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Here, we describe a method for obtaining a dynamic nuclear polarization (DNP)-enhanced double-
quantum filtered (DQF) two-dimensional (2D) dipolar 13C-13C correlation spectra of bone-tissue material
at natural 13C abundance. DNP-enhanced DQF 2D dipolar 13C-13C spectra were obtained using a few dif-
ferent mixing times of the dipolar-assisted rotational resonance (DARR) scheme and these spectra were
compared to a conventional 2D through-space double-quantum (DQ)-single-quantum (SQ) correlation
spectrum. While this scheme can only be used for an assignment purpose to reveal the carbon-carbon
connectivity within a residue, the DQF 13C-13C dipolar correlation scheme introduced here can be used
to obtain longer distance carbon-carbon constraints. A DQF pulse block is placed before the DARR mixing
scheme for removing dominant 13C single-quantum (SQ) signals because these SQ 13C signals are over-
whelmingly large compared to those 13C-13C dipolar cross-peaks generated and therefore saturate the
dynamic range of the NMR detection. This approach exhibits strong enough 2D cross-peaks in a dipolar
13C-13C correlation spectrum and potentially provides pairwise 13C-13C dipolar constraints because the
dipolar truncation effect as well as multi-step signal propagations involving a spin cluster that contains
more than two spins can be ignored probabilistically. To obtain fast signal averaging, AsymPolPOK was
used to provide a short 1H DNP signal build-up time (1.3 s) and to expedite our MAS DNP NMR acquisi-
tions while still maintaining a satisfactory DNP enhancement factor (e = 50). Under long DARR mixing, a
t1-noise-like artifact was observed at a site that possesses a large chemical shift anisotropy (CSA) and a
few different strategies to address this problem were discussed.

� 2022 Published by Elsevier Inc.
1. Introduction

Bone is the natural composite biological tissue mainly com-
posed of mineral phase and organic matrix. The organic matrix of
bone mainly consists of type I collagen [1] which is structurally
assembled in triple helical form. Due to the complicated heteroge-
neous structure of bone extracellular matrix (ECM), it is challeng-
ing for most of the biophysical techniques to analyze such
system at atomistic level in their native state. Solid-state nuclear
magnetic resonance (ssNMR) is a powerful and non-destructive
technique capable of providing residue-specific structural informa-
tion of such complex systems in their native state [2]. Magic-angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy is
used as an essential tool for determining the structure and dynam-
ics of biosolids and materials. Combined with the Dynamic Nuclear
Polarization (DNP) effect, it extends its scope further in these days
as a powerful tool to detect so far non-observable signals by rely-
ing on the groundbreaking signal enhancement effect of DNP [3–9].
To conduct DNP-enhanced MAS NMR experiments on biological
solids, biradical polarizing agents (PAs) (e.g. TOTAPOL [10] or
AMUPOL [11]) are dissolved in water-based solvents at a few
mM concentration and are thoroughly mixed with powdered solids
of a sample under investigation to make this mixture form a
‘‘glassy state” at a low temperature (�100 K) [3,12–13]. The bis-
nitroxide biradicals generate nuclear spin hyperpolarization via
what is called the Cross-Effect mechanism [14–19]. This mecha-
nism is particularly efficient under the MAS condition, as the time
dependence induced by the rotation of sample generate energy
level anti-crossings [17,20] called ‘‘rotor-events” [18,21–23]. The
efficiency of the biradicals depends thus on the geometry of a rigid
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molecular skeleton of a PA molecule and the distance between the
two unpaired electron spins [18,21,24–27].

In majority of DNP-enhanced MAS NMR studies on biosolids,
isotopically labeled samples with 13C and/or 15N have been
employed as in conventional MAS NMR studies without DNP. In
many cases however, it is possible to utilize natural 13C or 15N
abundant samples to conduct NMR spectroscopy in solid state by
relying on the signal enhancement effect of DNP. Indeed, a couple
of types of MAS NMR experiments utilizing natural abundant 13C or
15N have been successfully conducted in the DNP-enhanced mode.
For instance, in utilizing the natural abundant 13C, the readily
available types of experiments are the 1H-13C dipolar heteronu-
clear correlation (HETCOR) [28–29] or 13C-13C through-space DQ-
SQ correlation spectroscopy [29–37]. However, the through-space
DQ-SQ correlation scheme is not effective in detecting long-range
13C-13C distances. As a more advanced method, also attempted
was a scheme for obtaining DNP-enhanced 2D 13C-15N correlations
based on natural abundance 13C and 15N [38]. All these methods
are efficient only for correlating short-range 1H-13C, 13C-13C, or
13C-15N dipolar pairs and are useful only for the peak assignment
purposes. Also reported was a 2D 13C-13C correlation scheme based
on the indirect 1H-1H mixing [39]. Since this method achieves
13C-13C correlations by going through three steps of 1H-13C CP pro-
cesses, the resultant signal intensity becomes weaker and it does
not apply to carbons that do not possess directly bonded 1Hs.

