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The tautomeric structure and chemistry of the histidine imidazole ring play active roles in many struc-
turally and functionally important proteins and polypeptides. While in NMR spectroscopy histidine
chemical shifts (e.g. 15N, 13C, and 1H) have been commonly used to characterize the tautomeric structure,
hydrogen bonding, and torsion angles, homonuclear 15N scalar couplings in histidine have rarely been
reported. Here, we propose double spin-echo sequences to compare the observed signals with and with-
out a 90� pulse between the two spin-echo periods, such that their signal ratio as a function of the echo
time solely depends on homonuclear scalar couplings, allowing for measuring weak homonuclear scalar
couplings without influence from transverse dephasing effects, thus capable of revealing hydrogen-bond
mediated 15N-15N J-couplings that can provide direct and definitive evidence for the formation of
N. . .H. . .N hydrogen-bonding associated with the imidazole ring. We used two 13C,15N labeled histidine
samples recrystallized from solutions at pH 6.3 and pH 11.0 to demonstrate the feasibility of this method
and reveal the existence of a weak two-bond scalar coupling between the Nd1 and Ne2 sites in the his-
tidine imidazole ring in three tautomeric states and the presence of a hydrogen-bond mediated scalar
coupling between the Nd1 site in the imidazole ring and the backbone Na site in the histidine neutral s
and p states. Our results demonstrate that weak 15N homonuclear scalar couplings can be measured even
when their values are less than their corresponding intrinsic natural linewidths, thus providing direct and
definitive evidence for the formation of N. . .H. . .N hydrogen bonding that is associated with the histidine
imidazole ring.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Histidine is an essential residue in many proteins because of its
unique chemistry that it brings to the protein through its struc-
turally flexible imidazole sidechain [1,2]. There are three possible
tautomeric states, depending on pH, for histidine imidazole side-
chain, as illustrated in Scheme 1. At higher pH values, two neutral
tautomers can coexist: the s tautomer with non-protonated Nd1

and protonated Ne2, and the p tautomer with protonated Nd1 and
non-protonated Ne2. While at lower pH values, the imidazole ring
becomes charged with both Nd1 and Ne2 protonated. The imidazole
side chain has a pKa of approximately 6. At physiological pH differ-
ent tautomeric states often coexist providing important indications
of the biological processes that are taking place in a system. With
its imidazole ring serving as a general base and a common coordi-
nating ligand when it is neutral and serving as a general acid and
hydrogen-bond donor when in its charged form, histidine plays
active roles at physiologically relevant pH values in proteins and
peptides [3]. A small shift in physiological pH can influence proto-
nation of the imidazole ring that may be involved in enzyme cat-
alyzed reactions, or assisting in stabilizing protein structure, or
mediating proton transfer, and so on. One of the key issues in
studying the interactions between the histidine and its surround-
ings in structurally or functionally active sites is to identify the
hydrogen bonding partners for the histidine imidazole rings. For
example, the set of four H37 side chains in the pore of the tetra-
meric M2 protein from Influenza A virus is the heart of the H+ con-
ductance mechanism responsible for H+ selectivity, pH activation,
and interactions with the W41 gate through the protonation and
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Scheme 1.

Fig. 1. (a) The standard spin-echo sequence. (b) The double spin-echo pulse
sequence. A 90� pulse (in red) is sandwiched by the standard spin-echo sequences.
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deprotonation of the H37 imidazole rings [4,5]. The proton conduc-
tance in the M2 channel is facilitated through hydrogen bonds with
the His37 residues, in which the basic nitrogen on one imidazole
ring can take up a proton to form a charged intermediate and then
give up a proton to a solvent molecule before returning to the
uncharged state, thus potentially shuttling a proton from one side
of a membrane to the other.

