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A 1H–13C frequency-selective REDOR (FS-REDOR) experiment is developed for measuring intramole-

cular 1H–13C distances in uniformly 13C, 15N-labeled molecules. Theory and simulations show that the

experiment removes the interfering homonuclear 1H–1H, 13C–13C and heteronuclear 1H–15N, 13C–15N

dipolar interactions while retaining the desired heteronuclear 1H–13C dipolar interaction. Our results

indicate that this technique, combined with the numerical fitting, can be used to measure a 1H–13C

distance up to 5 Å. We also demonstrate that the measured intramolecular 1H–13C distances are useful

to determine dihedral angles in proteins.

& 2012 Elsevier Inc. All rights reserved.
1. Introduction

High-resolution magic-angle-spinning solid-state NMR
(SSNMR) spectroscopy has become a complementary method to
X-ray crystallography and solution NMR for determining three-
dimensional structures of proteins. This structure determination
relies on the measurement of torsion angles and distances[1] and
orientational constraints using aligned samples[2,3]. Backbone
13C and 15N chemical shifts are well known to be sensitive to
protein (f, c) torsion angles, and can be measured straightfor-
wardly to constrain the protein secondary structure [4–6]. In
addition to chemical shifts, a number of heteronuclear dipolar-
correlation techniques such as HNCH [7], NCCN [8] and HCCH
[9,10] have been developed to quantitatively measure the back-
bone and sidechain dihedral angles.

Solid state NMR has been proven to be a reliable technique to
obtain the quantitative distance information in various systems
[11–25]. Distances between non-proton atoms in proteins can be
measured using 2D and 3D correlation experiments such as DARR
[26], RFDR [20], CHHC [27], PAR [28], R2W [29], FS-REDOR [30]
and ZF-TEDOR [31]. Homonuclear correlation experiments such
as DARR and CHHC yield qualitative 13C–13C or 15N–15N distance
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constraints based on the growth of cross peak intensities as a
function of mixing time: short distances manifest as fast build-up
curves whereas long-range distances exhibit slow build-up
curves. Alternatively, the rotational resonance width (R2W)
experiment [29,32,33] yields more quantitative 13C–13C distance
constraints by monitoring cross peak intensities as a function of
MAS frequency while the spin diffusion mixing time is held
constant. To determine heteronuclear distances, one can use the
frequency-selective (FS) REDOR experiment [30] or the 3D ZF
(zero-filter) TEDOR experiment [31]. These methods have so far
been applied mostly to 13C–15N distance determination in pro-
teins [34,35].

While heavy-atom 13C–13C, 13C–15N and 15N–15N distances are
important for protein structure determination, distances invol-
ving protons, such as 1H–13C and 1H–15N distances, also provide
valuable constraints to the backbone and sidechain conformation
of proteins. The difficulty presented by the dense multi-spin
network of protons in proteins was recently shown to be possibly
overcome using a Y-nucleus detected 1H-X REDOR [11] technique
[36,37,38], where X and Y represent two different types of nuclei.
For example, a 15N-detected 1H–13C REDOR experiment allows
the measurement of the distance of a carbonyl carbon to an amide
proton involved in N–HyO¼C hydrogen bond. However, the
Y-detected 1H-X REDOR experiment has the limitation that it
requires the samples to be site-specifically labeled in the X
nucleus in order to avoid the complication of multiple X nuclei
simultaneously coupled to each 1H spin. It is thus desirable to
extend the technique to uniformly 13C, 15N labeled proteins to
measure multiple 1H–13C distances.
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In this work, we describe the theory, simulation and applica-
tion of a 13C-detected FS-REDOR experiment to extract 1H–13C
distances. By using frequency-selective REDOR, we not only
extend the 1H-X REDOR principle to uniformly 13C, 15N-labeled
samples but also show that the allowance of 13C detection rather
than 15N detection in the previous study[36–38] significantly
increases the sensitivity of this approach. The feasibility of our
1H–13C FS-REDOR experiment has been evaluated on two 13C,
15N-labeled model compounds, formyl-Met-Leu-Phe-OH (f-MLF)
and histidine.
2. Experimental

