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Abstract Relaxation parameters such as longitudinal

relaxation are susceptible to artifacts such as spin diffusion,

and can be affected by paramagnetic impurities as e.g.

oxygen, which make a quantitative interpretation difficult.

We present here the site-specific measurement of [1H]13C

and [1H]15N heteronuclear rates in an immobilized protein.

For methyls, a strong effect is expected due to the three-

fold rotation of the methyl group. Quantification of the

[1H]13C heteronuclear NOE in combination with 13C-R1

can yield a more accurate analysis of side chain motional

parameters. The observation of significant [1H]15N heter-

onuclear NOEs for certain backbone amides, as well as for

specific asparagine/glutamine sidechain amides is consis-

tent with MD simulations. The measurement of site-

specific heteronuclear NOEs is enabled by the use of highly

deuterated microcrystalline protein samples in which spin

diffusion is reduced in comparison to protonated samples.

Keywords MAS solid-state NMR � Deuteration � Protein

dynamics � Spin relaxation

Introduction

Nuclear relaxation is a consequence of molecular motion

resulting from reorientation of the dipole and CSA interac-

tions with respect to the external magnetic field. As such, it is

an intrinsic feature of solution-state NMR. Also in the solid-

state, local dynamics yield fluctuations of magnetic fields,

resulting in nuclear relaxation. In the past, longitudinal (Cole

and Torchia 1991; Giraud et al. 2004; Chevelkov et al. 2008),Juan Miguel Lopez del Amo and Vipin Agarwal have contributed

equally to this work.
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cross-correlated relaxation rates (Chevelkov et al. 2007a, b;

Linser et al. 2010), as well as order parameters (Lorieau and

McDermott 2006; Chevelkov et al. 2009a; Hou et al. 2011;

Schanda et al. 2011) have been measured for uniformly

isotopically enriched, immobilized biomolecules. This has

enabled the quantification of backbone and side chain

dynamics (Chevelkov et al. 2009b; Schanda et al. 2010;

Knight et al. 2012). The data was analyzed within the

framework of the extended model-free theory, and showed

the presence of small-amplitude motions with slow motional

correlation times in the range of 5 and 150 ns. Additionally,

information on slow ls–ms timescale motion has been

obtained from R1q experiments (Helmus et al. 2008; Kru-

shelnitsky et al. 2010; Lewandowski et al. 2011b; Byeon

et al. 2012; Quinn and McDermott 2012; Zinkevich et al.

2013) or CPMG (Tollinger et al. 2012). In the solid-state,

observables such as spin–lattice relaxation rates are depen-

dent on other parameters such as the nuclear spin density or

the concentration of paramagnetic impurities as e.g. dis-

solved oxygen. Furthermore, the longitudinal relaxation rate

R1 is MAS dependent and can be affected by spin-diffusion

(Fry et al. 2011). This makes an absolute quantitative inter-

pretation of the experimental rate rather difficult. Other

observables such as the dipole-CSA cross-correlated relax-

ation rate g and R1q do not require such calibration. E.g. g is

exclusively sensitive to slow dynamics with correlation

times larger than 1 ns.

We present here the first quantification of site-specific

heteronuclear 13C[1H] and 15N[1H] Overhauser enhance-

ments in a microcrystalline protein sample. The heteronu-

clear NOE is sensitive to motion on a sub-ns timescale and

therefore allows to unambiguously identify dynamics with

motional correlation times in the picosecond regime. Het-

eronuclear NOE experiments in the solid-state have been

pioneered by Gibby, Pines and Waugh (Gibby et al. 1972)

and applied to small molecules by Haw, Law and

coworkers (White and Haw 1990; Higgins et al. 2002).

Takegoshi and Terao suggested to exploit the heteronuclear

NOE expected for methyl groups for polarization transfer

instead of cross-polarization (Takegoshi and Terao 2002).

This has subsequently been applied to proteins (Katoh et al.