It has been known in NMR spectroscopy that both 15N and 1H
chemical shifts are very sensitive to hydrogen bonds lengths [6–
10] and thus the chemical shifts, including 13C, have been com-
monly used to characterize the tautomeric structure, hydrogen
bonds, and torsion angles of the histidine sidechain. Unfortunately,
these chemical shifts are also extremely sensitive to the tautomeric
states and the chemical environs of the imidazole rings [8,11,12].
Therefore, the correlation between the 15N and 1H chemical shifts
as well as their distance information are required in order to verify
the formation of hydrogen bonds [6–11]. It is noteworthy that the
measured N. . .H distance in the hydrogen bond should be shorter
than the distance between this nitrogen site and its other nearby
protons in the structure due to the dipolar truncation effects. In
other words, weak hydrogen bonds that have a longer N. . .H dis-
tance than the shortest distance between this nitrogen site and
its nearby protons cannot be verified using the distance measure-
ments. Nevertheless, these approaches are still considered as indi-
rect evidence to affirm the hydrogen bonds.

Scalar couplings (J-couplings) arise from an indirect spin-spin
interaction between the magnetic dipole moments of the nuclei
that are connected through chemical bonds. Thus, J-couplings con-
tain a wealth of structural information on the connectivity of
chemical bonds and are the basis for many useful methods in solu-
tion NMR spectroscopy, such as insensitive nuclei enhanced by
polarization transfer (INEPT) [13] and incredible natural abundance
double quantum transfer experiments (INADEQUATE) [14,15]. On
the other hand a hydrogen bond is primarily an electrostatic
attraction between two polar groups containing highly electroneg-
ative atoms such as nitrogen and oxygen that are bridged by a
hydrogen atom. Similar to the electron sharing within covalent
bonds leading to J-couplings [16], the redistribution of electron
densities upon hydrogen bond formation acts as electron sharing
between the two nuclei involved in the hydrogen bond, although
they are not covalently bonded [17], resulting in the so-called
hydrogen-bond mediated J-couplings [18]. Such J-couplings across
the hydrogen bonds have been observed in both solution [1,19–22]
and solid-state NMR [23–25] spectra and provide direct and defini-
tive evidence for the formation of hydrogen bonds. For the pH-
sensitive histidine imidazole ring, the Nd1 nitrogen is always
involved in hydrogen bonding. Here, we directly look into the
15N-15N homonuclear J-coupling network in the system and use
uniformly 13C and 15N labeled histidine samples at pH 6.3 and
11.0 as an example to examine whether or not there exists a
two-bond J-coupling between Nd1 and Ne2 (i.e. 2JNd1Ne2) in the imi-
dazole rings and how the backbone nitrogen Na interacts with the
Nd1 and Ne2 in the imidazole rings.

Measuring homonuclear J-couplings is difficult even in solution
NMR, especially when the J-couplings are less than the resonance
linewidths being observed such that the J-splittings are often
obscured by signal overlap or buried in the linewidths [26]. While
in solid-state NMR, the situation is even worse, since J-couplings
are much smaller as compared to other spin interactions, such as
heteronuclear dipolar interactions. A simple but commonly used
method for measuring the J-couplings is the so-called J-resolved
spectra using two-dimensional (2D) spin-echo experiments
[23,24,27] that depend on the modulation of J-couplings, while
refocusing the chemical shifts, thus to generate the J-splittings in
the spectral indirect dimension. It is generally believed that this
method can measure the J-coupling constant values that are larger
than the natural linewidths (i.e. without other shift contributions
such as field inhomogeneity) of the signals being observed. How-
ever, in many cases J-couplings are quite small, for instance, from
those nuclei that are connected through multiple chemical bonds.
Particularly in the study of hydrogen bonding, J-couplings across
hydrogen bonds are typically small but can provide direct evidence
about the hydrogen bond formation. In addition, the modulation of
the 15N-15N J-splittings, if any, can be easily obscured by residual
15N-1H dipolar interactions during the spin-echo period, even
under high power 1H decoupling in the 2D spin-echo experiments,
thus preventing observation of weak homonuclear 15N-15N J-
couplings. Selective measurements [28] have been proposed to
overcome such spin-spin relaxation effects by using frequency-
selective spin-echoes where singly and doubly frequency-
selective refocusing pulses are used to generate without and with
J-modulated spectrum, respectively, such that the ratio of these
two spectra depends solely on the J-coupling. However, such
experiments are highly dependent upon the selectivity of the
frequency-selective pulses and may become difficult to perform
when the two resonances being investigated are in close proximity.