2D dipolar 13C-13C correlation spectroscopy by utilizing proton-
driven spin diffusion (PDSD) [40–42], DARR [43–44], or the deriva-
tive methods of DARR [45–49] has been widely used for the struc-
tural analysis of uniformly and/or selectively 13C-labeled biosolids.
If the same experimental scheme can be used for analyzing bioso-
lids without isotopic enrichments while utilizing the signal ampli-
fication effect of the DNP, it will be a powerful method that can be
employed for investigating the structures of biosolids at a ‘‘low
cost”. However, in a DNP-enhanced 2D dipolar 13C-13C correlation
spectrum of a sample at natural 13C abundance with the DARRmix-
ing scheme, the signal intensities of isolated 13C peaks (diagonal
peaks) are about 100 times stronger than those 13C-13C dipolar cor-
related peaks (cross-peaks). Thus, those diagonal peaks can satu-
rate the dynamic range of the NMR receiver while burying small
cross-peaks that are needed for structural characterization in the
noise level. Therefore, as was widely practiced in the liquid-state
NMR spectroscopy [50–52], a DQF pulse block can be utilized for
removing the dominant SQ 13C signals that are not participating
in forming DQ coherences in obtaining 2D dipolar 13C-13C
correlations.

In this manuscript we have used a symmetry-based pulse
scheme as a DQF pulse block to remove dominant 13C SQ coher-
ences before (or after) applying the DARR mixing scheme to obtain
a DNP-enhanced 2D dipolar 13C-13C correlation spectrum of a bone
tissue sample in natural 13C abundance. Two different versions of
pulse sequences that produce in principle the same quality in
achieving DQF 2D dipolar 13C-13C correlation spectra have been
considered: DQ filtering prior to t1 evolution (DOPE) (Fig. 1a) and
DQ filtering after 13C-13C mixing (DOAM) (Fig. 1b) [53–54]. For
both schemes PDSD [40–42], DARR [43–44] and its variants [45–
48], including the AL FRESCO [49], can be used as a 13C-13C mixing
scheme while considering the MAS spinning rate incorporated as
well as the rf pulse power requirement. So far, these DOPE and
DOAM methods were used to remove background single-
quantum 13C signals contributed from the natural 13C abundance
when a uniformly or selectively 13C-labeled biological sample sys-
tem is considered for producing 13C-13C correlations [53]. Elkins
et al. utilized the DOPE method for selectively detecting only the
signals from 13C-13C pair while removing isolated 13C signals in
x1 dimension in MAS DNP NMR experiments to study protein-
cholesterol interactions while employing selectively 13C-labeled
2

M2 protein and cholesterol [54]. In our study we have explored
the feasibility of employing this DOPE scheme for conducting
DNP-enhanced DQF 2D dipolar 13C-13C correlation spectroscopy
of a natural 13C abundant biological sample. A great advantage of
this approach is that all 13C-13C dipolar pairs expected from a nat-
ural 13C abundant sample system commute with one another
because these 13C-13C dipolar pairs are probabilistically isolated
from one another. The reason is that the natural 13C abundance
is only 1.01 % and, therefore, the probability of forming a spin clus-
ter involving three or more 13C spins is negligible. Thus, the dipolar
truncation effect [55] as well as a potential multi-step signal trans-
fer mode based on the relayed fashion spanning over multiple
spins can be ignored.