2.1. Materials

Uniformly 13C, 15N-labeled f-MLF was purchased from Cam-
bridge Isotope Laboratories and used without further purification.
98% 13C, 15N-labeled Histidine �HCl �H2O was purchased from
Sigma-Aldrich and was diluted to 20% by codissolving with 80%
unlabeled histidine to remove the interfering intermolecular
dipolar couplings. The mixture was recrystallized at pH 8.0 as
described before.[39] The solid-state NMR structure of f-MLF
(PDB code: 1Q7O) [40] was referenced to compare with the
measured distances. For histidine, the measured intramolecular
1H–13C distances and deduced sidechain dihedral angles were
compared with the values in the crystal structure of L-histidine
(CSD code: LHISTD02).

2.2. Instrumentation

Solid-state NMR experiments were carried out on a wide-bore
Bruker AVANCE-600 spectrometer using a double-resonance
4-mm MAS probe. Samples were spun at 5.0 kHz at room
temperature for all experiments. Typical radiofrequency field
strengths were 50–63 kHz for 13C and 62�83 kHz for 1H. 13C
chemical shifts was referenced to the a-Gly C0 signal at
176.49 ppm on the TMS scale.
3. Results and discussion

3.1. 1H–13C FS-REDOR experiment

Fig. 1 illustrates the pulse sequence for the 1H–13C FS-REDOR
experiment. After an initial 901 pulse and a magic-angle pulse of
54.71 (ym), the 1H magnetization is tilted to the �x direction,
perpendicular to the effective field direction of the subsequent
Frequency Switched Lee-Goldburg (FSLG) [41,42] pulses, which
remove the 1H–1H homonuclear coupling [43–45]. 1H magnetization
evolves under the interactions of the 1H chemical shift and 1H–13C
dipolar coupling for 2N rotor periods with a total duration of tm.
The 1H–13C dipolar interaction is recoupled under MAS by two
Fig. 1. Pulse sequence for 1H–13C frequen
symmetric p-pulse trains, which contain two 13C pulses per rotor
period. A rectangular selective 13C p pulse is applied in the middle of
1H–13C dipolar recoupling to selectively refocus the 13C spins of
interest. Synchronously on 1H channel, a WIM-24 pulse train [46] is
applied to remove the residual homonuclear 1H–1H and hetero-
nuclear 1H–13C dipolar couplings under MAS. In the middle of WIM-
24 decoupling, a p pulse of 6.1 ms was applied to recouple the
1H–13C dipolar interaction. The rest 1H–1H decoupling during the
middle two rotor periods is achieved by using FSLG pulses. We used
a 13C selective p pulse of 320 ms, which is supposed to selectively
invert a 13C frequency range of around 6 ppm, considering the 13C
Larmor frequency of 150 MHz in our study.

In order to detect the dipolar modulation of the 1H spins by
observing the resolved 13C intensity, the 1H magnetization is
transferred to the coupled 13C spin through a short, 40 ms, Lee-
Goldberg cross-polarization (LG-CP) period, which eliminates the
possible 1H spin diffusion. The effective spin-lock field strength of
LG-CP is 62.5 kHz. In the REDOR mixing period, the effective field
strength of the FSLG decoupling and the transverse field of the
WIM-24 sequence is set to be 102.1 kHz and 81.7 kHz, respectively.