In this paper, we propose the rotor-synchronized double spin-
echo (dubbed as DBSE) sequence [29,30], as shown in Fig. 1, to
measure weak J-couplings by comparing the signal intensities with
and without the 90� pulse sandwiched between the two spin-echo



Fig. 2. 15N CPMAS spectra of the His6.3 and His11.0 samples.
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periods. The double spin-echo sequence was initially proposed in
solution NMR [29,30] for simultaneously refocusing both chemical
shifts and J-couplings (the so-called ‘‘perfect echo” for AX systems).
Different from the 2D J-resolved spectra using the standard spin-
echo sequence (c.f. Fig. 1a) where the transverse dephasing (i.e.
T0
2) also contributes to the line-broadening in the indirect dimen-

sion, the ratio of these DBSE signals with and without 90� pulse
completely eliminates the transverse dephasing effects, thus
allowing us to reveal weak J-couplings that cannot be detected
by the 2D J-resolved spectra. Utilizing such a ratio to remove trans-
verse dephasing effects was not used in the initial double spin-
echo experiments in solution [29,30], but has been employed in
many MAS NMR experiments [31–34]. We theoretically derived
the evolution of J-couplings in a three-spin system with and with-
out the 90� pulse in the middle of the two spin echo periods and
further use uniformly 13C and 15N labeled histidine samples at
pH 6.3 and pH 11.0 to demonstrate the effectiveness of this DBSE
sequence. The results reveal the existence of the two-bond 2JNd1Ne2
value to be as weak as �1 Hz between Nd1 and Ne2 in the imidazole
rings in all three histidine tautomeric states, and the hydrogen-
bond mediated 2hJNd1Na in the neutral states.
2. Material and experimental

Uniformly 13C, 15N-labeled L-Histidine�HCl�H2O (pH 3.3) was
purchased from Cambridge Isotope Laboratories, Inc. and was dis-
solved in deionized water whose pH was adjusted through adding
appropriate volumes of 0.2 M NaOH. Two histidine samples were
recrystallized from their solutions at pH 6.3 and 11.0 through the
slow evaporation method at room temperature for about 1 week.
The two histidine samples were designated as His6.3 and
His11.0. These recrystallized histidine samples were then packed
into 3.2 mm MAS rotors for NMR measurements. The rotor-
synchronized spin-echo pulse sequences are shown in Fig. 1, where
the 15N magnetization is enhanced through cross polarization from
protons with a contact time during which the spin-lock fields for
1H and 15N fulfill the Hartmann-Hahn matching condition. The
2D 15N-15N homonuclear J-resolved spectra are recorded using
the standard spin-echo pulse sequence as shown in Fig. 1a, where
t1/2 is set to a multiple of spinning periods. Fig. 1b shows the rotor-
synchronized DBSE sequence, where t1/4 has to be set to a multiple
of spinning periods. All magic-angle-spinning (MAS) NMR spectra
were acquired on a Bruker Avance 600.1 MHz NMR spectrometer
using an NHMFL 3.2 mm Low-E triple-resonance biosolids MAS
probe [35,36]. The sample spinning rate was controlled within
15.0 kHz ± 3 Hz by a Bruker pneumatic MAS unit. During the
1 ms CP contact time, a 1H spin-lock field of 50 kHz was used
and the 15N B1 field was ramped from 38 to 56 kHz [37]. The 15N
180� pulse lengths were experimentally calibrated to be 9.0 ls. A
SPINAL64 decoupling sequence [38] with a 1H B1 field of
83.3 kHz was used for proton decoupling during the entire spin-
echo periods and the data acquisition time. 256 scans were used
to accumulate the 15N signals with a recycle delay of 10 s. The
15N chemical shifts were referenced to the 15N amino resonance
of glycine at 33.5 ppm.