A bisnitroxide PA, AsymPolPOK, [56] was used. It is a water-
soluble nitroxide biradical that possesses a strong electron-
electron spin coupling that reduces the depolarization effect and
generates short nuclear spin polarization build-up times [56–57]
(1.1 s; Supporting material). Thus, by employing a short time for
the signal build-up as well as a recycle delay, each t1 slice can be
co-added within < 2 s to expedite the overall MAS DNP NMR acqui-
sitions while generating a significant enhancement factor,
�on=off � 50 at 14.1 T. MAS-DNP enhanced 2D dipolar 13C-13C corre-
lation spectra of a natural 13C abundant bone tissue sample with
and without a DQF block by employing a variable length of the
DARR mixing scheme were obtained. A through-space DQ-SQ cor-
relation spectrum obtained by employing the same SPC-5 pulse
block [58] as used in the DQF block of the DQF 2D dipolar
13C-13C correlation scheme was obtained and compared. A t1-
noise-like problem appearing in the 2D spectrum that occurs when
a long DARR mixing time was employed was discussed, and a few
different approaches that would remove or minimize this problem
were discussed.
2. Experimental section

2.1. Sample preparation

All the experiments were performed on goat cortical femora
bone (Capra hircus, 2–3 years old). The bone sample was cleaned
of soft tissues, bone marrow, cartilages and small size flakes were
obtained by filing the intact bone with the help of bistoury. About
60 mg of powdered bone tissue sample in natural 13C abundance
was mixed (soaked) with about 60 lL of 10 mM AsymPolPOK in
90% D2O /10% H2O in an Eppendorf tube, and the mixture was sha-
ken thoroughly by using a Vortex mixer. Then, the sample mixture
was transferred and packed into a 3.2 mm sapphire rotor that is
closed with a Vespel� cap for MAS spinning at � 100 K for conduct-
ing MAS DNP NMR experiments.

2.2. Experimental parameters

The DNP-enhanced DQF 2D dipolar 13C-13C correlation NMR
experiment was carried out by employing a 3.2 mm 1H-13C-15N
triple-resonance MAS DNP probe on a gyrotron-based
395 GHz/14.1 T DNP NMR spectrometer that is operational with
a Bruker Avance-III console [8,60–60]. All these spectra were mea-
sured at the sample temperature of � 100 K while irradiating
microwaves.

A 1H DNP signal build-up time (= 1H T1 time) measured on our
sample mixture was 1.1 s (Supplementary Fig. 1). While the micro-
wave is continuously irradiated on the sample at around 8 W
power at the probe base, a saturation recovery pulse sequence,
[90

�
(1H)-1 ms]n (n = 100) that is applied along the 1H channel, is

followed by a short delay time of 1.3 s for the signal build-up that
is placed before starting the 1H-13C CP process. The DNP enhance-



Fig. 1. The pulse sequences used for obtaining DNP-enhanced DQF dipolar 13C-13C correlation spectra employed in our study: (a) DOPE and (b) DOAM. Shown in Fig. 1c are
examples of pulse blocks, such as PDSD, DARR or AL FRESCO, that can be employed as a 13C-13C mixing scheme in (a) and (b). The DQF pulse block can be placed before (a) or
after (b) the 2D dipolar 13C-13C mixing block. We employed the SPC-5 sequence as a DQF pulse block although any other types of symmetry-based DQ generation sequences
can be used depending on the MAS rate used. The pulse block in the gray color on the second half of the SPC-5 scheme that is employed for the conversion of DQ ! SQ
coherence is shifted in phase by 45-degrees every scan. The phase cycling routine of DOPE originally developed by Lopez et al. [53] was modified into a 32-step version to
remove the undesirable axial peaks as well as the DC offset: /1 = /3 = /10 = x; /2 = (y)4(�y)4; /4 = (�y)4(y)4; /5 = (x)8(�x)8(y)8(�y)8; /6 = (�y)16(x)16; /7 = (x)16(y)16; /rx = (x,�
x)4(�x,x)4(y,�y)4(�y,y)4. The phase cycling routine used for the DOAM sequence was: /1 = /3 = /10 = x; /2 = (y)4(�y)4; /4 = (�y)4(y)4; /5 = (x)8(�x)8(y)8(�y)8; /rx = (x,�
x)4(�x,x)4(y,�y)4(�y,y)4. For both sequences in (a) and (b) the delay times d1 and d2 are 1 ms and 1/mr, respectively, where mr is the MAS rate.
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ment factor measured by comparing the 1H-13C CPMAS spectra
acquired with/without microwave irradiation was �on=off � 50.
The hyperpolarized proton magnetizations spreads over all 1Hs in
the sample system by spin diffusion before being transferred to
13C magnetizations by 1H-13C cross-polarization (CP) [61–62].
Finally, magnetizations accrued along 13Cs by CP are subject to pro-
ceed further to the pulse blocks of the DQF 2D 13C-13C dipolar cor-
relation scheme as shown in Fig. 1. The 1H and 13C 90-degree pulse
lengths used were 2.5 ms and 3.5 ms, respectively. A 1H-13C CP mix-
ing scheme was applied for 1 ms that is formed by employing a
3

