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Abstract We present a comprehensive analysis of protein

dynamics for a micro-crystallin protein in the solid-state.

Experimental data include 15N T1 relaxation times mea-

sured at two different magnetic fields as well as 1H–15N

dipole, 15N CSA cross correlated relaxation rates which are

sensitive to the spectral density function J(0) and are thus a

measure of T2 in the solid-state. In addition, global order

parameters are included from a 1H,15N dipolar recoupling

experiment. The data are analyzed within the framework of

the extended model-free Clore–Lipari–Szabo theory. We

find slow motional correlation times in the range of 5 and

150 ns. Assuming a wobbling in a cone motion, the

amplitude of motion of the respective amide moiety is on

the order of 10� for the half-opening angle of the cone in

most of the cases. The experiments are demonstrated using

a perdeuterated sample of the chicken a-spectrin SH3

domain.
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Introduction

Characterization of internal protein dynamics is important

to obtain a better understanding of the energetics involved

in ligand binding (Frederick et al. 2007; Lange et al. 2008),

the enzymatic activity of proteins (Eisenmesser et al. 2002;

Henzler-Wildman and Kern 2007), protein folding and

unfolding (Grey et al. 2006; Korzhnev et al. 2004; Vall-

urupalli et al. 2008), and to get insight into the dynamics of

ion binding sites in RNA and proteins (Eichmüller and

Skrynnikov 2005, 2007; Hoogstraten et al. 2000).

Solution-state NMR relaxation measurements are

restricted to the detection of motional time scales faster

than the tumbling correlation time sR of the protein under

investigation (Cavanagh et al. 1996). Motion slower than

the overall correlation time is masked as the respective

spectral density functions decay rapidly above sR.

Dynamics on a ls to ms timescale can be probed using R1q

type sequences. The time domain inbetween (ns–ls) is not

easily accessibly and can only be sampled by artificially

increasing the overall motional correlation time by

extending the size of the molecule (Zhang et al. 2006), or

by increasing the viscosity of the solution (Xu et al. 2009;

Zeeb et al. 2003), assuming that local dynamics are unaf-

fected. Alternatively, slow motional processes can be

identified by comparison of order parameters obtained

from 15N relaxation and RDC measurements using multiple

alignment media (Bouvignies et al. 2005; Lakomek et al.

2005). RDC measurements will, however, only yield

information on the amplitude of the implicated dynamics.

The timescale of motion can be accessed only indirectly by

exclusion.

On the other hand, analysis of motion comes more and

more into the focus of MAS solid-state NMR spectroscopy.

In the past, e.g. the loop motion in triosephosphate isom-

erase was characterized (Williams and McDermott 1995).

Analysis of dynamics in the solid-state is even more so of

interest as certain parts of the protein are apparently

mobile, as the cross-polarization transfer dynamics for
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resonances in mobile regions of the protein can be van-

ishing (Andronesi et al. 2005; Helmus et al. 2008; Wasmer

et al. 2008). In this case, a complete set of resonances can

only be employed when scalar transfer sequences are

employed (Agarwal and Reif 2008). In contrast to solution-

state, overall tumbling is absent in the solid-state. In an

immobilized sample, relaxation is exclusively resulting

from local structural fluctuations. The dynamic properties

of a protein should therefore be accessible with very high

accuracy. In particular, motion beyond the overall corre-

lation time limit, imposed in the analysis of dynamics

relying on solution-state NMR relaxation data, should be

within reach. 15N-T1 (Chevelkov et al. 2008; Cole and

Torchia 1991; Giraud et al. 2004, 2005, 2007), heteronu-

clear Overhauser effects (Giraud et al. 2006) and 15N-CSA,
1H–15N dipole cross correlated relaxation (Chevelkov et al.

2007a; Skrynnikov 2007) in uniformly isotopically enri-

ched proteins can nowadays be measured routinely on

uniformly isotopically enriched proteins. Site-specific

order parameters were obtained from dipolar recoupling

MAS solid-state NMR experiments for various backbone

and sidechain 13C–1H moieties (Franks et al. 2005; Huster

et al. 2001; Lorieau and McDermott 2006; Lorieau et al.

2008; Sackewitz et al. 2008). Side chain dynamic infor-

mation is accessible making use of the deuterium quadru-

polar interaction by interpretation of the spinning sideband

manifold (Hologne et al. 2005, 2006a, b). 2H/13C-T1 methyl

relaxation measurements allow a more detailed character-

ization of the motional time scale detected in order

parameter experiments (Agarwal et al. 2008; Reif et al.