2004; Purusottam et al. 2013). The first assessment of

protein dynamics by interpretation of heteronuclear NOE

experiments in the solid-state was reported by Emsley and

co-workers (Giraud et al. 2006). In their work, non-specific

heteronuclear NOEs between water and the bulk amide

backbone have been observed, and potential magnetization

pathways are discussed. We show here that heteronuclear

NOEs can be quantified in the solid-state with site-specific

resolution. The experiments are carried out using a per-

deuterated sample of the chicken a-spectrin SH3 domain.

We believe that quantification of heteronuclear NOEs will

be important for model-free analyses involving two

independent motional timescales, requiring at least four

linear independent observables.

Results and discussion

In the past, we and others proposed a labelling scheme that

is based on extensive deuteration to eliminate undesired

proton–proton dipolar interactions (Chevelkov et al. 2006;

Schanda et al. 2009; Akbey et al. 2010; Knight et al. 2011).

The perdeuterated protein is recrystallized from a buffer

containing D2O in order to suppress anisotropic interac-

tions among exchangeable sites. This results in significant

narrowing of the proton resonance, yielding 1H line width

on the order of 20–40 Hz without application of homonu-

clear decoupling. The amount of D2O required in the

crystallization buffer depends on the experimental MAS

rotation frequency (Akbey et al. 2010; Lewandowski et al.

2011a). Given the fact that high power heteronuclear and

homonuclear decoupling is not required, sample heating is

avoided and dynamic properties can be quantified with

high accuracy (Linser et al. 2007).

Initially, we performed [1H]13C heteronuclear NOE

experiments. For methyl groups, a significant heteronuclear

NOE effect is expected due to the fast three-fold rotation of

the CH3 group. For these experiments, a sample was

employed in which the growth medium was supplemented

with specifically labeled a-ketoisovalerate to yield selective

enrichment of valines and leucines methyl groups

(13C1H2D2) (Agarwal et al. 2008). Similar spectra are

observed for uniformly 2H and 13C isotopically enriched

samples, exploiting the fact that the chemicals which are

used as nutrients in the bacterial growth medium have an

isotopic purity on the order of 97 % (Agarwal and Reif

2008). This allows to detect methyl group protons with high

sensitivity and resolution.

A HOESY experiment was recorded using the pulse

scheme in Fig. 5a. The corresponding spectrum is repre-

sented in Fig. 1a. Peak intensities for the heteronuclear

NOE are not uniform and vary significantly for different

methyl groups. We observe additional cross peaks that

represent correlations between specific carbon resonances

and two or more proton resonances. These additional cross

peaks are presumably due to 1H,1H spin diffusion. In fact,

the methyl groups of V9, V44 and V53 are located in the

hydrophobic core of the protein and are all within a dis-

tance of 4–5 Å. In principle, RAP labeling (Asami et al.

2010) in combination with fast spinning (Asami and Reif

2013) can yield a more efficient dilution of the protein spin

system to overcome this issue.

Quantitative heteronuclear NOEs enhancement factors

were obtained by comparing 1H,13C cross peak intensities

of spectra that were recorded with on- and off-resonance
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proton irradition prior to the 13C excitation pulse (pulse

scheme in Fig. 5b). In the steady-state, the heteronuclear

NOE is given by the equation (Cavanagh et al. 1996)

hetNOE ¼ 1 þ cH

cC

� RðhetNOEÞ
RðCzÞ

ð1Þ

R(Cz) and R(hetNOE) refer to the carbon longitudinal

relaxation rate and the heteronuclear NOE rate, respec-

tively, which can be quantitatively described as (Ishima

et al. 2001a)

RðhetNOEÞ ¼ c2
CH �JðxH � xCÞ þ 6JðxH þ xCÞ½ � ð2Þ

RðCzÞ ¼ c2
CH JðxH � xCÞ þ 3JðxCÞ þ 6JðxH þ xCÞ½ �
þ 2c2

CD JðxD � xCÞ þ 3JðxCÞ þ 6JðxD þ xCÞ½ �
þ d2

CJðxCÞ
ð3Þ

with cCH = (l0/4p)cHcC⁄/rCH
3 and cCD = (l0/4p)(8/3)1/2-

cDcC⁄/rCD
3 , assuming rCH = 1.115 Å and rCD = 1.110 Å.