ramped (90%-110%) spin-lock pulse along the 1H channel centered
at m1H = 60 kHz while simultaneously applying a rectangular spin-
lock pulse of mrf[13C] = 50 kHz along the 13C channel. The MAS spin-
ning ratewas regulated at 8 kHz for satisfying mrf[13C] = 5mr = 40 kHz
for setting the SPC-5 pulse block for the DQF. During this SPC-5
block a non-excessive continuous wave (CW) 1H decoupling
power, mrf[1H] = 105 kHz, was applied that is about 2.6 times
greater than mrf[13C] for SPC-5. The 1H pulse power applied for
the DARR mixing block was mrf[1H] = mr = 8 kHz. For obtaining 2D
13C-13C correlations, 128–140 t1 slices were acquired with an
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acquisition delay time of 0.2 s by coadding 256, 384, and 512 scans
for each t1 slice while employing the DARR mixing time of 20 ms,
50 ms, and 100 ms, respectively. The SPINAL-64 sequence [63]
with mrf[1H] = 100 kHz was utilized as a 1H decoupling scheme dur-
ing both the t1 and t2 acquisition periods. In the present study, the
chemical shift assignment (CcpNmr 2.5.2 version) and distance
measurements (PyMOL) have been carried out using type-I colla-
gen sequence (uniprot ID: CO1A1_BOVIN) [64] and spectrum is ref-
erenced with the distinctive Hyp Cc resonances.
Fig. 2. 2D dipolar 13C-13C correlation spectra of goat cortical femora bone obtained
without a DQF block (a) and with a DQF block (c). The spectrum shown in Fig. 2c
was obtained by using the DOPE sequence as shown in Fig. 1a. An identical DARR
mixing scheme possessing the same mixing time (50 ms) was used in both cases for
obtaining 13C-13C correlations. The mixing time of both DQ excitation as well as the
DQ ! SQ reconversion of the SPC-5 pulse block employed in 2c was l0 = l1 = 10
(500 ls) that was found via optimization. The spectrum shown in Fig. 2b is the
13C-13C through-space DQ-SQ correlation spectrum obtained by employing the
same SPC-5 pulse block as that used for the DQF block in 2c.
3. Results and discussion

Fig. 2 shows the comparison of the aliphatic regions of the DNP-
enhanced 2D 13C-13C dipolar correlation spectra obtained by (a)
the DARR mixing scheme without employing a DQF block, (b) the
through-space DQ-SQ pulse scheme for producing a DQ-SQ corre-
lation, and (c) the DARR mixing scheme with employing a DQF
block. The DARR mixing time used in producing those spectra
shown in Fig. 2a and 2c were both 50 ms, and the DQ excitation
time and DQ? SQ reconversion time of the SPC-5 mixing sequence
that were used as a DQF block (Fig. 2c) and as a through-space DQ-
SQ mixing block (Fig. 2b) were l0 = l1 = 10 (=4/mr = 500 ls), which
were found after optimization (see the Supplementary Fig. 2). In
comparing those spectra shown in Fig. 2a and 2c, although these
spectra were measured under the same DNP enhancement effect
(�on=off � 50) as well as under the same DARR mixing time
(50 ms), while the conventional DARR spectrum obtained without
DQF scheme does not produce any visible 2D cross-peaks, the DQF
DARR spectrum does produce cross-peaks. This is because the
dominant SQ 13C peaks (diagonal) are about two orders of magni-
tude larger than 13C-13C cross-peaks and saturate the dynamic
range of the signal receiver making the weak 13C-13C cross-peaks
buried in the noise level and undetectable without DQF. Those
stronger SQ 13C peaks are filtered out with DQF and, therefore,
those weaker 2D cross-peaks can be exhibited clearly as shown
in Fig. 2c. Under the action of this DQF block, only those 13C sites
that possess at least an immediately adjacent (mainly directly
bonded) 13C site would form DQ coherences. Then, these DQ coher-
ences are selected and reconverted back into SQ coherences by
DQF, and these survived coherences are sent to the DARR mixing
scheme for forming SQ-SQ 13C-13C correlations.