3.2. Theoretical background

We consider a multi-spin system consisting of m 13C spins and
n protons. In the 1H–13C FS-REDOR experiment, 13C–13C, 1H–15N
and 13C–15N dipolar interactions commute with the 1H chemical
shift interaction and 1H–13C dipolar coupling, thus do not inter-
fere the measurement of 1H–13C dipolar couplings. For directly
bonded 1H–13C spin pairs, the 1H–13C J coupling is present, while
the multi-bond 1H–13C J coupling is neglectable. Therefore, we
only consider 1H–13C dipolar coupling and 13C–13C J coupling as
the effective Hamiltonian in our FS-REDOR experiment:

H¼
Xn

i ¼ 1

Xm

j ¼ 1

k oij2IizSjzþ
X
ka j

pJjk2SjzSkz ð1Þ

Here Jjk is the 13C–13C scalar coupling between directly bonded
j and k spins, and k is the FSLG scaling factor for the 1H–13C
dipolar coupling. oij represents the 1H–13C dipolar coupling
between the 1H spin i and the 13C spin j, and its value depends
on the internuclear distance rij and orientation angles (y, f) of the
dipolar vector relative to the magnetic field according to the
following equation:

oij ¼

ffiffiffi
2
p

p
m0

4p
gigj

r3
ij

sin2y sinf, ð2Þ

In the tilted frame of the FSLG sequence, the initial 1H
magnetization after the excitation pulses is r(0):

rð0Þ ¼
X

i

piIix, ð3Þ

where pi represents the initial polarization of the ith 1H spin.
The evolution of the 1H magnetization under the effective
cy selective (FS) REDOR experiment.



Fig. 2. REDOR simulations on 1H–13C heteronuclear decoupling in 1H–13C FS-

REDOR experiment. In the simulation programs, two-spin systems containing 1H1,
13C2 with 1H–13C distances of 1.1 Å (a) and 2.1 Å (b) were selected. The control

universal REDOR dephasing curves were depicted in black line. The dotted

dephasing points in black (circle) represent 1H–13C REDOR condition without
1H–13C WIM-24 heteronuclear decoupling. The dotted dephasing points in red

(square) and blue (triangle) represent 1H–13C REDOR condition with 400 and 320 ms
1H–13C WIM-24 heteronuclear decoupling. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Hamiltonian of Eq. (1) can be written as

rðtÞ ¼UðtÞrð0ÞUðtÞ�1, ð4Þ

where the propagator U(t) is

UðtÞ ¼
Y
i,j

exp�ikoijðtm=2Þ2IizSjz �
Y
ka j

exp�ipJjkðtm=2Þ2SjzSkz

�
Y
i,j

exp�ikoijts2IizSjz �
Y
ka j

exp�ipJjkts2SjzSkz

�
Y
i,j

exp�ikoijðtm=2Þ2IizSjz �
Y
ka j

exp�ipJjkðtm=2Þ2SjzSkz:

ð5Þ

In the above equation tm and ts represent the REDOR recou-
pling period and the 13C selective-pulse period, respectively. Due
to the WIM-24 decoupling, the scaling factor k0 and the effective
coupling o0 during the 13C selective-pulse period may be different
from those of the rest of the REDOR mixing time. The 1H density
operator at the end of the whole recoupling period is

rðtmÞ ¼
X

i

piIix

Y
j

cosðkoijtmÞ
Y
ka j

cosðpJjktmÞ

8<
:

�
Y

j

cos k0o0ijts

� �Y
ka j

cosðpJjktsÞ

9=
;: ð6Þ

The first term represents the distance-dependent 1H–13C
dipolar interaction. The second term represents 13C–13C J coupling
which cannot be removed by hard p-pulses during the REDOR
recoupling [30,47,48].Take 1Hb–13Ca distance measurement for
example, the one-bond 1JCC coupling of 55 Hz for 13C0–13Ca and
35 Hz for 13Ca-13Cb [30,49] should be taken into account. The
third term represents the selected 1H–13C dipolar interaction that
is recoupled by the p-pulse trains. WIM-24 removes the 1H–13C
dipolar interaction during the selective-pulse period, and the soft
13C p pulse removes the J coupling between the 13C spin of
interest and its directly bonded 13C, so the last two term can be
ignored [50]. Therefore, the evolution of the 1H density operator
under the 1H–13C FS-REDOR pulse sequence can be simplified as

