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Abstract We report the direct dynamic nuclear polar-

ization (DNP) of 13C nuclei of a uniformly [13C,15N]-la-

beled, paramagnetic full-length hammerhead ribozyme

(HHRz) complex with Mn2? where the enhanced polar-

ization is fully provided by the endogenously bound metal

ion and no exogenous polarizing agent is added. A 13C

enhancement factor of e = 8 was observed by intra-com-

plex DNP at 9.4 T. In contrast, ‘‘conventional’’ indirect and

direct DNP experiments were performed using AMUPol as

polarizing agent where we obtained a 1H enhancement

factor of e & 250. Comparison with the diamagnetic

(Mg2?) HHRz complex shows that the presence of Mn2?

only marginally influences the (DNP-enhanced) NMR

properties of the RNA. Furthermore two-dimensional cor-

relation spectra (15N–13C and 13C–13C) reveal structural

inhomogeneity in the frozen, amorphous state indicating

the coexistence of several conformational states. These

demonstrations of intra-complex DNP using an endoge-

nous metal ion as well as DNP-enhanced MAS NMR of

RNA in general yield important information for the

development of new methods in structural biology.

Keywords Dynamic nuclear polarization (DNP) � Solid-

state NMR � EPR � RNA � Transition metal � Polarizing

agent

Introduction

Solid-state magic-angle spinning (MAS) NMR applications

to nucleic acid including ribonucleic acid (RNA) are scarce

(Abramov and Goldbourt 2014; Cherepanov et al. 2010;

Huang et al. 2012; Marchanka et al. 2015), especially when

compared to the abundance of solution-state NMR tech-

niques in RNA structural biology (Bothe et al. 2011; Fürtig

et al. 2003; Rinnenthal et al. 2011; Sripakdeevong et al.

2014). On the other hand, MAS NMR is invaluable for

structural investigations of biomolecules which has been

demonstrated in wide-spread applications to protein struc-

tural biology (Bayro et al. 2010; Castellani et al. 2002;

Wasmer et al. 2008). MAS NMR has advantages over

solution NMR when large molecules or molecular com-

plexes are studied since their rotational tumbling is too

slow for standard solution NMR. Additionally, the quan-

titative determination of dipole (through-space) couplings

can yield precise internuclear distances. However, short

decoherence times as well as incomplete dynamic aver-

aging of local fields often result in intrinsically larger line

widths and lower sensitivity.

Because RNA contains only four chemically similar

nucleotides—each comprised of a ribose moiety and

either a purine (adenine, guanine) or pyrimidine (cytosine,

uracil) nucleobase—there is a large potential for spectral

overlap of resonances arising from equal or similar
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nucleobases. Furthermore, resonance assignment based on

scalar couplings is complicated because the connecting,

generic ribofuranose phosphodiester groups put unique

nucleobases at distances of [10 chemical bonds. Here,

solid-state NMR has the advantage of generally being

able to utilize dipolar (through-space) instead of scalar

(through-bond) couplings which allows for direct deter-

mination of contacts between nuclei of neighboring

nucleobases in the same RNA strand (Marchanka et al.

2015).

Dynamic nuclear polarization (DNP) has been intro-

duced to overcome the MAS NMR sensitivity issue by

increasing the intensity of signals by several orders of

magnitude (Becerra et al. 1993; Hall et al. 1997; Over-

hauser 1953). During irradiation with microwaves (mw) of

appropriate frequency the large electron spin polarization

of a paramagnetic polarizing agent is transferred to sur-

rounding nuclear spins in a frozen solution at cryogenic

temperatures of *100 K. The polarization increase is

quantified by the enhancement factor, e, which is the ratio

of the NMR intensity under mw irradiation (mw on), Ion,

with that under thermal equilibrium conditions (mw off),

Ioff:

e ¼ Ion

Ioff

ð1Þ

The theoretical maximum is given by the ratio of the

electron and nuclear gyromagnetic ratios, cS and cI,
respectively, and reaches 660 for 1H and 2620 for 13C.

DNP can be performed indirectly by hyperpolarizing 1H

and successively transferring the enhanced nuclear polar-

ization to the nuclear species of interest, or by directly

hyperpolarizing the nuclei to be detected (Maly et al.

2010). The former method leads to a uniform enhancement

of all proton spins within a few seconds of polarization

build-up due to efficient 1H–1H spin diffusion; the latter is

often limited by slow diffusion between heteronuclei,

especially when nuclei with small abundance are to be

polarized (Maly et al. 2010). Nevertheless, slow spin-dif-

fusion can potentially be utilized in order to control the

spatial distribution of enhanced polarization.

Most typically, small paramagnetic molecules being

dissolved in the cryoprotecting matrix are used as polar-

izing agents (Hu 2011). Bis-nitroxide biradicals provide for

highly efficient cross effect (CE) DNP by evoking a three-

spin mechanism within the anisotropic electron paramag-

netic resonance (EPR) spectrum under MAS (Hu et al.

2004; Kessenikh et al. 1963). This makes CE the mecha-

nism-of-choice for uniform, indirect DNP (Ni et al. 2013).

For intramolecular or intra-complex DNP with endogenous

polarizing agents CE is often unfeasible due to the reliance

on strong inter-electronic couplings (Hovav et al. 2012; Hu

et al. 2011). Therefore, a simpler mechanism—which is

easier to analyze quantitatively—is provided by the solid

effect (Abragam and Proctor 1958; Corzilius et al. 2012;

Hovav et al. 2010; Jeffries 1957, 1960; Smith et al. 2012;

Wenckebach 2008). In short, the solid effect (SE) can be

selectively evoked for any nucleus by selective irradiation

of the electron–nuclear zero or double quantum transition

with a microwave frequency of

xmw ¼ x0S � x0I ; ð2Þ

where x0S and x0I are the electron and nuclear Larmor

frequencies, respectively. This leads to the requirement of

paramagnetic species with extremely narrow lines, espe-

cially for direct SE of nuclei with small gyromagnetic ratio

such as 13C or 15N.