Although those 13C sites survived from the DQF block are
mostly from short-distance 13C-13C correlations that are formed
between directly bonded pairs, long-distance13C-13C dipolar corre-
lations can be formed among these sites in the following DARR
mixing scheme in addition to those short-distance 13C-13C correla-
tions depending on the length of the DARR mixing time employed.
In a natural 13C abundant sample system the probability of pos-
sessing a dipolar network that consists of more than 3 13C spins
simultaneously is extremely low (�10-6). Therefore, each cross-
peak appearing in the 2D DQF 13C-13C dipolar correlation spectrum
measured would be generated from an isolated two-body 13C-13C
spin pair that becomes easily detectable by the signal enhance-
ment effect of DNP, and it is expected that a 13C-13C spin pair
detected in a 2D DQF DARR spectrum would commute with any
other 13C-13C pairs.

In a conventional through-space 2D DQ-SQ correlation spec-
trum (Fig. 2b) on a natural 13C abundant sample, those DQ-SQ cor-
relations do not suffer from the interference of dominant SQ 13C
coherences. For this reason, together with the 2D 1H-13C HETCOR,
this has been a method of choice in MAS DNP NMR for investigat-
ing a natural 13C abundant sample. Unfortunately, 13C-13C correla-
tions found in those DQ-SQ correlation spectrum arise mostly from
directly bonded 13C-13C pairs, and it is difficult to obtain long-
range distance 13C-13C pair correlations because, as shown in the
4

Supplementary Fig. 2, those 13C signals decay rapidly during the
SPC-5 block as the length of the mixing increases. In the case of
the DQ-SQ correlation schemes, a symmetry-based rf pulse train
is applied for the mixing time and signals undergo T1q relaxations
that are normally shorter than T1 relaxations and an accumulation
of any potential rf pulse imperfections may lead to an additional
signal decay. Moreover, the spectral resolution of a DQ-SQ correla-
tion spectrum along the F1 domain is lowered because the DQ
mode signals decay faster than the SQ mode signals. Fig. 2b and
2c shows the projection peaks of a typical 2D peak [(F2: 58 ppm,



S. Wi, N. Dwivedi, R. Dubey et al. Journal of Magnetic Resonance 335 (2022) 107144
F1: 86 ppm) for 2b; (F2: 62 ppm, F1: 32 ppm) for 2c] obtained along
the F1 domain. In the processing of these spectra, an identical line-
broadening window function was applied along the F1 domain
(Gaussian window function; line broadening (LB) = -30 Hz; Gaus-
sian maximum position = 0.05). The linewidths of the DQ spectrum
from the DQ-SQ scheme and the SQ spectrum from the DQF-DARR
thus obtained were 18 ppm and 4 ppm, respectively, and it clearly
demonstrates the superiority of the DQF-DARR over the DQ-SQ
correlation scheme in obtaining a sharper peak along the indirect
domain. Thus, the DARR mixing scheme is more powerful in pro-
viding better signal resolutions. Those cross-peaks visible in
Fig. 2c arise from 13C sites that are in close contact as a relatively
short DARR mixing time (50 ms) was used, and therefore any
noticeable long-range 13C-13C correlations are not significant. Thus,
comparing spectra shown in Fig. 2b and 2c, most of the 13C sites
that exhibit cross-peak correlations in the DQF 13C-13C correlation
spectrum are also visible in the 2D DQ-SQ correlation spectrum.

Fig. 3a and 3b show 2D DQF 13C-13C spectra measured by vary-
ing the length of the DARR mixing time by 20 ms and 100 ms,
respectively. In all cases, the length of the DQF block employed is
identical to l0 = l1 = 10, as used in Fig. 2b and 2c, which corresponds
to 500 ls mixing time. As was discussed above and can be seen
from Fig. 3a and 2c, when the DARR mixing time is relatively short
(20–50 ms) most of the cross peaks seen in the spectra are from
directly bonded short 13C-13C pairs. Indeed, not only the relative
peak intensity of the cross-peaks produced at shorter mixing times
has increased, but the occurrence of additional cross-peaks gener-
ated from longer distance 13C-13C pairs is evident as the DARR mix-
ing time is increased.