Iix ��!
koij2IizSjz

IixcosðkoijtmÞ ��!
pJjk2SjzSkz

IixcosðkoIiSj
tmÞ

Y
ka j

cosðpJjktmÞ: ð7Þ

3.3. Numerical simulations of 1H–13C FS-REDOR dephasing

Numerical simulations were carried out to provide semi-
quantitative analysis of the effects of various spin interactions
on the 1H–13C REDOR dephasing in the 1H–13C FS-REDOR experi-
ment. The REDOR curves were simulated using the SIMPSON
software [51]. We first simulated the universal 1H–13C REDOR
dephasing curves for several isolated 1H–13C spin pairs with
distances of 1.1 Å, 2.1 Å and 4.0 Å, which correspond to the one-
bond C–H distance, the two-bond C–H distance in a CH2–CH2

group, and a C–H spin pair separated by more than two bonds,
respectively. The effective dipolar couplings for these distances
are 13.22 kHz, 1.90 kHz, and 275 Hz, respectively, after taking
into account the FSLG scaling factor. We then incorporated effects
of FSLG homonuclear decoupling into the simulation, by using a
spin system containing 1H2–13C with a 1H–1H homonuclear
coupling of 22.6 kHz (1.75 Å) and a 1H–13C heteronuclear cou-
pling of 3293 Hz (2.1 Å) and 477 Hz (4.0 Å). This three-spin
system reasonably represents the 13C1H2–13C system. In the
simulations, the 1H 1801 pulse in the middle of the C–H REDOR
period was fixed to 10 ms, and the FSLG decoupling field was set
to 100%, 90% and 80% of the intended field strength, allowing us to
assess the effect of miscalibration of the 1H FSLG pulse length
during REDOR dephasing. Different experimental conditions were
investigated separately to compare with the corresponding
1H–13C universal REDOR dephasing curves.

During the 13C spin selection period, a soft 13C p pulse with a
pulse length equal to two rotor periods (400 ms) was applied on
the 13C channel in the middle of the REDOR period. This 13C pulse
was applied with or without 1H WIM-24 decoupling. In addition,
to simulate the real experimental condition, we also used a 13C p
pulse and a WIM-24 decoupling period of 320 ms and the rest part
of two rotor periods was filled with FSLG. The REDOR dephasing
curves for 1H–13C distances of 1.1 Å and 2.1 Å were simulated
under these conditions and compared with the ideal REDOR
dephasing curves, to exploit the effects of additional hetero-
nuclear 1H–13C dipolar decoupling on the FS-REDOR experiment.

To examine the effect of one bond 13C–13C J coupling on the
1H–13C FS-REDOR dephasing curves, four spin systems containing
1H1, 13C2, 13C3 and 13C4 with JC2–C3 of 55 Hz (e.g. 13C0–13Ca) and
JC2–C4 of 35 Hz (e.g. 13Ca–13Cb) [49] were inputted in the simula-
tion program. Three different situations were considered in the
1H–13C FS-REDOR experiment: an ideal situation that both 13C
hard and soft p pulse can select 13C2 out of 13C3 and 13C4; an
actual situation that only 13C soft p pulse can select 13C2 out of
13C3 and 13C4; the third scenario with neither 13C hard nor soft p
pulse can select 13C2 out of 13C3 and 13C4.
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To fit the measured REDOR dephasing of f-MLF and histidine,
we inputted heteronuclear 1H–13C dipolar coupling and one-bond
13C–13C J couplings of 55 Hz for 13C0–13Ca and 35 Hz for 13Ca–13Cb.
3.4. Considerations of hetero- and homo-nuclear decoupling and

scalar coupling during 1H–13C dipolar recoupling period

3.4.1. Effect of 1H–13C WIM heteronuclear decoupling

Fig. 2 shows 1H–13C REDOR dephasing with and without WIM-
24 decoupling of the 1H–13C dipolar interaction during the
selective 13C pulse period. For the directly bonded 1H–13C spin
pair, the universal 1H–13C REDOR curve decays to 0 by �0.2 ms,
as expected for the strong one-bond coupling. Afterwards, the S/S0