We have shown earlier that—for the SE—a quantitative

analysis of DNP efficiency can be performed by careful

measurement of the DNP enhancement factor, the build-up

time constant of enhanced nuclear polarization, as well as

the nuclear longitudinal relaxation time constant without

DNP (Corzilius et al. 2012). By knowledge of DNP

enhancement and spin relaxation properties direct infor-

mation about distance may be obtained after calibration

with a model system of known electron–nuclear separation.

Therefore our study shall serve as an early proof-of-con-

cept for the feasibility of transferring electron spin polar-

ization from an endogenous metal ion to nuclei within the

same biomolecule, since such a transfer has never been

demonstrated before.

DNP with endogenous radicals in proteins (Maly et al.

2012) as well as nitroxides covalently attached to lipids

(Fernández-de-Alba et al. 2015; Smith et al. 2015) or pro-

teins (Wylie et al. 2015) has already been demonstrated to

yield moderate 1H enhancement factors of *10. Never-

theless, fast 1H–1H spin diffusion limits the potential to

directly extract structural information by these indirect

DNP approaches. We have shown earlier that paramagnetic

metal ions like Gd3? or Mn2? can be utilized as polarizing

agents which makes them ideal candidates for intra-com-

plex DNP of biomolecules (Corzilius et al. 2011). Mn2? is

highly abundant in biological systems or can often readily

substitute diamagnetic Mg2?. The central EPR transition

ðmS ¼ �1
2
$ þ1

2
Þ of the high-spin ðS ¼ 5

2
Þ system often

features narrow lines at high field. This allows for efficient

polarization of nuclei with small gyromagnetic ratio such as
13C or 15N using SE. Although in the case of Mn2? the

electron spin is strongly hyperfine coupled to the 100 %

abundant I ¼ 5
2

55Mn nucleus significant 13C enhancement

can be achieved as will be shown below.

The biomolecule we utilized as a model system belongs

to the well-studied group of hammerhead ribozymes, of

which the first construct has been discovered in the late

1980s as a self-cleaving structural element of virusoids and

viroids (Forster and Symons 1987; Hutchins et al. 1986;
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Prody et al. 1986). It was found early that the self-cleavage

reaction strongly depends on the presence of a divalent

metal ion as co-factor (Dahm and Uhlenbeck 1991). The

structure of a ‘minimal’ HHRz construct has been solved

early under several conditions (Pley et al. 1994; Scott et al.

1995); however, it has been shown later that tertiary con-

tacts between stem loops—missing in the minimal struc-

ture—play an important role in ribozyme function (De la

Peña et al. 2003; Khvorova et al. 2003). The ‘extended’ or

‘full-length’ construct includes those conserved loop

regions and the structure was solved by XRD (Martick and

Scott 2006). All hammerhead ribozyme (HHRz) varieties

share a highly conserved catalytic core region which con-

tains several binding sites for divalent ions such as Mg2? or

Mn2? (Scott et al. 1995). Binding of a divalent ion to one

of these sites triggers a conformational change and allows

for the self-cleavage reaction to occur (Bassi et al. 1996;

Murray et al. 1998; Scott et al. 1996). Additional less-

specific metal binding sites show a similar affinity towards

monovalent ions and are completely saturated under large

Na? concentrations (C1 M) (Horton et al. 1998; Schie-

mann et al. 2003). The core region is flanked by three stems

which give HHRz a robust fold; nevertheless the core

region features large internal dynamics. The combination

of its moderate molecular size and internal dynamics make

the full-length HHRz difficult to access using solution

NMR methods—as can be seen when comparing the

abundance of NMR studies on the minimal structure

(Fürtig et al. 2008; Hammann et al. 2001; Osborne et al.

2009) with the absence of such studies on the full-length

variant. Thus it serves as an ideal system for demonstration

of DNP-enhanced MAS NMR.

In this study we investigated DNP-enhanced NMR spec-

troscopy on an inactive 18.0 kDa, 59-mer cis-acting full-

length HHRz; the sequence and secondary structure pre-

diction are shown in Fig. 1a and the proposed tertiary fold

with loop–loop interactions in subplot b. To inactivate the

HHRz the adenosine at position 53 was mutated to a gua-

nosine (Yen et al. 2004). In-vivo functionality of the

unmutated construct and effective inactivation due to this

point-mutation has been shown in previous studies (Beilstein

et al. 2015; Wittmann and Suess 2011). The position of the

specific binding site for Mg2? or Mn2? is still heavily

debated. In the minimal structure, selective binding of the

divalent ion was found in XRD structures predominantly

between the phosphate of an adenosine and neighboring

guanosine (A36 and G37 in Fig. 1a) within the catalytic core

on the opposite site of the cleavage position (between C7 and

C8 in Fig. 1a) and the importance of this binding site was

confirmed by a functional analysis upon base depletion;

catalysis then requires the adaption of a transient confor-

mational state with the divalent ion bridging to the scissile

phosphate (Scott et al. 1995; Wang et al. 1999). The nature of

the binding site has also been investigated with EPR spec-

troscopy (Morrissey et al. 1999, 2000). In the case of the

extended or full-length HHRz the catalytically active struc-

ture is expected to allow for stable closing of the AG active

binding site and the scissile phosphate in the cleavage site via

a bridging divalent ion (Ward and DeRose 2012). However,

in the XRD structure selective binding to only the AG active

site has been observed, especially in the case of Mn2?

(Martick et al. 2008).