It has been known that the organic component of bone matrix
contains majority of type 1 collagen (nearly 90%) [65]. In this study
also, most of the observed 13C signals in 2D 13C-13C DAAR of goat
cortical femora bone originate from type 1 collagen. Specifically,
proline (P; �28% of type 1 collagen), and hydroxyproline (Hyp;
�38% of type 1 collagen) [66] were majorly found inside the bone
matrix. In the present study also, we observed the intra-residue
correlation of Proline (1.5–2.4 Å), Hydroxyproline (1.5 Å) in the
2D 13C-13C DARR spectrum (20 ms and 50 ms) (Fig. 3a and 2b).
Along with these, the additional correlations of the certain spin-
systems such as Threonine (T) (1.5–2.6 Å), and Lysine (K) (2.4 Å)
were also observed (Fig. 3a). With a longer DARR mixing time of
100 ms (Fig. 3b) additional cross-peaks (inter-residue correlations)
are visible from further apart 13C-13C correlations (4.2–8.3 Å) as in
the conventional case of applying the DARR mixing scheme to a
uniformly or extensively 13C-labeled sample system (2–10 Å)
[67]. In the current study, we obtained the inter-residual cross
peaks of spin systems such as T Cc- L Cb, T Cc- L Cc, Hyp Cc- A
Ca, Hyp Cb- A Ca, and Hyp Cc- P Ca in 2D 13C-13C DARR (100 ms)
(Fig. 3b).

A t1-noise-like issue was discovered as can be seen clearly by
inspecting the full region of 2D DQF 13C-13C correlation spectra
as shown in Supplementary Fig. 3a and 3b (20 ms and 100 ms).
As can be seen in these spectra, this t1-noise-like artifact is very
intense under a longer DARR mixing (100 ms) at 13C0 peaks that
possess large chemical shift anisotropies (CSAs). Since the intensity
of the cross-peak generated from an isolated 13C-13C pair that
occurs at low probability (10�4) is relatively weak even under
the signal amplification of DNP, and there are no added signals
propagated from other adjacent spins or spin clusters by a relayed
fashion, the overall signal intensity of the cross-peak from a
13C-13C pair decreases sharply in inverse proportion to the third
power of 13C-13C distance, approaching fast to the noise level of
the spectrum. Thus, when a long-range 13C-13C pair is considered
under a long DARR mixing time, a signal averaging must be per-
formed with at least a few hundreds of scans coadded. The weak
signal intensity of its barely surviving DQF signals can potentially
5

start to interfere with the fluctuation level of the noise from scan
to scan in the 2D acquisition when a lot of transient signals must
be coadded for each t1 slice. A careful investigation of these
t1-noise-like features reveals a rather regular pattern rather than
a purely random form whose origin is not clearly understood at
present. However, we speculate that this phenomenon might have
a relationship with the CSA of the site that experiences an insuffi-
cient MAS averaging effect. Because a relatively low MAS rate
(8 kHz) was employed compared to the size of the chemical shift
anisotropy (CSA) of each C0 site, the peak of each C0 site is divided
into a center-band and a few spinning sidebands for the MAS rate
fails to average out CSA. As a result, the intensity of each divided
and weakened MAS signal band is more likely to approach to and
contend with the noise level. In addition to this, a signal reduction
due to T1 relaxation under a long longitudinal dipolar mixing time
may also contribute to exacerbate the t1-noise problem. This t1-
noise-like issue may be improved by confining it into the center-
band by speeding up the MAS rate, but it should be noted that in
speeding up MAS rate in DNP other considerations are present. In
addition to reducing the size of the MAS rotor incorporated, these
include the allowance of the probe for the strength of the 13C rf
pulse power (m13Crf ) of the DQF block (in the case of employing

SPC-5 sequence it is m13Crf ¼ 5 mr , where mr is the MAS rate) and
the associated 1H rf pulse power employed for the 1H decoupling
during this period that must be at least 2.3 times that of m13Crf . In
future experiments a faster MAS rate will be employed while
employing the AL FRESCO type of mixing [49] by using a MAS
DNP probe that incorporates a smaller MAS rotor size such as
1.9 mm or 1.3 mm. Moreover, a recently developed symmetry-
based pulse technique can be employed as a DQF block that adopts
a weaker 1H decoupling power [68].