dC refers to the chemical shift anisotropy of the methyl

carbon and was set to 25 ppm (Ishima et al. 2001b; Wylie

et al. 2005). The model-free spectral density functions J(x)

are defined as (Agarwal et al. 2008)

Fig. 1 a 1H,13C correlation spectra obtained using CP (black) and

heteronuclear NOE (pulse scheme in Fig. 5a). For clarity, the axes of

the hetNOE experiment have been swapped. The NOE mixing time

was set to 150 ms. The experiment was recorded using a perdeuter-

ated SH3 sample which was selectively protonated in leucine and

valine residues (Agarwal et al. 2008). b Correlation between the

experimental heteronuclear NOE enhancement and the 13C R1

relaxation rate using the experimental scheme depicted in Fig. 5b.

The carbon longitudinal relaxation data are taken from (Agarwal et al.

2008). c Theoretical [1H]13C heteronuclear NOE rates within the

framework of a model-free analysis, for magnetic field strengths of

9.4 T (400 MHz, blue), 14.1 T (600 MHz, black) and 21.1 T

(900 MHz, red). In the simulation, SF
2 = 0.6 has been assumed.

d [1H]13C heteronuclear NOE rates as a function of the motional

correlation times sS and sF in the framework of an extended model-

free analysis. In the simulation, the order parameters are set to

SF
2 = 0.6 which is a typical values found for Val and Leu side chain

methyl groups (Ishima et al. 2001b; Skrynnikov et al. 2002). It is

found that the slow motional order parameter SS
2 has a small influence

on the magnitude of the heteronuclear NOE. In the simulation, SS
2 was

set to 0.6
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JðxÞ ¼ 1� 1

9
S2

F

� �
sF

1þ x2s2
F

ð4Þ

SF refers to the fast motion order parameter which contains

fast torsional angle fluctuations in the side chain. The

extended model-free spectral density function adapted to

methyl groups is defined as (Clore et al. 1990)

JðxÞ ¼ 1� 1

9
S2

F

� �
sF

1þ x2s2
F

þ S2
F

9
1� S2

S

� � sS

1þ x2s2
S

ð5Þ

As the influence of the order parameter on the spectral

density function is scaled due to the three-fold rotation of

the methyl group, SF
2 has a relatively small influence on the

heteronuclear NOE. Typical values for Val and Leu side

chains at room temperature are SF
2 = 0.6 (Ishima et al.

2001b; Skrynnikov et al. 2002).

We find that 13C R1 relaxation rates and heteronuclear

NOE are highly correlated (Fig. 1b). At first sight this

seems surprising, as it is found that methyl group dynamics

occurs in the picosecond regime with correlation times in

the range of 5–100 ps (Xue et al. 2007). For motion on this

timescale, no variations of the heteronuclear NOE are

expected within the framework of a model-free analysis

(Fig. 1c). Inclusion of a second set of parameters (SS
2, sS),

assuming the order parameter SS
2 to be on the order of 0.6,

and sS in the range of 1–3 ns yields a consistent fit for 13C-

R1 and the heteronuclear NOE enhancement factors.

Subsequently, we applied the approach to nitrogens to

obtain dynamic information for the protein backbone and

the side chain amides. Figure 2 shows a 1H,15N correlation

spectrum resulting from the 2D version of the pulse scheme

represented in Fig. 5c (f2, f3), using a mixing time of 2.0 s

for the heteronuclear NOE transfer. We find the strongest

correlation peaks for the side chain amides of Q16 and

Q50. Weaker transfers are observed for the N- and

Fig. 2 [1H]15N heteronuclear NOE correlation spectra (red con-

tours), employing the pulse scheme represented in Fig. 5c (chemical

shift evolution in f2, f3). The mixing time was set to 2.0 s. The

reference spectrum which was recorded using INEPT for magneti-

zation transfer is represented in black

Fig. 3 2D-1H, 1H planes (f1,f3)

from the 1H detected 3D H-NH

experiment using [1H]15N

heteronuclear NOE for

magnetization transfer. For the

experiment, the pulse scheme

represented in Fig. 5c was

employed. 2D slices were

selected at specific 15N

chemical shifts. The hetNOE

mixing time was set to 500 ms
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C-termini of the protein (E3, T4, G5, as well as for K60,

L61 and D62).