All fittings were performed using the KaleidaGraph software.
Fig. 3. 15N 2D J-resolved spectrum (left) of His6.3 and their respective slices (right).
3. Results and discussion

Fig. 2 shows the 15N CPMAS spectra of the His6.3 and His11.0
samples. At pH 6.3, a total of six resonances were observed at
249.3, 189.9, 176.6, 171.1, 47.7, and 41.5 ppm. These 15N reso-
nances were unambiguously assigned through the 13C-13C and
15N-13C correlation spectra as shown in supplemental material
(Fig. S1) and are labeled in the spectrum, representing two tau-
tomeric states, i.e. the neutral s and charged states that coexist
at this pH [39], while the neutral p state is absent. On the other
hand, for His11.0, a total of six resonances were also observed at
252.9, 249.4, 171.2, 167.5, 96.3, and 41.5 ppm. Three of those res-
onances are virtually the same as for the neutral s state in the
His6.3 sample and thus can be assigned to the neutral s state at
pH 11.0, while the other three resonances belong to the neutral
p state. Therefore, the neutral s and p states coexist with no
charged state for the histidine at pH 11.0.

Fig. 3 shows the 15N 2D J-resolved spectrum for the His6.3 sam-
ple. From the slices in the right panel, it is clear that the linewidth
is �7–10 Hz and no J-splitting is visible, as if no J-couplings occur
among three nitrogen sites for both tautomeric states by using the
standard rotor-synchronized spin-echo sequence. Similar results
were observed for the His11.0 sample as shown in supplemental
material, Fig. S2.
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Considering how a dilute spin (e.g. 15N) system with three
homonuclear spins that are weakly coupled through J-couplings
evolves during the DBSE sequence, the nuclear spin Hamiltonian
in the usual rotating frame can be written as

HZ ¼ ð
X2

k¼0

XkI
k
ZÞ þ

X1

i¼0

X2

j¼iþ1

2pJijI
i
ZI

j
Z ð1Þ

Here (IX, IY, IZ) are the spin operators, Xk represents the isotro-
pic chemical shift for the kth spin and the second term represents
the J-couplings among these three spins. In this expression, the
weak coupling limit has been applied [40], i.e. any J-coupling is
much smaller than the chemical shift difference of the two spins
involved, Jij

�� �� � Xi �Xj

�� ��, and the dipolar interactions are com-
pletely suppressed by MAS as long as the MAS spinning rate does
not fulfill the so-called rotational resonance condition [40], i.e.
xr– n Xk �Xlð Þj j; n Xk �Xmð Þj j; n Xm �Xlð Þj j, where xr is the spin-
ning speed and n is an integer number.

Under the DBSE sequences in Fig. 1b, the density matrix q(t1) is
evolved from the initial density matrix q(0) according to

qDBSE t1ð Þj/ ¼ UDBSE /; t1ð Þq 0ð ÞUþ
DBSE /; t1ð Þ ð2Þ

Here, UDBSE /; t1ð Þ ¼ e�iHZ
t1
4 e�ipIX e�iHZ

t1
4 e�i/IX e�iHZ

t1
4 e�ipIX e�iHZ

t1
4 is the

unitary propagator. The time dependence of the signal for the kth

spin can thus be obtained by

Sk t1ð Þj/ ¼ trace IkX þ iIkY
� �

q t1ð Þj/
� �

ð3Þ

Here q 0ð Þ ¼ P2
k¼0I

k
X , IX ¼ P2

k¼0I
k
X , and IY ¼ P2

k¼0I
k
Y , while / = 0 or

p/2 corresponding to without and with the red 90� pulse,
respectively.