value oscillates rapidly at around 0. When WIM-24 decoupling is
turned off, the equilibrium dephasing value increases to about
0.60, largely differs from the ideal value of 0. While in the 1H–13C
two-bond distances simulation, the simulated dephasing points
were slightly deviated from the corresponding universal REDOR
curve (as shown in Fig. 2b). It could be due to that 1H–13C dipolar
interaction is reintroduced by the soft and hard p pulses during
13C spin selection periods. The strong one-bond 1H–13C dipolar
coupling of 13.222 kHz cannot be completely removed by the
magic angle spinning of 5 kHz, while for the two-bond 1H–13C of
Fig. 3. REDOR simulations on 1H–1H homonuclear decoupling in 1H–13C FS-

REDOR experiments. In the simulation program, three-spins system containing
1H1, 1H2, 13C3 with 1H1–1H2 distance of 1.45 Å and 1H1,2–13C distances of 2.1 Å

(a) and 4.0 Å (b) were chosen to represent the 13C1H2–13C real system. The

corresponding control universal REDOR dephasing curves were depicted in black

line. The dotted dephasing points (S/S0) in black (circle), red (square) and blue

(triangle) denote FSLG decoupling strength setting with 100%, 90%, and 80%

accuracy respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
1.900 kHz (2.1 Å), the residual dipolar interaction during 13C-spin
selection periods could be negligible under 5 kHz MAS.

In order to remove the heteronuclear 1H–13C dipolar interac-
tion during the 13C soft pulse periods, we used WIM-24 instead of
FSLG to simultaneously remove the homonuclear 1H–1H and
heteronuclear 1H–13C dipolar interaction. A soft p pulse of
320 ms put in the middle of REDOR recoupling periods was
simulated to investigate the practical experimental situation. As
shown in Fig. 2, the REDOR dephasing points in blue are also
consistent with the universal dephasing curve. The simulations
show that WIM-24 is particularly necessary for measuring strong
1H–13C dipolar couplings, since the suspension of the 1H–13C
dipolar interaction during the 13C long p pulse period is crucial.
For long-range 1H–13C distances, both FSLG and WIM-24 may
work during the 13C selective pulse period.
3.4.2. Effect of homonuclear 1H–1H decoupling

Fig. 3 shows the 1H–13C FS-REDOR dephasing curves in 1H1,1H2

(CH2)–13C3 spin system as a function of FSLG decoupling strength.
In order to assess the effect of 1H–1H homonuclear decoupling on
the 1H–13C FS-REDOR experiment, the universal 1H–13C REDOR
dephasing curve for isolated 1H–13C spin pair with distances fixed
Fig. 4. REDOR simulations on homonuclear 13C–13C J coupling interactions in the
1H–13C FS-REDOR experiment. In the simulation program, four spin system

containing 1H1, 13C2, 13C3 and 13C4 was selected. 1H1–13C2 distances was set to

2.1 Å (a) and 4.0 Å (b). 13C2–13C3 J coupling of 35 Hz and 13C2–13C4 J coupling of

55 Hz were input in the simulation program. The control universal REDOR

dephasing curves were depicted in black line. The dotted dephasing points in

black (circle), red (square) and blue (triangle) denote one-bond J-coupling is

removed during both the dipolar recoupling and 13C-spin selection periods, only
13C-spin selection periods, and neither dipolar recoupling nor 13C-spin selection

period in 1H–13C REDOR experiment. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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to 2.1 Å and 4.0 Å after considering the scaling factor of FSLG
(theoretical value: 0.577) were also simulated for comparison.
The scaling factor of FSLG significantly depends on many experi-
mental variables as reported [44]. According to our previous
study [52], the scaling factor of the FSLG was determined to be
0.54 under the similar condition. The universal simulation curves
are shown in Fig. 3 in black dotted line. As shown in Fig. 3a, for
1H1,1H2–13C3 spin system, the homonuclear 1H–1H dipolar cou-
pling of 22.6 kHz (CH2 group) and heteronuclear dipolar coupling
of 1.900 kHz corresponding to the 1H–13C distances of 2.1 Å
were added into the simulation program. As the FSLG decoupling
strength meet the LG condition (o1 ¼