Materials and methods

Nucleic acid preparation

The inactivated full-length hammerhead ribozyme (HHRz)

shown in Fig. 1 was transcribed in vitro using the SmaI

linearized plasmid pHHI as template (the full plasmid

sequence is available upon request). The plasmid codes for

the T7 promotor followed by the HHRz. The in vitro tran-

scription was carried out in a volume of 10 mL over night at

37 �C with a final concentration of 20 mM magnesium

acetate, 0.2 M Tris–HCl (pH 8.0), 20 mM dithiothreitol
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Fig. 1 a Predicted secondary structure of the investigated full-length

HHRz (inactivated). Canonical base paring interactions are shown with

black lines within stems. The A-to-G base mutation at position 53

(marked in green) is preventing self-cleavage between two cytidines

marked in blue. The proposed selective binding site for divalent ions is

marked in red. Tertiary loop–loop interactions are indicated by dashed

lines. b Depiction of the same structure demonstrating possible tertiary

interactions between stem-loops II and III as observed in the active

construct (Martick and Scott 2006). Black lines show sequence

continuity. c Proposed complex geometry of selective Mn2? binding

site (Morrissey et al. 2000; Wang et al. 1999)
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(DTT), 2 mM spermidine, 0.2 mg/mL plasmid, 7.5 lg/mL

T7 RNA polymerase (purified in the lab) and 4 mM of each

nucleoside triphosphate (NTP); for uniformly [13C,15N]

isotope labeled HHRz 3 mM of each uniformly 13C,15N-

labeled NTP (Silantes) was used. The isotope labeled NTPs

were purified by ethanol precipitation and resuspended in

purified water prior to transcription. After the transcription

the precipitated pyrophosphate was pelleted by centrifuga-

tion and EDTA was added to the supernatant to a final

concentration of 10 % (v/v). After ethanol precipitation we

performed a denaturing polyacrylamide gel electrophoresis

(PAGE, 8 % PAA, 8 M urea). The RNA was detected by

ultraviolet shadowing, cut out of the gel and eluted from the

gel in 0.3 M sodium acetate (pH 6.5) at 4 �C overnight.

Afterwards we filtered the supernatant to remove remaining

gel slices using a 0.45 lm filter (Sarstedt, Nürnberg, Ger-

many). The RNA was again ethanol precipitated, dissolved

in purified water and the concentration was determined via

UV/Vis spectroscopy by a ND-1000 spectrophotometer

(Thermo Fischer Scientific, Wilmington, DE). A native

PAGE assay was used to confirm purity of the RNA

(Fig. S1). The HHRz was then lyophilized for storage and

further handling.

EPR spectroscopy

For the determination of the Mn–HHRz dissociation con-

stant (KD) solutions of 62.5 lM HHRz with varying MnCl2
content between 1 lM and 0.2 mM were prepared in tri-

ethanolamine (TEA) buffer (40 mM, pH 7.5) with 0.2 M

NaCl. In comparison, an additional set of samples was

prepared without addition of HHRz in order to demonstrate

applicability and linearity of the method. Continuous-wave

(cw) EPR was performed using an X-band Bruker EleXsys

E500 spectrometer with attached ER 4102ST resonator

employing a TE102 rectangular cavity. The sample

(*10 lL) was contained inside a clear fused quartz (CFQ)

capillary with 1.1 mm inner diameter (i.d.) in order to

minimize penetration of the sample volume into the elec-

tric field region and reduce dielectric losses. Care was

taken that each sample tube was positioned equally inside

the resonator. Spectra were taken under 10 dB of micro-

wave attenuation (*20 mW power). 100 kHz magnetic

field modulation with 1.5 mT amplitude was applied. The

field was swept with 82 ms conversion time over 1024

points and signal was integrated with a 41 ms time con-

stant. Each spectrum was accumulated over 20 scans.

The confirmation of Mn2? binding to HHRz in DNP

samples was performed directly on the samples used for

DNP enhanced NMR spectroscopy as described below. The

same instrumentation was used as for KD determination.

Spectra were taken under 20 dB of microwave attenuation

(*2 mW power). 100 kHz magnetic field modulation with

0.4 mT amplitude was applied. The field was swept with

164 ms of conversion time over 1024 points and signal was

integrated with a 164 ms time constant. Each spectrum was

accumulated over 8 scans.

180 GHz EPR spectroscopy was performed using a

custom-built spectrometer described elsewhere utilizing a

cylindrical TE011 cavity resonator (Rohrer et al. 2001). The

samples were prepared by dissolving an equal amount of

HHRz and MnCl2 in TEA buffer (40 mM triethanolamine,

0.2 M NaCl) and subsequent addition of glycerol, so that a

glycerol/water (60/40 vol.%) cryoprotecting mixture with

62.5 lM final Mn–HHRz concentration was achieved. The

sample was contained within a 0.4 mm i.d. quartz capil-

lary. Experiments were performed at a temperature of

80 K. Pulse lengths (30 ns for 90� and 45 ns for 180�) and

separation (200 ns) of the Hahn echo sequence were opti-

mized for maximum signal intensity and the field-swept

spectrum was detected by integrating over the full echo

width and averaging over 400 shots with 0.7 ms repetition

time in a single scan.

DNP sample preparation

0.9 mg HHRz in lyophilized form was dissolved in 0.2 mL

buffer solution containing 40 mM TEA and 0.2 M NaCl.

The solution was split in three equal volume samples and

lyophilized again. To each sample 40 lL of cryoprotecting

solution consisting of 60 % 12C3,d8-glycerol (99.95 % 12C,

98 % D; Euriso-Top), 30 % D2O (99.9 % D; Sigma-

Aldrich), and 10 % H2O was added, together with an

equimolar amount of MnCl2 or MgCl2 with respect to RNA.

