MHz vs. 2.33 ms at 360 MHz). The obtained data
are very similar within the experimental error (data not
shown), suggesting that the observed difference does not
result from residual CCR during the selective pulse. Differ-
ential relaxation of the in-phase and anti-phase operators
as illustrated in Eq. (2) does not explain the observed dis-
crepancy. The absolute J values of non-deuterated ubiqui-
tin should be smaller than those of deuterated ubiquitin
according to this effect, since a larger difference in the
relaxation rate of the operators is expected for non-deuter-
ated ubiquitin [16]. In contrast, the opposite result is exper-
imentally obtained (Fig. 3b). Incomplete refocusing of
several DD/DD CCR pathways could explain the
discrepancy.

Differences in J('’N-H") couplings measured at two
magnetic fields can be used to estimate the dipolar and
DEFES contributions [5], therefore, it is interesting to know
if relaxation effects can be eliminated by subtraction.
Fig. 3d shows that DD/DD CCR effects are largely re-
duced by subtracting J values at two magnetic fields, sug-
gesting that magnetic field strength does not significantly
affect the interference.

The pulse sequence of Fig. 1c was designed to evaluate
the dynamic frequency shift contribution to scalar coupling
measurements. In this experiment, '>N magnetization is
transverse during the same amount of time as in the pulse
sequence of Fig. la to avoid differential relaxation effects
between experiments. In contrast '’N-H" scalar coupling
evolves during 2(1 — d), thus signal intensity is modulated
according to the following equation:

I = (Aycos[nJ2(A —d)] + 4;) exp(—A4224) (7)

Parameters 4y, 4, and A, are defined in Eq. (4).
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In the experiment of Fig. 1c, magnetization evolution
with CSA('H)/DD(NH) is refocused, on the contrary,
CSA(>’N)/DD(NH) CCR is effective during 2d.

N, magnetization created by scalar coupling evolution
(Eq. (3)) can be transferred to 2N, H" as a result of effective
CSA('°N)/DD(NH) cross-correlation. 2NxHiV magnetiza-
tion will evolve with >N chemical shift during ¢, into
2N,HY (Fig. 1c), which will be sine modulated. After Fou-
rier transformation dispersive signals might be generated
since the original 2N)/.HiV term resulting from scalar cou-
pling (Eq. (3)) will be cosine modulated with chemical shift.
To suppress this artifact by eliminating N, magnetization
right before the 7, module, two 90° >N pulses sandwiching
a pulse field gradient were incorporated in the experiment
of Fig. lc. Although this pulse scheme has been applied
to ['"°N,?H]}-labeled ubiquitin, residual DD/DD cross-cor-
relation might arise from incomplete *H-labeling (~3%).
Therefore, a REBURP pulse [20] that selectively inverts
H* and HP spins was applied to refocus spin evolution un-
der this interaction. By comparing J values obtained with
the experiments of Fig. 1a, where CSA/DD cross-correla-
tion evolution is refocused, and Fig. lc, it could be possible
to measure the dynamic frequency shift associated to the
CSA('°N)/DD(NH) interaction.

The theoretical DFS value originated from CSA('°N)/
DD(NH) cross-correlated relaxation should be positive,
according to previously reported equations ([14,15], Eq.
(1)) if isotropic motion and almost collinear interactions
are assumed, and considering that the >N CSA tensor is
nearly axially symmetric [21]. The former conditions are
probably satisfied by the nearly isotropic diffusion of ubiq-
uitin and an angle (0) between the N-H bond-vector and
the unique principal axis of the "N CSA tensor ranging
from 0° to 25° [22]. The expected average value of the
DEFS in ubiquitin is 0.42 Hz at 600 MHz and 0.27 Hz at
360 MHz using the following parameters; correlation time
1. =4.04ns at 27°C [23], ¢ (’N) ~ —172 ppm, 0 ~ 24°
[22], rneg = 1.02 A, and yn < 0. In contrast, the DFS value
arising from CSA('H)/DD(NH) can be considered con-
stant at the two magnetic fields since in the slow motion
limit oy 7. > 1 (Eq. (1)).

Although Quantitative J methods do not provide
the sign of the scalar coupling, it is well known that
J('>'N-H") < 0. Therefore, the contribution of a positive
DFS to a negative scalar coupling results in the decrease
of its absolute value measured by Quantitative J. Further-
more, in the absence of other effects, J(ISN—HN) absolute
values obtained with this approach are expected to be
larger the lower the applied magnetic field, since the DFS
contribution decreases. Thus, absolute J values measured
with the experiment of Fig. 1c should be smaller than those
provided by the pulse scheme in Fig. 1a. The data obtained
from both experiments are very similar (Fig. 4a), suggest-
ing that the dynamic frequency shift is not eliminated even
when spin evolution under this interaction is refocused. In
contrast, it has been previously reported that CSA/DD
cross-correlation can be cancelled in Hartmann-Hahn

a 95 b

94 - - s
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91 -
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Fig. 4. (a) 'J('">’N-H") values at 600 MHz obtained with the pulse scheme
of Fig. la (x axis), where the two 90° >N pulses flanking a pulse field
gradient were added to emulate pulse scheme of Fig. lc. 'J('’N-H")
values at 600 MHz obtained with the experiment of Fig. lc (y axis). (b)
LJ(SN=H") values of [°N,?H]-labeled ubiquitin obtained at 600 MHz (x
axis) and 360 MHz (y axis) with the experiment of Fig. la.

selective coherence transfer experiments, vanishing the
DEFS contribution [24]. The effect of the DFS is shown in
Fig. 4b, where absolute J('’N-H") values obtained at
360 and 600 MHz are compared. When considering the
negative sign of J('>’N-H?"), the average difference between
the data at 360 and 600 MHz is ~—0.15 Hz, as expected
from the decrease in the positive value of DFS at the lower
magnetic field. This result agrees with the theoretical
expected difference of the average dynamic frequency shift
at the two magnetic fields (~—0.15 Hz). Previously report-
ed calculations indicate that the DFS arising from the
CSA("’N)/DD(NH) interaction is negative, provided that
motion is isotropic and the interactions are close to collin-
ear [5,15]. Experimentally, the change in sign of this theo-
retical result can be easily overlooked if the negative
value of J('>N-H") is not taken into account [5]. Our
experimental results show that, under the mentioned
conditions, the dependence of the negative J('*’N-H") val-
ues with the magnetic field strength can only be explained if
the DFS associated to CSA('°N)/DD(NH) CCR is
positive.

3. Conclusions

By comparing J('>’N-H") values of non-deuterated and
deuterated ubiquitin we show the magnitude of magnetiza-
tion relaxation effects on scalar coupling measurements.
This interference results from DD/DD cross-correlated
relaxation and is almost completely eliminated by applying
a selective pulse to refocus spin evolution under this inter-
action. Additionally, relaxation effects can be greatly re-
duced by subtracting couplings obtained at two magnetic
fields. In contrast, the dynamic frequency shift cannot be
eliminated when CSA/DD cross-correlation is refocused.
In ubiquitin, the comparison of average J('>N-H") values
obtained at two magnetic fields to the theoretical dynamic
frequency shift difference indicates that the DFS contribu-
tion is positive.
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