In the DBSE sequences of Fig. 1b, the chemical shift term is com-
pletely refocused in each spin echo period, thus only the J-coupling
term is evolved during the spin echo periods. Thus the evolution of
the J-modulated component at t1 can be easily derived. The signal
for the kth spin evolved in Fig. 1b without the red 90� pulse is the
same as in Fig. 1a:

SkDBSE t1ð Þj0 ¼ trace IkX þ iIkY
� �

q t1ð Þj0
� �

¼ cos pJklt1ð Þcos pJkmt1ð Þ ð4Þ

On the other hand, with the red 90� pulse in Fig. 1b the signal
for the kth spin becomes

SkDBSE t1ð Þjp
2
¼ trace IkX þ iIkY

� �
q t1ð Þjp

2

� �

¼ cos2
p
2
Jklt1

� �
cos2

p
2
Jkmt1

� �

þ sin2 p
2
Jklt1

� �
cos

p
2
Jlmt1

� �
cos

p
2
Jkmt1

� �

þ sin2 p
2
Jkmt1

� �
cos

p
2
Jklt1

� �
cos

p
2
Jlmt1

� �
ð5Þ

Here, l = mod(k + 1,3) and m = mod(k + 2,3) representing the
other two spins that are J-coupled with the kth spin.

For each tautomeric state in histidine (Scheme 1), there are
three nitrogen sites (Na, Nd1, and Ne2), where Nd1 and Ne2 are sep-
arated by two covalent bonds, and Na and Nd1 are not bonded
directly, but may be connected through a hydrogen bond, while
Na and Ne2 are far away. For such a three-spin system, we use
Scheme 2.
Scheme 2 to depict the possible coupling network in histidine,
where 2JNd1Ne2 represents the two-bond J-coupling between Nd1

and Ne2 and 2hJNd1Na stands for the potential intramolecular
hydrogen-bond mediated J-coupling, while no J-coupling is
expected between Na and Ne2. There is no intermolecular 2hJNd1Na
since the Na-Nd1 distance from two closest molecules was more
than 5 Å according to the crystal structure [41]. When k = 0, 1,
and 2 in Eq. (5) refers to Na, Nd1, and Ne2 respectively, we have
J01=2hJNd1Na, J02 = JNaNe2 = 0, and J12=2JNd1Ne2 based on Scheme 2.

Therefore, the obtained signals SkDBSE t1ð Þj0 and SkDBSE t1ð Þjp
2
under the

DBSE sequence without and with the red 90� pulse can be simpli-
fied from Eqs. (4) and (5) and listed in Table 1.

It is clear from Table 1 that SkDBSE t1ð Þj0 ¼ SkDBSE t1ð Þjp
2
¼ 1 when

there are no J-couplings between the different nitrogen sites. In
other words, the observed signals with and without the 90� pulse
should be the same when 2hJNd1Na

= 2JNd1Ne2
¼ 0. If there exists

any J-coupling, the observed signals with and without the 90�
pulse should have a different functional relationship with
2hJNd1Na

and 2JNd1Ne2
. It is worth noting that, for Na and Ne2,

SNa=Ne2
DBSE t1ð Þj0 depends solely on their J-coupling with the nearby

nitrogen Nd1, while SNa=Ne2
DBSE t1ð Þjp

2
depends not only on the J-

coupling with its nearby nitrogen Nd1, but also on the J-coupling
between the nitrogen Nd1 and the other nitrogen, although this
contribution is as if it was one-half of their J-coupling.

Fig. 4 shows the 15N DBSE spectra of the His6.3 sample at
t1 = 80 ms without and with the red 90� pulse. It is apparent from
this figure that, for the charged state, the Na(+) signal intensity
remains unchanged without and with the red 90� pulse, while
the signal intensities for Nd1(+) and Ne2(+) are slightly increased
when the red 90� pulse is applied. On the other hand, the nitrogen
signals for the neutral s state gain intensity when the 90� pulse is
applied, especially for Nd1(s) and Na(s). This observation implies
that there may be a weak two-bond 2JNd1(+)Ne2(+) in the charged
state, while there exist relatively strong J-couplings between three
nitrogen sites in the neutral s state.