Final concentrations were 0.4 mM of RNA and MnCl2 or

MgCl2, 0.33 M NaCl. For CE DNP 5 mM AMUPol (SATT

Sud-Est, Marseille, France) was added. For comparison of

build-up dynamics (see Table 1) and as cw EPR reference

for unbound Mn2? (see Figs. 6 and S3) 0.4 mM MnCl2 and

225 mM 13C,15N2-urea (99 % 13C, 98 % 15N; CortecNet,

Voisins-Le-Bretonneux, France) were dissolved in the
12C3,d8-glycerol/D2O/H2O mixture as described above.

DNP-enhanced MAS NMR spectroscopy

For experiments using bis-nitroxide as polarizing agent we

utilized a commercially available Bruker AVANCE II

DNP spectrometer operating at 400.2 MHz 1H frequency

with a Bruker Ultrashield 9.4 T widebore (89 mm) magnet.

263.4 GHz microwaves were produced by a Bruker gyro-

tron with 60 mA of beam current at which we found an

optimum 1H enhancement for AMUPol. Experiments were

performed at 112 K (mw on) or 104 K (mw off), read out

via a thermocouple inside the MAS stator.

For direct DNP using Mn2? as polarizing agent we utilized

a commercially available Bruker AVANCE III DNP
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spectrometer operating at 401.7 MHz 1H frequency. The

Bruker Ascent DNP magnet was centered at 9.40 T and

contained a superconducting sweep coil with a range of

±70 mT. The sweep coil was energized so that a field of

9.434 mT was reached. After the optimum DNP enhancement

was achieved the sweep unit was put into persistent mode. The

NMR frequencies were roughly re-calibrated using a 1H Bloch

decay and further referenced on the RNA spectrum.

263.4 GHz microwaves were produced by a Bruker gyrotron

operating at the maximum beam current of 115 mA. Experi-

ments were performed at 114 K (mw on) or 105 K (mw off),

read out via a thermocouple inside the MAS stator.

For all experiments radio frequency (rf) pulse powers

were set to 100, 50, and 40 kHz for 1H, 13C, and 15N,

respectively; 1H power was matched to 13C or 15N during

Hartmann-Hahn CP. SPINAL64 at 100 kHz was used for

broadband decoupling of 1H. All one-dimensional spectra

were measured after applying a pre-saturation pulse train

and subsequent polarization delay; for the acquisition of

build-up curves this delay was varied. The sample was

contained within a 3.2 mm sapphire rotor (Bruker) and

sealed with silicone soft plug and ZrO2 drive cap. Magic-

angle spinning with a spinning frequency of 10 kHz was

used for all experiments except proton-driven spin diffu-

sion (PDSD) correlation spectra where 10.8 kHz was

utilized.

Results and discussion

EPR spectroscopy of the Mn–HHRz complex

The 180 GHz EPR spectrum of a frozen solution of the

Mn2? complex of HHRz (Mn–HHRz) is depicted in Fig. 2

and shows only minor differences to the hexaaquo complex

(not shown). This is in agreement with previous compar-

isons at X- and Q-band frequencies (Morrissey et al. 2000).

The occurrence of a significantly larger electric field gra-

dient in the HHRz complex and thus resulting zero-field

splitting (electron quadrupole interaction) in combination

with slow tumbling of the biopolymer leads to a very broad

EPR spectrum in liquid solution. This allows for

unambiguous and quantitative determination of ‘‘free’’ (i.e.

not bound to HHRz) Mn2? by titration. Using continuous-

wave (cw) EPR spectroscopy at X-band frequency

(9.4 GHz) we have confirmed binding of a single Mn2? with

a dissociation constant in agreement with the previously

reported value of KD & 4 lM (Horton et al. 1998; Schie-

mann et al. 2003) even at the relatively low NaCl concen-

tration of 200 mM (Fig. S2). Because samples used for

DNP-enhanced NMR spectroscopy are prepared with a large

concentration of cryoprotecting glycerol we also verified

quantitative binding of Mn2? to HHRz in the same samples

after recording of NMR spectra. We were unable to detect

any unbound Mn2? (see Fig. S3) and therefore estimate the

ratio of ‘‘free’’ Mn2? to overall added Mn2? to be below

10 % which is in line with a dissociation constant in the low

lM range.

By using these methods the error in estimated KD is

relatively large, and practically no conclusion can be drawn

on the position and nature of the binding site. Nevertheless,

these experiments confirm that the majority of HHRz is

binding a single Mn2?. This is the most important factor

for the further analysis of direct, intra-complex DNP of 13C

as well as the investigation of paramagnetic interactions by

Mn2? on indirect 1H DNP.

Direct DNP of Mn–HHRz using endogenous Mn21

Since typically commercial DNP spectrometers are opti-

mized for 1H cross effect DNP using bis-nitroxide

Table 1 13C enhancement

factors and polarization build-

up time constants

Sample T (K)a e T
ð13

CÞ
B;f (s)b T

ð13
CÞ

B;s (s)c ud

Mg–HHRz ? AMUPole *112 420 ± 160 118 2840 0.38

Mn–HHRz ? AMUPole *112 160 ± 40 96 1954 0.53

Mn–HHRzf *114 8 ± 1 130 3043 1.13
13C,15N2-urea ? MnCl2

f *114 [4 215 5074 0.085

a Measured inside MAS stator. bFast (short) component. cSlow (long) component. dProportionality factor

according to Eq. (3). eMeasured at magnetic field optimized for cross effect DNP with nitroxides (9.40 T).
fMeasured at magnetic field optimized for 13C solid effect DNP with Mn2? (9.434 T)

Magnetic Field (T)
6.40 6.446.42 6.466.41 6.456.43

Fig. 2 180 GHz field-swept, electron spin echo detected EPR

spectrum of Mn–HHRz in 60/40 (v/v) glycerol/water at 80 K

J Biomol NMR (2015) 63:97–109 101
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polarizing agents, it was required to shift the magnetic field

to the 13C solid effect matching condition of Mn2? for the

first demonstration employing the endogenous, paramag-

netic metal center as polarizing agent for a biomolecule.