To address the question on the origin of polarization, we

recorded a 3D experiment with a 1H chemical shift evo-

lution period before the heteronuclear NOE mixing ele-

ment (pulse scheme in Fig. 5c). We find that for the side

chain amides of Q16 and Q50, magnetization originates

primarily from water protons (Fig. 3). Additionally, direct

correlations between side chain amide protons and nitro-

gens are observed. In principle, HN,HN cross peaks should

be aligned along the diagonal in the spectrum. However,

rotation around v4 results in chemical exchange between

e.g. Q50(E)-Hd and Q50(Z)-Hd which yields additional

cross peaks above and below the diagonal. These exchange

mediated cross peaks are apparently not resolved within the

spectral resolution obtained in this experiment. For D62,

magnetization originates in equal parts from water and

from the backbone amide proton, whereas for the backbone

amide Q50, magnetization is exclusively originating from

the amide proton. A correlation peak to water is absent. In

MD simulations, the backbone amide of Q50 shows a high

order parameter. We therefore speculate that the Q50

backbone correlation peak in Fig. 2 is caused by proton

driven spin diffusion. Similarly, the backbone cross peak

for Q16 might be explained. Observation of spin diffusion

mediated cross peaks between side chain and backbone

amides is surprising as spin diffusion should be largely

suppressed by the employed deuteration scheme. Never-

theless, the extensively long mixing times of up to several

seconds might faciliate the observed magnetization

transfer.

Heteronuclear NOEs involving water is presumably due

to indirect transfers involving the side chain amide proton

as a relay nucleus.

PRE experiments show that Q16 and Q50 are both solvent

accessible (Linser et al. 2009). None of the two residues is

Fig. 4 a Structural model of the a-spectrin SH3 domain (PDB ID:

1U06). The protein adopts a dimeric structure in the crystal unit cell.

Solvent accessibility is indicated by water spheres. b 1H,15N corre-

lation spectrum of the a-spectrin SH3 domain using INEPT (red

contours) and CP (black contours) for magnetization transfer. Amides

which are mobile on a timescale shorter than the rotor period are not

visible in the CP based experiment. c Top MD trajectory for

asparagine v2 (N35, N38 and N47), as well as glutamine v3 (Q16 and

Q50). The origin of the circle represents t = 0. Subsequent time steps

are represented as t•e-iv, with t being the radius of the circle. Bottom

correlation functions C(t) for asparagine and glutamine side chain

motion, calculated from the MD trajectory
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involved in a hydrogen bond (Fig. 4a). In the X-ray structure,

a water molecule is found in close vicinity of those residues

(PDB ID: 1U06). By contrast, residues N35 and N38 are

involved in hydrogen bonds to a SH3 molecule located in a

symmetry related crystal unit cell. Water-amide spin diffu-

sion experiments indicate that a water molecule is nearby for

these two residues (Chevelkov et al. 2005). The presence of a

water molecule is confirmed by a well defined electron

density in the X-ray structure. However, no heteronuclear

NOE can be observed indicating that the residence time for

these water molecules must be much longer. Asparagine and

glutamine side chains can undergo motion on a sub-nano-

second timescale. Rotations around the nitrogen Nd/Ne
carbonyl Cc/Cd axis are very slow due to the partial double