Since both SkDBSE t1ð Þj0 and SkDBSE t1ð Þjp
2
are evolved over the same t1

period, their ratio Rk
DBSE (t1) = SkDBSE t1ð Þj0=SkDBSE t1ð Þjp

2
eliminates the

transverse dephasing effects and depends solely on the J-

couplings. Fig. 5 shows the plots of Rk
DBSE (t1) as a function of t1

for all six 15N resonances from the His6.3 sample. Clearly, RNaðþÞ
DBSE

(t1) for Na(+) remains one over the entire echo time t1, i.e.
2hJNd1ðþÞNaðþÞ ¼ 0, confirming that the Na(+) in the charged state
does not exhibit the hydrogen-bond mediated J-coupling with
Nd1(+). However, the ratios for Nd1(+) and Ne2(+) show a slight
decrease with increasing t1. Using 2hJNd1ðþÞNaðþÞ ¼ 0 as a constant,

we fitted these RNe2ðþÞ=Nd1ðþÞ
DBSE (t1) for Ne2(+) and Nd1(+) as a function

of t1 based on the formula in Table 1, yielding a two-bonded
2JNd1ðþÞNe2ðþÞ of 0.89 ± 0.09 Hz and 1.10 ± 0.11 Hz, respectively.

Thus, the mean of these two values becomes 2JNd1ðþÞNe2ðþÞ =
1.0 ± 0.2 Hz, consistent with the two-bonded J-coupling constant
obtained from the selective measurements [28].

On the other hand, the ratios for all three nitrogen sites in the
neutral s state decrease dramatically as a function of t1 as com-
pared to that in the charged state, indicating that there exist
J-couplings in the 15N coupling network of the neutral s state of

histidine. In particular, RNaðsÞ
DBSE (t1) depends more dramatically on

the echo time t1 than RNe2ðsÞ
DBSE (t1). It is thus expected that

2hJNd1ðsÞNaðsÞ should be larger than 2JNd1ðsÞNe2ðsÞ. As discussed in

Table 1, the effect of 2JNd1ðsÞNe2ðsÞ on SNaðsÞ
DBSE t1ð Þj90� is far less than that

of 2hJNd1ðsÞNaðsÞ on SNe2ðsÞ
DBSE t1ð Þj90� . Therefore, we first



Table 1
Each 15N signal at the end of the DBSE period without and with the 90� pulse.

Spin k SkDBSE t1ð Þj0 SkDBSE t1ð Þjp
2

0 or Na cos p 2hJNd1Na
t1

� �
1� 2sin2 p

2
2hJNd1Na

t1
� �

sin2 p
4

2JNd1Ne2
t1

� �

1 or Nd1 cos p 2hJNd1Na
t1

� �
cos p 2JNd1Ne2

t1
� �

cos2 p
2

2hJNd1Na
t1

� �
cos2 p

2
2JNd1Ne2

t1
� �þ sin2 p

2
2hJNd1Na

t1
� �

cos p
2

2JNd1Ne2
t1

� �þ sin2 p
2

2JNd1Ne2
t1

� �
cos p

2
2hJNd1Ne2

t1
� �

2 or Ne2 cos p 2JNd1Ne2
t1

� �
1� 2sin2 p

2
2JNd1Ne2

t1
� �

sin2 p
4

2hJNd1Na
t1

� �

Fig. 4. 15N DBSE spectra of the histidine powder (at pH 6.3) at t1 = 80 ms without
(a) and with (b) the red 90� pulse. The resonances for the neutral s and charged
states are differentiated by s and +.

Fig. 5. Plots of Rk
DBSE (t1) as a function of the echo time t1 for all six nitrogen

resonances from the His6.3 sample, where k refers to Na, Ne2, and Nd1.