AMUPOL has given the largest enhancement factor among
polarizing agents known (e ¼ 160� 247Þ while employing
glycerol-d8 in the solvent system (typically 10 mM AMUPOL in
60% glycerol-d8/ 30% D2O/ 10% H2O) [11,69–72]. However, the
enhancement factor observed in our experiments by using
10 mM AMUPOL in 90% D2O/10% H2O was up to ~30. Because of
its long DNP signal build-up time that normally takes � 3.5 s in
the case of employing AMUPOL [11,70–70], the recycling of the sig-
nal acquisition takes a considerably longer time than that of using
the AsymPolPOK whose optimal signal build-up time can be given
within 1.3 s. Thus, together with the DNP signal enhancement fac-
tor obtained in this work of 50, it is more advantageous to use
AsymPolPOK over AMUPOL to expedite the DNP experiments and
achieves a better overall signal gain.

In addition to the DARR mixing scheme, it is expected that any
variant methods of the DARR, such as PARIS-xy [45], SHANGHAI
[46], CORD [48], AL FRESCO [49] etc., can also be used as a mixing
scheme depending on the MAS rate employed. Particularly, the AL
FRESCO scheme can be used effectively at any MAS rate as it
employs a chirp pulse mixing scheme that requires a weak 1H rf
pulse power during the dipolar 13C-13C mixing period regardless
of the speed of the MAS rate. The simplest mixing scheme,
proton-driven spin diffusion (PDSD), will also be an efficient
method since it deals with dilute 13C spins particularly under
employing a slow MAS rate (�12 kHz) (see the Supporting Infor-
mation). We have found that the PDSD mixing scheme also pro-
duces a t1-noise-like issue, indicating that the applied 1H rf pulse
is not associated with the t1-noise artifact. As a follow-up of this
paper, we will examine how to solve this t1-noise artifact with a
few different options including the synchronization of the t1-
increment to the MAS rotor spinning. We believe that the experi-
mental scheme presented in this paper has a potential to be
employed economically in structural biology because it can be
used directly for the structural analysis of proteins without iso-



Fig. 3. DNP-enhanced DQF 2D dipolar 13C-13C correlation spectra of goat cortical femora bone obtained by employing the DOPE sequence with variable DARR mixing times of
(a) 20 ms, (b) 100 ms. In all these cases, an identical type of SPC-5 pulse scheme was used as a DQF block as explained in the caption of Fig. 2. Under a short DARR mixing time
(a), those 13C-13C cross-peak correlations detected are mostly from directly bonded 13C-13C pairs that are also evident in the DQ-SQ correlations exhibited in the spectrum as
shown in Fig. 2b. However, in the case of employing a longer DARR mixing time (b), 13C-13C correlations from longer distances begin to appear. Only the spectral region that
shows aliphatic-aliphatic correlations is presented. The intra-residue and inter-residue correlations were denoted in black and blue color respectively. Supplementary Fig. 3
shows the full regions of the spectra. (The one-letter codes for different amino acids are as following, T: Threonine, I: Isoleucine, K: Lysine, A: Alanine, G: Glycine, Hyp:
Hydroxyproline, R: Arginine, P: Proline).
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topic substitution, particularly for the proteins produced in mam-
malian cells, where isotope substitution is impossible or
demanding.

Because the DARR mixing unit in the DQF-DARR scheme is not
different from the conventional DARR mixing, the maximum
6

13C-13C distance the DQF-DARR scheme can provide would be the
same as that from the conventional DARR or its derivative meth-
ods; it is known that the maximum 13C-13C distance the DARR or
its derivative schemes can provide is about 7–9 Å when considered
on a selectively 13C labeled sample system [47]. However, an actual
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experimental determination of the maximum 13C-13C distance the
DQF-DARR scheme can afford would be challenging because of the
poor signal-to-noise (S/N) ratio even under the DNP condition.
When a small molecule system that is not 13C-labeled is utilized,
a contribution from the intermolecular 13C-13C contacts cannot
be excluded due to having no means of sample dilution. An addi-
tional experimental challenge is that as the number of scans
increases the range of 13C-13C distances that can be measured
accurately with confidence would be extended as the S/N ratio is
improved, but at the same time, a sweet period of the total exper-
imental time should be determined by finding a counterbalance
while considering the stability of the MAS DNP experimental con-
ditions over time. Practically, an ideal sample system for this
experiment should be a selectively 13C-labeled model peptide or
protein sample system of known structure.
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