ffiffiffiffiffiffiffiffiffi
2=3

p
=Pp,ef f , oof f ¼ffiffiffiffiffiffiffiffiffi

1=3
p

=Pp,ef f ), the simulation dephasing points in blue were
exactly consistent with the corresponding isolated spin pair
simulation curve. While the FSLG decoupling power is intention-
ally set slightly off the real FSLG condition with 90% or 80%
accuracy, most simulated dephasing points are deviated from the
universal dephasing curve, suggesting that the efficient homo-
nuclear 1H–1H decoupling is crucial in the 1H–13C FS-REDOR
experiment. The inaccurate set-up of the FSLG would result in
not only the incomplete removal of the 1H–1H dipole coupling,
but also change the FSLG scaling factor[44] in the 1H–13C FS-
REDOR experiment.

The fact is similarly observed for the 1H1, 1H2–13C3 spin system
with a 1H–13C distance of 4.0 Å in Fig. 3b. Generally, to measure
Fig. 5. T2 values of 1Ha in histidine sample determined from the 1H–13C FS-REDOR expe

residue 1H–13C distances determined from the 1H–13C FS-REDOR experiment. (c) 1Ha–

labeled MLF sample. The best-fit distances for 1Ha–13Ca (Leu) and 1Ha–13Cb (Met) is les

of 0.92 (c) and 0.83 (d) due to pulse imperfection.
the 1H–13C distance between protons from CH2 group and the
neighboring 13C spins, the accurate setting of homonuclear
decoupling can remove the homonuclear 1H–1H dipolar interac-
tion as well as eliminate spin diffusion among protons during the
1H–13C REDOR recoupling periods. To improve the homonuclear
decoupling in 1H–13C FS-REDOR experiment, one needs to set up
the FSLG decoupling condition very carefully or to utilize more
advanced homonuclear decoupling schemes [53,54,55] such as
DUMBO [56], eDUMBO [57] to effectively remove the homo-
nuclear 1H–1H dipolar interactions.

According to theoretical simulations (data not shown), the
heteronuclear 1H–15N, 13C–15N and homonuclear 13C–13C dipolar
interactions could also be ignored, such that the heteronuclear
dipolar decoupling in 15N channel is not necessary in the 1H–13C
FS-REDOR experiment.

3.4.3. Interference of 13C–13C J coupling

In order to assess the effect of one-bond 13C–13C J interaction
in the 1H–13C FS-REDOR experiment, four-spin system including
1H1, 13C2, 13C3 and 13C4 was chosen represent 1H–13Ca real
system. 13C2–13C3 and 13C2–13C4 J couplings were set to 55 Hz
and 35 Hz, respectively. We assume that both the hard and soft
13C p pulse can select 13C2 out of 13C3 and 13C4, it was found that
the simulated points are consistent with the universal REDOR
dephasing curves (see Fig. 4). While in the practical situation, as
riment as 13C hard p pulses train turned off (a) and turned on (b). Short range intra-
13Ca (Leu) and (d) 1Ha–13Cb (Met) REDOR dephasing curve in uniformly 13C, 15N

s than 1.8 and ca. 2.2 Å respectively. Calculated REDOR curves are scaled by a factor



Fig. 6. Long range intra-residue 1H–13C distances determined from the 1H–13C FS-

REDOR experiments. (a) The signals decay of 13Cd2 and 13Ce1 in 1H–13C FS-REDOR

experiment. 1Hd2–13Ca (b) and 1He1–13Ca (c) REDOR dephasing curves in

uniformly 13C, 15N labeled histidine sample prepared at pH 8.0 after 20% dilution