bond character, resulting in distinct chemical shifts for the

NHc and NHd side chain amide protons, respectively. Nev-

ertheless, the side chain can be mobile. In the a-spectrin SH3

domain, Q16 and Q50 are particularly dynamic. In the x-ray

structure, the occupancies for Q16Ne, N35Nd, N38Nd,

N47Nd and Q50Ne are 0.4, 1.0, 1.0, 0.5, 0.8, respectively

(PDB ID: 2NUZ) (Chevelkov et al. 2007b). This is consistent

with MD simulations, which yield rapidly decaying corre-

lation functions with a small overall order parameter

(Fig. 4c) (Chevelkov et al. 2010). The initial decay of the

correlation function is equally fast for all asparagine and side

chain amide groups. Apparently, the observation of a het-

eronuclear NOE is only coupled to the order parameter of the

motion. Whereas the motional amplitude for N35 and N38 is

too small to yield a significant hetNOE, the side chains of

Q16, N47 and Q50 show large enough motion to induce a

significant relaxation based magnetization transfer. Fast

dynamics with large amplitudes is consistent with 1H,15N

correlation spectra recorded with INEPT and CP for

magnetization transfer (Fig. 4b). For Q16, N47 and to a

somewhat less extent for Q50, CP efficiency is reduced in

comparison to INEPT type transfers indicating fast motion

(Linser et al. 2010). Interestingly, a heteronuclear NOE is

also observed for the amides of residues E3, T4, G5 and D62

which have been shown to undergo slow dynamics in the

10–100 ns regime recently (Chevelkov et al. 2009b; Linser

et al. 2010), indicating that motion occurs on multiple

timescales. Amides for which we observed previously large

H/D exchange rates (primarily R21, N35sc, S36, N38sc,

W41e) (Lopez del Amo et al. 2010) do not show a significant

heteronuclear NOE, indicating that fast H/D exchange is not

necessarily coupled with fast dynamics.

In the future, the measurement of heteronuclear NOEs

might be transferred to other than methyl groups in ali-

phatic side chains which are accessible via the RAP

labeling scheme (Asami et al. 2010, 2012), and will allow

to quantify the timescale of side chain motional processes.

Methods

Sample preparation

A 2H,13C,15N labelled sample of the SH3 domain of

chicken a-spectrin was produced by recombinant protein

expression. The protein was purified and micro-crystallized

as described previously (Chevelkov et al. 2006). Protons

were partially back-exchanged at labile positions by pre-

cipitating the protein in a buffer containing 10 % H2O.

This proton concentration was found to be the best com-

promise between sensitivity and resolution at this rotation

frequency (Akbey et al. 2010). Micro-crystals were

Fig. 5 Pulse schemes employed in this study. [1H]13C (A,B) and

[1H]15N (C) heteronuclear NOE experiments. a The heteronuclear

detection version, whereas b and c refer to the proton detected version

of the experiment. In c, MISSISSIPPI solvent suppression was

employed prior to detection (Zhou and Rienstra 2008). The delay s is

set to 1/(2J), assuming an effective coupling of 92.5 and 88 Hz for the

first and second INEPT step
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obtained via a pH-shift from 3.5 to 7.5 overnight. The

crystals were spun into a 3.2 mm rotor using approximately

15 mg protein per sample.

NMR spectroscopy

Experiments to identify and characterize the heteronuclear

NOE are represented in Fig. 5. [1H]13C heteronuclear NOE

experiments are shown in Fig. 5a, b, [1H]15N heteronuclear

NOE experiments are recorded employing the pulse

schemes shown in Fig. 5c.

For proof-of-principle, a 13C detected 2D hetNOE

experiment was recorded, accumulating 192 increments in

the indirect 1H evolution period (t1
max = 25 ms) with 512

scans each (pulse scheme in Fig. 5a). A spin-temperature

filter is implemented to ensure that magnetization origi-

nates from protons (u1 = ?x, -x; u1 = 2(?x), 2(-x);

uREC = ?x, -x, -x, ?x). The recycle delay was set to

1.6 s, and the experimental time for this experiment

amounted to 44 h.

An increase in sensitivity is achieved using proton

detected experiments (Fig. 5b). Quantitative values for

[1H]13C heteronuclear NOE enhancements are obtained by

comparing spectra with on- and off resonance saturation

for 80 and 600 ms. Proton saturation pulses were applied

with alternating x and y phases. The employed rf field on

the 1H channel was set to 8 kHz. In the quantitative het-

NOE experiments, 80 increments (t1
max = 20 ms) with 128

scans each were accumulated (recycle delay = 8.0 s) to

yield a total experimental time of ca. 24 h.