Fig. 6. Plots of Rk
DBSE (t1) as a function of the echo time t1 for all six nitrogen

resonances from the His11.0 sample, where k refers to N , N , and N .
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set 2JNd1ðsÞNe2ðsÞ = 1.1 Hz (i.e. taking the J-coupling value from the

charged state) and used 2hJNd1ðsÞNaðsÞ as a variable to fit the time

dependence of RNaðsÞ
DBSE (t1). We then used the obtained 2hJNd1ðsÞNaðsÞ
value as a constant and 2JNd1ðsÞNe2ðsÞ as a variable to fit RNe2ðsÞ
DBSE (t1).

By reiterating this procedure several times, we could get
the variables 2hJNd1ðsÞNaðsÞ and 2JNd1ðsÞNe2ðsÞ converged

to 2hJNd1ðsÞNaðsÞ = 4.38 ± 0.02 Hz and 2JNd1ðsÞNe2ðsÞ = 1.82 ± 0.05 Hz. As
shown in Fig. 5, the solid lines fit the experimental data quite well.
Using these values as constants, we can obtain the echo-time

dependence of RNd1ðsÞ
DBSE (t1) based on the formula in Table 1 and the

theoretical curve agrees with the experimental data reasonably
well, as illustrated in Fig. 5. Note that with this procedure there
was only a single variable in each fitting and the error bars were
directly obtained from the fittings.

Fig. 6 shows the plots of the time dependence Rk
DBSE (t1) for all

six 15N resonances from the His11.0 sample. Clearly, the ratios
for Na(s) and Nd1(s) in the neutral s state decrease dramatically
as a function of t1, as compared to that for Ne2(s). By using the
same procedure as in Fig. 5 to fit the Na(s) and Ne2(s) data, we
obtained 2hJNd1ðsÞNaðsÞ = 4.53 ± 0.03 Hz and 2JNd1ðsÞNe2ðsÞ = 1.75 ± 0.05
Hz. Again, with these values as constants, as illustrated in Fig. 6,

the theoretically obtained echo-time dependence RNd1ðsÞ
DBSE (t1) agrees

well with the experimental data. Interestingly, the neutral s state
for histidine at different pHs (pH 6.3 and 11.0) exhibits virtually
the same 2hJNd1ðsÞNaðsÞ,

2JNd1ðsÞNe2ðsÞ, and chemical shifts for Na(s)
a e2 d1



Table 2
The measured J-coupling constants for the His6.3 and His11.0 samples.

His6.3 His11.0

Charged state Neutral s state Neutral s state Neutral p state

2hJNaNd1
(Hz) 0 4.38 ± 0.02 4.53 ± 0.03 0.39 ± 0.07

2JNd1Ne2
(Hz) 1.0 ± 0.2 1.82 ± 0.05 1.75 ± 0.05 1.92 ± 0.08
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and Nd1(s) nitrogen sites, although there exists a small chemical
shift difference for the Ne2(s) site, suggesting that the structure
for the neutral s state is not sensitive to the preparation condition
at different pHs.

By comparison, the time-dependences of Rk
DBSE (t1) for the neu-

tral p state in the His11.0 sample are rather moderate. Interest-

ingly, RNaðpÞ
DBSE (t1) does decrease slightly over the echo time,

indicating that there may exist an extremely weak hydrogen-
bond mediated J-coupling, if any, between Na(p) and Nd1(p). By
using the similar procedure to fit the Na(p) and Ne2(p) data, we
could obtain 2hJNd1ðpÞNaðpÞ ¼ 0.39 ± 0.07 Hz and 2JNd1ðpÞNe2ðpÞ = 1.92 ±
0.08 Hz. With these two values as constants, the time dependent

RNd1ðpÞ
DBSE (t1) is highly consistent with the experimental data, as illus-

trated in Fig. 6. Table 2 summarizes the J-coupling constants for the
His6.3 and His11.0 samples measured with our DBSE sequence.