The matching condition was estimated based on a simu-

lated EPR spectrum using Easyspin (Stoll and Schweiger

2006) and spectral superposition of the electron–nuclear

double and zero quantum transitions (Shimon et al. 2012).

The procedure is described in more detail in the SI where

we also show the simulation (Fig. S3). For exact matching

of the external magnetic field we utilized a special DNP-

dedicated NMR magnet (Bruker Ascent DNP) featuring a

superconducting sweep coil. After sweeping the magnet to

the estimated position the field was optimized in order to

maximize the intensity of the detected 13C spectrum

evoked by Bloch-decay under mw irradiation. In Fig. 3 the

obtained 13C spectrum is shown with and without mw

irradiation. An enhancement factor of e = 8 is induced by

intra-complex 13C SE DNP by Mn2?.

DNP of HHRz using AMUPol

In comparison, we also show spectra which have been

obtained with a ‘‘conventional’’ DNP approach, that is by

adding AMUPol as bis-nitroxide biradical polarizing agent

and employing 1H (indirect) DNP prior to cross polariza-

tion to 13C or 15N (CPMAS). A rather small biradical

concentration of 5 mM was chosen in order to minimize

potential signal quenching and/or broadening due to the

nitroxide spins and to be able to observe effects induced by

paramagnetic Mn2?. The 1H DNP enhancement is unex-

pectedly large with e = 240 ± 10 (Fig. 4) which signifi-

cantly surpasses what has been observed on protein

solutions—even with larger biradical concentrations—un-

der otherwise similar conditions. Even though enhance-

ment factors as large as 235 have been observed with

AMUPol in the case of a simple proline solution (Sauvée

et al. 2013), e is usually reduced within a protein by a

factor of 2–3; this loss of polarization can be recovered by

complete deuteration of non-exchangeable hydrogens

(Akbey et al. 2010). Also, in highly biologically relevant

mixtures such as cell envelopes or even whole cells the

enhancement factor drops significantly with increasing

complexity of environment (Renault et al. 2012). There-

fore, we attribute the large enhancement in RNA to the

absence of side-chain dynamics and most profoundly

methyl groups which provide for a dominant mechanism of
1H longitudinal relaxation by reorientation under similar

conditions in proteins or lipids (Glowinkowski et al. 1997;

Gutsche et al. 2004; Nozirov et al. 2006).

The large 1H enhancement obtained with AMUPol

seems to overshadow the relatively small enhancement

factor of 8 induced by Mn2? at first sight. Nonetheless, the

demonstration of intra-complex DNP with an endoge-

nously bound metal ion is an important step towards

alternative approaches using internal polarizing agents.

This becomes even clearer when this factor is compared to

similar approaches where nitroxide labels covalently bound

to lipids or proteins have been employed (Smith et al.

2015; Wylie et al. 2015). In these cases the observed

enhancement factors were of the same magnitude.

We also prepared a diamagnetic RNA complex using

Mg2? as diamagnetic reference in order to assess the

effects of paramagnetic Mn2? on the NMR spectrum. The
1H-DNP-enhanced 13C and 15N CPMAS spectra of this

Mg–HHRz is shown in Fig. 4 in direct comparison with

that of Mn–HHRz. Moderate reduction in signal amplitude

is observed in the presence of Mn2? for both 13C and 15N

CPMAS. Nuclear resonance quenching depended mainly

on the chemical environment: for 13C directly bonded to 1H

we observed a *12–14 % reduction in peak height, while

carbons not carrying hydrogen experienced a *20–30 %

signal decrease; in the 15N case the values converge to

*16 and 19–22 % presumably due to longer required CP

contact times. We tentatively attribute this signal reduction

without apparent broadening to a T1q-dominated param-

agnetic relaxation mechanism during Hartmann-Hahn

contact. Accelerated coherence decay and signal reduction

by paramagnets in DNP samples has been observed in

earlier studies (Corzilius et al. 2014; Lange et al. 2012;

13C Chemical Shift (ppm)
60160 140 120 80100

13C DPMAS
(Mn2+–13C SE DNP)

ε = 8±1Mn-HHRz

mw on

mw off

Fig. 3 13C DPMAS of Mn–HHRz, read-out via Bloch decay obtained

by employing Mn2? as only polarizing agent for SE at the matching

field at 9.43 T; 0.75 ppm exponential line broadening was applied

before Fourier transformation. On-spectra were obtained by co-adding

16 scans obtained with short (160 s) and 4 scans obtained with long

(3276 s) polarization time, respectively. For the off-spectra we co-

added 64 and 16 scans, respectively. Spectra are normalized with

respect to number of scans. A complete compilation of individual

direct-DNP enhanced spectra and their respective acquisition param-

eters is given in the SI (Fig. S5)
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Rossini et al. 2012), but no difference has been observed

between different nuclear environments in a biomolecule

and a clear identification of the major mechanism to T1q

relaxation has not been attempted. In order to investigate

this effect further, CP build-up and/or T1q relaxation

experiments on these HHRz samples are clearly of great

interest and are planned in our lab.

The TEA signal at 57 ppm—which arises from homo-

geneously dispersed buffer molecules and therefore is

expected to show the smallest effect due to Mn2?—expe-

rienced only *7 % signal reduction. Thus, the direct

binding of Mn2? to HHRz is reflected by a selective and

significantly stronger quenching of RNA resonances.