treatment. According to X-ray data, the 1Hd2–13Ca and 1He1–13Ca pair distances

are estimated to be around 4.15 Å and 4.97 Å respectively.
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the soft p pulse instead of hard pulse can distinguish 13C2 from
13C3 and 13C4, it was found the simulated points are slightly
deviated from the ideal universal REDOR simulation curves at a
longer mixing time. Finally, as both the soft p pulse and hard
pulse cannot select 13C2 from 13C3 and 13C4, we found that
simulated points are deviated off the ideal universal REDOR
simulation curves. It reveals that the carbon selective p pulse
not only can select the 13C spin of interest but also can partly
remove the one bond 13C–13C J coupling interactions. To simulta-
neously remove 13C–13C J coupling and dipolar interactions and
conserve 1H–13C dipolar interaction, C-type symmetry scheme
[47,58–60], such as POST-CNn

n in C-REDOR experiment can be
incorporated into the pulse sequence, which is normally used at a
faster spinning speed than 20 kHz.

3.5. Experimental demonstration on uniformly 13C, 15N labeled

f-MLF and histidine

In the pulse sequence of 1H–13C FS-REDOR experiment as shown
in Fig. 1, FSLG, WIM-24 and LG-CP were employed to suppress
homonuclear 1H–1H dipolar coupling and avoid spin diffusion
during REDOR recoupling and CP polarization transfer periods. In
addition, a train of composite p pulses (901–1801–901) [61] was
used to recouple the heteronuclear 1H–13C dipolar interactions.
Moreover, a soft 13C p pulse with pulse length of 320 ms was used
to select the 13C spins of interest, which can selectively excite
76 ppm region around the central selection peak.

In order to evaluate the proton homonuclear dipolar decou-
pling and 1H–13C heteronuclear recoupling in the 1H–13C FS-
REDOR experiment, the intrinsic and apparent T2 values of 1Ha
were measured. As the hard and soft 13C p pulses were turned off,
the instinct T2 value of 1Ha of histidine in the 1H–13C FS-REDOR
experiment was determined to be around 1.8 ms as shown in
Fig. 5a. While as the 13C hard pulses are turned on, the apparent
T2 value in the 1H–13C FS-REDOR experiments were reduced to be
around 0.6 ms (see Fig. 5b). The shortened T2 value could be
attributed to imperfect homonuclear decoupling and heteronuc-
lear recoupling or certain systematic error in the 1H–13C FS-
REDOR experiment.

For the 1H–13C distance measurements in the uniformly 13C,
15N labeled system, the intermolecular dipolar interruption to
short range 1H–13C distances, (e.g. 1.0–2.5 Å), could be ignored
compared to intramolecular dipolar interaction. While long range
intermolecular distances (3–6 Å) interruption must be avoided. In
this work, uniformly 13C, 15N labeled f-MLF and 20% diluted
histidine prepared at pH 8.0 were chosen as model compounds
to demonstrate the reliability of 1H–13C intramolecular short
range and long range distances determination, respectively.

Fig. 5c, d shows the REDOR dephasing curves of short-range
intramolecular 1H–13C distances measurements using uniformly
13C, 15N labeled MLF sample. As shown in Fig. 5c, even though the
exact 1Ha–13Ca distances cannot be deduced from the 1H–13C FS-
REDOR experiment due to the lack of initial dephasing points, the
one-bond 1Ha–13Ca distances can be estimated to be less than
1.8 Å. This distance is consistent with the PDB data (1Q7O) [40].
According to topology structure of MLF, the one-bond 1H–13C
distances such as 1Ha–13Ca are around 1.07–1.09 Å, while the
two-bond 1H–13C distances such as 1Ha–13Cb are around 2.14–
2.16 Å.

Fig. 5d also shows the two-bond 1Ha–13Cb (Leu) distances
simulation curves of MLF. 1Ha–13Cb distances are determined to
be around 2.20 Å, which is in good agreement with the corre-
sponding distances from the PDB file, indicating our method is
reliable for the short 1H–13C distance measurements.