The [1H]15N heteronuclear NOE is implemented using a

longitudinal mixing time during which magnetization is

allowed to exchange from the proton to the heteronuclear

spin (Fig. 5c). The first evolution period involving protons

(t1
max = 1.2 ms, 32 increments) is implemented only in the

3D experiment to identify the proton spins from which

magnetization originates. For the 2D experiments, a spin-

temperature filter ensures that magnetization originates

from protons, using u1 =?x, -x; u2 = 2(-x), 2(?x);

u3 = 4(?x), 4(-x); u4 =?x; u5 = 8(?y), 8(-y);

u6 =?x; uREC = (?x, -x, -x, ?x), 2(-x, ?x, ?x, -x),

(?x, -x, -x, ?x). Scalar decoupling is achieved by a 180�
15N pulse in the middle of the evolution period. The het-

eronuclear NOE mixing time is set to 500 ms. Subse-

quently, 15N chemical shifts are evolved (t2
max = 3.9 ms,

16 increments). States-TPPI was used in both indirect

dimensions to achieve sign discrimination of the frequency

in the rotating frame. A refocused INEPT step is employed

to transfer magnetization from 15N to 1H (using an opti-

mized effective J coupling of 88 and 92.5 Hz for 1H-15N

and 15N-1H steps, respectively). During acquisition, proton

magnetization is acquired (aq = 50 ms) using GARP for
15N heteronuclear scalar decoupling. 512 scans are

accumulated for each increment. The recycle delay was set

to 1.6 s, resulting in a total aquisition time of approxi-

mately 5 days.

All MAS solid-state NMR experiments were performed

at a magnetic field strength of 9.4 T, employing a Bruker

Avance 400WB spectrometer. The spectrometer was

equipped with a standard 3.2 mm triple resonance MAS

probe. The MAS rotation frequency was set to 20 kHz in

all experiments. The effective temperature was adjusted to

30 �C. The 1H, 13C and 15N p/2 pulse widths used in the

[1H]15N heteronuclear NOE correlation spectra were set to

3.5, 4.2 and 4.5 ls, corresponding to a RF field of 71, 59

and 56 kHz, respectively. WALTZ-16 decoupling was

applied on the 15N channel (xrf/2p = 2 kHz) during proton

acquisition. The recycle delay was set to 3 s. The MIS-

SISSIPI scheme (Zhou and Rienstra 2008) for 1H water

dephasing was applied without use of homospoil gradients.

All hetNOE spectra are processed by employing cosine

squared window functions in both dimensions for apodi-

zation, without any resolution enhancement.

MD simulations

MD simulations were started from the crystal structure of

the alpha-spectrin SH3 domain (PDB code: 2NUZ). The 4

SH3 monomers of the asymmetric crystal unit were sim-

ulated in an orthorhombic crystal lattice using periodic

boundary conditions with cell dimensions 34 9 43 9 50

Å. Simulations were carried out using the Amber99SB all-

atom force field in GROMACS 4.5.4 (Hess et al. 2008)

with TIP3P water. The simulation system was comprised of

8 unit cells (2 9 2 9 2) containing together 63,437 atoms,

including 33,705 solvent molecules, and 114 Na? ions and

146 Cl- ions to achieve a salt concentration of 150 mM

and thus neutral net charge. LINCS (Hess 2008) and Settle

(Miyamoto and Kollman 1992) were applied to constrain

covalent bond lengths, allowing an integration time step of

2 fs. Electrostatic interactions were calculated with the

particle-mesh Ewald method (Essman et al. 1995). The

temperature was kept at a constant 300 K by separately

coupling (s = 1 ps) the peptide and solvent to an external

temperature bath using velocity-rescaling (Bussi et al.

2007). The pressure was kept constant by Berendsen cou-

pling (s = 0.5 ps) to a pressure bath. The simulation was

relaxed using steepest-descent followed by a 500 ps

equilibration using position restraints on heavy atoms.

After the equilibration phase, the simulation was within

0.2 % of the experimentally observed unit cell volume. An

NTP simulation was run for 1 ls. Since 32 equivalent SH3

subunits are present in the simulation system, this yields

the equivalent of 32 ls of simulation time for a single SH3

subunit.
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