Analysis of polarization build-up dynamics

The 1H polarization build-up constant was determined by

saturation recovery. The data could be fitted perfectly with

a single exponential function and yielded T
1H
B ¼ 7:1 s. In

the diamagnetic Mg–HHRz the time constant was slightly

increased to 8.0 s (build-up curves are shown in the SI,

Fig. S6). This is accompanied by a slightly increased e of

*250 due to less efficient thermal contact of the 1H spin

bath to the lattice. The effects of Mn2? on 1H DNP are

negligible which can be expected when extrapolating

studies on paramagnetic effects to small paramagnet con-

centrations of\0.5 mM (Corzilius et al. 2014).

Direct polarization (DPMAS) read-out of 13C using

Bloch decay can potentially be a quantitative measure of

polarization since it is not influenced by differences in 1H

environment. However, at cryogenic temperatures the

longitudinal relaxation times of 13C become prohibitively

long for full recovery of longitudinal magnetization

between scans. In fact, we observed large enhancements

and a bi-exponential build-up behavior for both Mn- and

Mg–HHRz (see Table 1 for details; a full overview of

spectra and build-up curves is given in the SI, Figures S5

and S7). Using the fitting function

IðtÞ / u 1 � exp � t

TB;f

� �� �
þ 1 � exp � t

TB;s

� �� �
; ð3Þ

a fast (f) and a slow (s) build-up time constant have been

determined which lie in the range of *100 s and

*2000–3000 s, respectively, for all samples. We tenta-

tively ascribe the fast and slow build-up components to a

direct contact between 13C and the electron spin(s) as well

as relayed contact involving 13C–13C spin-diffusion

through the 13C depleted matrix (see details below). Fur-

thermore, 13C DPMAS spectra show visible broadening

depending on the chosen pre-polarization delay (Fig. S5).

This is caused by non-statistical weighting of resonances

from nuclei in close proximity to the polarizing agent by

fast longitudinal build-up and/or large DNP enhancements.

The presence of Mn2? again has a negligible impact on the

observable spectrum. This might seem surprising, but can

be explained by the relatively large concentration of

AMUPol; at 5 mM each HHRz of about *6 nm globular

13C Chemical Shift (ppm)
60160 140 120 80100

mw on
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×25
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15N CPMAS
(nitroxide–1H CE DNP) ε = 240±10

ε = 250±10

Mn-HHRz + AMUPol
Mg-HHRz + AMUPol

(B)

Fig. 4 DNP-enhanced 13C (a) and 15N (b) CPMAS spectra of Mn–

HHRz (solid magenta line) and Mg–HHRz (blue dashed line)

recorded with 16 scans and 64 scans, respectively; non-enhanced

spectra (lower trace, ‘mw off’) are 512 scans in both cases. On- and

off-spectra are normalized with respect to number of scans. Recycle

delays were 9 and 10 s for the Mn- and the Mg–HHRz, respectively.

The off-signal was also multiplied with a factor 25 (middle trace) for

better visibility. Resonances have been assigned to nucleotide atoms

based on two-dimensional spectra (see below); a MAS sideband from

C5’ is marked with an asterisk and a 13C signal from TEA buffer in

natural abundance is occurring around 57 ppm. Values in parentheses

represent relative signal loss due to presence of Mn2?; absolute

intensities of spectra have been normalized by sample weight to

correct for slightly different rotor filling. The lighter spectra are

vertical magnifications with a factor 2.5 for better visibility of weaker

signals. The inset shows the area marked by the dotted box
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diameter is surrounded statistically by *4 AMUPol

molecules (accordingly 8 nitroxide spins) within 1 nm

distance. This could also explain the highly efficient direct
13C DNP in the isotope-depleted matrix; however,

unspecific interactions between RNA and AMUPol cannot

be excluded at the present time. The single Mn2? at the

defined binding position on the other hand leaves many

nuclei at a distance of 3 nm and larger. Nevertheless, we

observed a significant reduction in 13C enhancement from

*420 in Mg–HHRz to *160 in Mn–HHRz, leaving us

with the conclusion that e is significantly reduced by more

efficient nuclear spin–lattice relaxation induced by the

paramagnetic metal ion.

Build-up time constants for direct Mn2?–13C SE DNP

are similar to time constants measured for the Mg–HHRz

samples including AMUPol and are significantly longer

than those for Mn–HHRz including AMUPol (the latter

two were measured under 13C CE DNP). This seems nat-

ural because paramagnetic relaxation rates induced by

Mn2? and AMUPol are additive in first order. Interestingly,

the relative contribution of the fast and slow build-up

components are inverted compared to both AMUPol con-

taining samples. We explain this by the occurrence of

parallel, competing relaxation modes, namely a direct as

well as a relayed polarization transfer pathway via 13C–13C

spin diffusion. By depletion of the 13C abundance in

glycerol to 0.05 % not only a significant background signal

is diminished but—more importantly—the 13C–13C spin-

diffusion between RNA molecules is suppressed. There-

fore, directly bound Mn2? can transfer polarization more

efficiently through the direct pathway while AMUPol—

though a more efficient polarizing agent due to cross

effect—relies on spin-diffusion through the matrix. In

order to confirm this hypothesis we prepared a reference

sample comprised of 225 mM 13C,15N2-urea and 0.4 mM

MnCl2 dissolved in the same glycerol/water mixture. This

sample provides concentrations of 13C and Mn2? which are

equal to those in the Mn–HHRz solution; although both 13C

and Mn2? are now homogeneously dispersed within the

glassy matrix. In contrast to Mn–HHRz the bi-exponential

polarization build-up features only a minor contribution of

a fast component while the majority of spin polarization

built up with a time constant of *5000 s, as can be seen in

Table 1 and Fig. 5. This confirms our initial assignment of

polarization build-up modes due to the absence of any

efficient direct DNP transfer pathway from Mn2? to 13C in

combination with slow spin-diffusion through the diluted
13C network. For DNP with AMUPol an intermediate sit-

uation is encountered: the large molar excess of biradicals

leads to a high probability of sufficiently close RNA–ni-

troxide contacts and opens the direct polarization pathway,

nevertheless, in significantly lower extend as compared to

the endogenous polarizing agent.