In addition to the 1H–13C measurement of distances within
two bonds, the long range distances determined using 1H–13C FS-
REDOR experiment was investigated as well. Fig. 6b shows the
REDOR simulation curves between histidine backbone 13Ca and
sidechain 1Hd1 and 1He2. As shown in Fig. 6b, the distances



Fig. 7. The simulated distances of 1Hd2-13Ca and 1He1–13Ca and calculated RMSD as a function of the w2 angle in histidine. The best-fit angles are around �601 and 601,

which is in good agreement with the X-ray data (56.1̊) (CSD code: LHISTD02).
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between 1Hd1 and 13Ca is measured to be 4.0 Å, which agrees
well with the X-ray data (4.15 Å) (CSD code: LHISTD02). In
addition, the long-range 1He1–13Ca distance was measured to
be 4.8 Å, which is slightly shorter than the X-ray data of 4.97 Å.
Overall, our data shows that the 1H–13C FS-REDOR experiment
can successfully measure long range 1H–13C distances up to 5 Å.

Moreover, the intramolecular 1H–13C distances extracted from
the 1H–13C FS-REODR experiment could be employed to constrain
the sidechain dihedral angle. Fig. 7 plots histidine Hd2–Ca and
He1–Ca distances as a function of w2 angle according to the
crystal structure of histidine [39]. Using the lowest RMSD calcula-
tion, we found the best-fit w2 angle to be about 601
and �601, in good agreement with the X-ray value of 56.11.
These results imply that the measured intramolecular 1H–13C
distances can be used to indirectly give sidechain torsion angles of
proteins.

To investigate the 3D structure of proteins, the current 1H–13C
FS-REDOR experiment can be served as a supplementary method
to obtain the distance and angular constraints for protein struc-
ture determinations. In combination with the 2D 13C–13C and
13C–15N correlation methods [62,63], the 1H–13C FS-REDOR can be
extended to a 3D mode to yield the distance constraints with high
resolution for uniformly labeled proteins.

Since the method can be used to measure the intramolecular
1H–13C and 1H–15N distances for uniformly 13C, 15N labeled
proteins, it can also be employed to detect the hydrogen bond
in biological proteins. The existence of the hydrogen bonds can be
exploited from the long range 1H–13C distance for 13C¼Oy

1H–15N
systems in uniformly 13C, 15N labeled proteins. Generally, the
hydrogen bond strength can be reflected from the intramolecular
1H–13C distances.

In comparison with 13C–15N FS-REDOR [30] experiment, only
one rather than two selective p pulses was present in the 1H–13C
FS-REDOR experiment, which allows to obtain lots of sidechain to
backbone distances constraints simultaneously. In addition, intra-
molecular 1H–13C distance in uniformly l3C labeled samples
without 15N labeling can also be measured through 1H–13C FS-
REDOR experiment.

However, the set-up of 1H–13C FS-REDOR experiment is not as
robust as the 13C–15N FS-REDOR [30]. The most possible reason
lies in the related short T2 (0.6 ms) which is strongly subject to
the large one-bond 1H–13C dipole interaction in the current
1H–13C FS-REDOR experiment. As is well known, one-bond
1H–13C dipole coupling (22.6 kHz) is more than 20 times that of
the 13C–15N dipole coupling (950 Hz). Even though one-bond
1H–13C dipole interaction has negligible influence on the long
range 1H–13C distance measurements, it results in the relatively
low sensitivity of the 1H–13C FS-REDOR experiment. In addition,
to remove the 1H–1H homo-nuclear dipole coupling especially for
CH2 group in 1H–13C FS-REDOR experiment is more difficult than
that of strong hetero-nuclear decoupling in 13C–15N FS-REDOR
experiment.
4. Conclusion

Intramolecular 1H–13C distance measurements in uniformly
13C, 15N labeled samples were demonstrated in 1H–13C FS-REDOR
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experiment. Based on theoretical and simulation analysis, the
homonuclear 1H–1H, 13C–13C and heteronuclear 1H–15N, 13C–15N
dipolar interactions could be removed, whereas only selected
heteronuclear 1H–13C dipolar interactions and one-bond J cou-
pling modulations during the REDOR recoupling periods need to
be considered in the 1H–13C FS-REDOR experiment. The intramo-
lecular 1H–13C distance within 5 Å can be quantitatively deter-
mined by this technique.
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