It is important to note that, with the DBSE sequence, very weak
J-couplings (<1 Hz) could still be obtained even if the observed
linewidths in the J-resolved spectrum in Fig. 2 are as large as
10 Hz. This is because the transverse dephasing effects during
the J-evolution in the spin-echo periods have been eliminated in
the ratio of the DBSE signals with and without the 90� pulse, as
compared to the standard J-resolved spin-echo experiments where
the J-evolution and spin-spin relaxation are mixed together such
that J-splittings become invisible in the J-resolved spectra when
the J-coupling value is much less than the observed linewidth. This
is indicated in the time domain data for the 2D J-resolved spectra
shown in Fig. S5 where the transverse dephasings are dominated,
such that the J-coupling induced decay can hardly be observed.
4. Conclusion

In summary, we have used the double spin-echo pulse sequence
with and without the 90� pulse in between the two spin-echo peri-
ods to measure weak 15N-15N homonuclear scalar couplings in the
13C,15N labeled histidine samples at pH 6.3 and 11.0, having a mix-
ture of different tautomeric states. For the charged state, the mea-
sured two-bond 2JNd1(+)Ne2(+) value in the imidazole ring was
�1.0 Hz, while for both neutral s and p states, the obtained two-
bond 2JNd1Ne2 value in the imidazole ring was �1.90 Hz, almost
twice that of the charged state. This suggests that the bond angle
\Nd1Ce1Ne2 in the imidazole ring may be different between the
neutral and charge states. Since the J-couplings are highly corre-
lated with redistributions of electron densities through bonds, this
difference in this two-bond J-coupling could be used to refine
detailed local structural models through theoretical calculations
[18,42]. For the charged state, there is no hydrogen-bond mediated
J-coupling between Na(+) and Nd1(+) sites. However, there exists
the hydrogen-bond mediated J-coupling between Na and Nd1 sites
for both neutral states. For the neutral s state, the hydrogen-bond
mediated 2hJNd1(s)Na(s) value of 4.38 ± 0.02 Hz between the Nd1(s)
site in the imidazole ring and the backbone Na(s) site in the neutral
s state was obtained, directly confirming the presence of the
Na(s). . .H. . .Nd1(s) hydrogen bond. Such a hydrogen-bond formation
was suggested through the 1H-15N correlation spectrum and the
15N-1H distance measurement [11]. However, this obtained 2hJNd1
(s)Na(s) value of 4.38 ± 0.02 Hz is about half of the values observed
in other compounds [23–25], implying that this Na(s). . .H. . .Nd1(s)
hydrogen bond in histidine is relatively weak, partly due to the fast
rotation of the charged amine group. While the hydrogen-bond
mediated 2hJNd1(p)Na(p) between the Nd1 site in the imidazole ring
and the backbone Na site in the neutral p state was just
0.39 ± 0.07 Hz, indicating the presence of a very weak Na(p). . .H. . .-
Nd1(p) hydrogen bond in the neutral p state. More importantly, this
newly proposed double spin-echo pulse sequence is capable of
measuring weak J-couplings, even if whose values are much smal-
ler than the observed linewidths, owing to the fact that the trans-
verse dephasing effects are completely eliminated during the
period of J-evolution. This is particularly useful and is applicable
in highly heterogeneous systems such as disorder solids [43,44].
Therefore, it is anticipated that this proposed methodology would
open up a new way of investigating homonuclear J-coupling net-
works in disorder solids and highly heterogeneous biological sys-
tems [45–49].
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Appendix A. Supplementary material

2D 15N-13C and 13C-13C correlation spectra of the histidine at
pH6.3 for resonance assignments; 15N 2D J-resolved spectrum of
the histidine at pH 11.0 and their respective slices; representatives
of intra- and inter-molecular Na-Nd1 distances; 15N DBSE spectra of
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