Given the rather long polarization delays used for direct

Mn2?–13C SE DNP (160 and 3276 s), enhanced magneti-

zation can efficiently exchange throughout the uniformly

labeled biomolecule by 13C–13C spin diffusion. Therefore,

a site-selective enhancement cannot be expected. Never-

theless, we notice slight differences in relative peak

intensities, most visible in the spectral area between 150

and 160 ppm. This might indicate selective resonance

quenching/broadening and/or non-uniform enhancements

of nuclei in the direct vicinity of Mn2?. For further

investigation of these sought-after effects, experiments

using specifically isotope-labeled RNA are required in

order to not only suppress equilibration of polarization by

spin-diffusion but also to allow for unambiguous assign-

ment of resonances to atomic sites in the large nucleic acid

molecule.

Two-dimensional correlation spectroscopy

The large 1H enhancements allowed us to obtain two-di-

mensional 13C–13C and 15N–13C correlation spectra with

excellent signal-to-noise ratio in short time, as shown in

Fig. 6. Since both techniques utilize 1H magnetization with

an initial 1H–13C or 1H–15N CP step, the enhancement

factors measured by simple CP read-out also apply for the

correlation spectra. Proton-driven spin diffusion (PDSD)

was allowed for 100 ms mixing time for magnetization

transfer over distances significantly longer than a C–C

bond (Bloembergen 1949; Szeverenyi et al. 1982). In

another experiment, transferred-echo double resonance

(TEDOR) with a mixing time of 1.6 ms was utilized for

recoupling of 15N–13C pairs in relatively close distance

comparable to typically one to two bonds (Hing et al. 1992;
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Fig. 5 Direct 13C DNP build-up curves for 0.4 mM Mn–HHRz

complex (magenta) and 0.4 mM MnCl2 with 225 mM 13C,15N2-urea

(orange) both using Mn2?–13C SE DNP. Curves were obtained by

pre-saturation of 13C and following polarization delay of varying time

s and normalized to the extrapolated polarization at infinite time
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Jaroniec et al. 2002). Despite an overall intensity loss

comparable to that observed in simple CP experiments, the

effect of Mn2? is minimal: only a very minor broadening

can be observed in Mn–HHRz; additionally, several cross

peaks show slightly larger relative intensity presumably

due to more efficient recoupling by faster transverse

relaxation during longitudinal mixing.

The combination of short range 15N–13C and long range
13C–13C correlations allowed us to assign a consistent set

of resonances to the atoms in each nucleotide type (see SI,

Tables S1 and S2, and Fig. S8). Every expected intra–nu-

cleotide correlation has been clearly observed and

assigned; additionally several inter–nucleotide resonances

are visible and indicate close contacts due to base pairing

or nucleotide stacking. Especially the resonances of cyti-

dine-C5 and uridine-C5 show the largest number of

unambiguous inter–nucleotide couplings due to their very

large relative CP signal intensity caused by the directly

bonded 1H in combination with little spectral overlap. For

the C6 atoms of the same nucleotides a similar situation is
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Fig. 6 DNP-enhanced 15N–13C TEDOR (a) and 13C–13C PDSD

(b) correlation spectra of Mn–HHRz, and the respective TEDOR

(c) and PDSD (d) spectra of Mg–HHRz. TEDOR spectra were

recorded with 1.6 ms mixing time, 56 t1 slices with 100 ls increment

and 64 scans each (representing two 32-step phase cycles). Recycle

delays of 8 and 9 s were used for Mn–HHRz and Mg–HHRz,

respectively, resulting in 8 and 9 h acquisition time. A sine bell

window function was applied in both dimensions and the spectra were

Fourier-transformed after zero filling to 4096 9 1024 points. PDSD

spectra were recorded with 100 ms mixing time, 128 t1 slices with

44 ls increment and one 16-step phase cycle. A recycle delay of 9 s

was used for both Mn–HHRz and Mg–HHRz, resulting in 5 h

acquisition time. A sine bell window function was applied in both

dimensions and the spectra were Fourier-transformed after zero filling

to 4096 9 1024 points. All resonances above 170 ppm or below

62 ppm 13C chemical shift are attributable to spinning sidebands
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expected, but mutual spectral overlap between cytidine-C6

and uridine-C6 and additional overlap with adenosine-C8

impedes unambiguous assignments. Also it is noteworthy

that several nucleobase resonances feature a large chemical

shift dispersion which is often correlated with a shift of a

coupled resonance potentially allowing for the identifica-

tion of structural elements given single-site resolution can

be achieved by higher-dimensional correlation spec-

troscopy or selective isotope labeling.

In Fig. 7 we present slices taken out of the two-di-

mensional correlation spectra in order to demonstrate the

impressive signal-to-noise ratio obtained by DNP. Clearly

the enhanced signal intensity is sufficient to extend the

space into three or even more dimensions for increased

chemical shift dispersion selectivity and/or for peak

assignment using more sophisticated strategies (Marchanka

et al. 2013). Some broadening induced by Mn2? seems to

occur in the down-field shifted region above 140 ppm as is

visible in the PDSD slice. This might arise from direct

magnetic interactions between the electron spin of Mn2?

and the aromatic carbons of nucleobases close to the

binding site. The large spectral overlap in the unselective

one-dimensional CP experiment masks this broadening in

Fig. 4.

Even though the intrinsically strong overlap of reso-

nances in large nucleic acid molecules in the solid state often

does not allow for assignment of individual nucleotides

(Abramov and Goldbourt 2014), we can nevertheless iden-

tify several interesting, distinct spectral features not

observed in solution NMR spectra of RNA. For example, we

observe the occurrence of several 15N correlation peaks to

cytidine-C4 centered at a 13C chemical shift of 167.3 ppm

(see Fig. 8). A rather narrow but intense peak is found at a
15N chemical shift of 198.2 ppm which we attribute to

cytidine-N3 due to the sole coupling to cytidine-C2 at

158.2 ppm (besides C4). However, this resonance typically

is reported to occur around 210 ppm with a narrow distri-

bution. We found a broader resonance of smaller peak

intensity at 227.3 ppm which is also coupled to cytidine-C2,

-C4, and additionally to guanosine-C2 (although coupling to

guanosine-C6 has not been observed). We tentatively attri-

bute this to an alternative conformation of cytidine, which

might be stabilized by Watson–Crick base pairing to

guanosine. Fast exchange between these conformations in

liquid state leads to coalescence of the resonances and

occurrence of a single peak at the mean chemical shift of

*210 ppm. Please note that the simple analysis of peak

intensities of the correlation spectra does not allow for the

determination of conformational populations. A (tentatively

assigned) third correlation resonance between cytidine-N3

and –C4 can be found at a 15N chemical shift of 152.2 ppm.

This significant upfield shift by *50 ppm—together with

observed coupling to 13C resonances at 158.2 ppm (cy-

tidine-C2) and *134 ppm (guanosine-C8)—could be

Mn-HHRz
Mg-HHRz
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×10

Fig. 7 One-dimensional slices of correlation spectra of Mn–HHRz

and Mg–HHRz. a Slice taken out of PDSD (Fig. 6) at a 13C chemical

shift of 74.8 ppm corresponding to C2’ resonance of all nucleotides.

The light lines are a vertical magnification by a factor 10 for better

visibility of the low-intensity aromatic regions. b Slice taken out of

TEDOR (Fig. 6) at a 15N chemical shift of 153.6 ppm corresponding

to cytidine-N1 resonance. No apodization (window function) was

applied in the direct dimension of both spectra to allow for

demonstration of signal/noise ratio
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Fig. 8 Section of 15N–13C correlation spectrum showing heteroge-

neous splitting of cytidine-N3 into three resonances (marked with

dashed lines). Resonances are labeled with nucleotide type (i.e. A, G,

C, and U) and atom label according to Fig. S8. For inter-nucleotide

contacts (red) both nucleotides are given in the label; for intra-

nucleotide contacts (black) the nucleotide is given only as first

character of the label
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explained by protonation of cytidine-N3 and base pairing to

guanosine in a Hoogsteen-type conformation. The occur-

rence of Hoogsteen-type base pairs in the tertiary structure

of HHRz has been observed (Chi et al. 2008; Martick and

Scott 2006). In order to vet this tentative conformational

analysis further experiments are clearly required. Never-

theless, these preliminary findings clearly guide the way for

future investigations.

Conclusion

In conclusion, uniformly isotope-labeled RNA can be

efficiently polarized in a cryoprotecting frozen solution.

The endogenously bound Mn2? in HHRz can be used as

polarizing agent for 13C DNP of ribonucleic acid as we

have shown in this first demonstration of direct, intra-

complex DNP transfer in a biomolecule. Even though the

enhancement factor is moderate and equilibration of

enhanced polarization most probably occurs over the

course of several tens or hundreds of seconds during build-

up in uniformly 13C-labeled biomolecules, the analysis of

build-up dynamics in combination with potentially non-

uniform enhancements in sparsely or selectively labeled

samples might allow for the observation of site-selective

DNP and may bear invaluable information for structural

biology problems. Furthermore, with typical bis-nitroxide

polarizing agents, 1H enhancement factors of up to 250

have been observed which surpass those commonly

observed in proteins due to the absence of fast-reorienting

methyl groups. Furthermore, the presence of an endoge-

nously bound paramagnetic Mn2? ion only marginally

influences the enhancement and linewidth as far as the

analysis of overlapping resonances in the 59-mer allows.

Analysis of two-dimensional 15N–13C and 13C–13C corre-

lation spectra indicate the occurrence of multiple distinct

conformations which would be interconverting in the liquid

state but are trapped in the frozen solution. Therefore,

MAS DNP in the cryogenic solid state allows for direct

access of these otherwise ‘‘hidden’’ states as opposed to

indirect detection methods in solution (Nikolova et al.

2011). During the preparation of this manuscript, March-

anka et al. have demonstrated nearly complete atomic site

assignments of a small (26 nucleotides) RNA within a

protein complex by MAS NMR (Marchanka et al. 2015).

Extension of MAS NMR spectra to three or more spectral

dimensions—not possible without the outstanding signal-

to-noise ratio evoked by DNP (Marchanka et al. 2015)—

would aid the development of efficient assignment proto-

cols similar to those already available for proteins (Franks

et al. 2007; Li et al. 2007; Pauli et al. 2001) and adapted for

RNA structural biology by Marchanka et al. (Marchanka

et al. 2013). This could establish DNP-enhanced MAS

NMR as a valuable addition to the already existing toolbox

for the structural biology of nucleic acids.

Additional information

Supporting Information. Native PAGE assay, dissocia-

tion constant determination, EPR confirmation of Mn2?

binding in DNP samples, Mn2?–13C SE simulation, full set

of direct 13C DNP spectra, build-up curves, and resonance

assignment.
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