2006). A comparison of relaxation data obtained in the

solid-state and in solution reveals that dynamics in both

states is highly similar (Agarwal et al. 2008; Chevelkov

et al. 2007c). This opens perspectives for a combined

analysis of motion using both solution and solid-state NMR

spectroscopy (Palmer-III et al. 1996).

Recently, we suggested a labeling scheme which is

based on high levels of deuteration to eliminate most of the

undesired proton–proton dipolar interactions (Chevelkov

et al. 2006). The perdeuterated protein is recrystallized

from a buffer containing 90% D2O in order to suppress

anisotropic interactions among exchangeable sites. Given

the fact that high power heteronuclear and homonuclear

decoupling is not required, the temperature of the sample is

well defined and dynamic properties can be quantified with

high accuracy. The deuteration scheme enables a spin-

diffusion free determination of dynamic parameters. The

goal of the paper is to integrate 15N-T1, 1H–15N dipole, 15N

CSA cross correlated relaxation and 1H–15N dipolar cou-

pling measurements performed in our laboratory to yield a

quantitative description of dynamics in the solid-state. The

experiments are carried out using a perdeuterated sample of

the chicken a-spectrin SH3 domain (Fig. 1).

Materials and methods

Sample preparation

A pET3d derivative coding for a-spectrin SH3 domain

from chicken brain was a gift of M. Saraste. Protein was

expressed in E. coli BL21 (DE3) in M9 minimal medium

with 100% D2O with 4 g/L 2H8-glycerol as the sole carbon

source, together with 1 g/L 15N–NH4Cl. Cells were grown

at 37�C up to an optical density (OD600 nm) of 0.6. The

temperature was then decreased to 22�C and induction was

started with 1 mM IPTG overnight. Purification of the cell

extract was carried out in H2O (anion exchange on a Q-

Sepharose FF column, followed by gel filtration on a

Superdex75 column; Pauli et al. 2000). 10 mg of the

purified protein was lyophilized and redissolved in H2O/

D2O using a mixing ratio of 10:90 with respect to solvent

exchangeable protons. Microcrystalline precipitates were

obtained by mixing the protein solution (10 mg/mL) at a

ratio of 1:1 (v/v) with a 200 mM (NH4)2SO4 solution

containing 90% D2O. The pH value was adjusted to around

seven by exposing the sample to an alkaline atmosphere,

monitoring the pH with pH sensitive paper strips.

NMR spectroscopy

Measurements of the 15N-T1 relaxation time (Chevelkov

et al. 2008), the 1H–15N dipole, 15N CSA cross correlated

relaxation rate gDD/CSA (Chevelkov et al. 2007a, b; Che-

velkov and Reif 2008) and 1H–15N dipolar recoupling

experiments (Chevelkov et al. 2009) were carried out as

described previously. In particular, 1H detection in com-

bination with perdeuteration was employed to achieve high

Fig. 1 Structural representation of the a-spectrin SH3 domain (PDB:

1U06; Chevelkov et al. 2005). The nomenclature for the loops are

adapted from Serrano and co-worker (Martinez et al. 1998)
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sensitivity and resolution (Chevelkov et al. 2003; Reif et al.

2001; Reif and Griffin 2003). All experiments are carried out

at an effective sample temperature of 11�C, using a per-

deuterated, 15N labeled sample of the a-spectrin SH3 which

was recrystallized using a mixture of 10% H2O and 90% D2O

in the crystallization buffer, as described in (Chevelkov et al.

2006). The assignment of the resonances was obtained using

HNCACB type experiments (Linser et al. 2008).

Theoretical background

The analysis of motion in the solid-state is carried out in

the framework of Redfield (1957) theory. This approach

seems to be valid as we are only considering motional time

scales which are faster compared to the size of the involved

anisotropic interactions.

The experiment employed to measure 15N T1 is descri-

bed in detail in reference (Chevelkov et al. 2008). The

measured relaxation rate R1(15N) is related to the size of

the N–H dipolar coupling d, the chemical shift anisotropy c

and the spectral densitiy function J(x) according to (Cav-

anagh et al. 1996; Torchia and Szabo 1982)

R1ð15
NÞ ¼ d2

10
½J0ðxH � xNÞ þ 3J1ðxNÞ þ 6J2ðxH þ xNÞ�

þ 2

15
c2J1ðxNÞ ð1Þ

with

d2 ¼ cHcNh

2pr3
NH

� �2

� x2
HN

c2 ¼ ½cNB0ðrk � r?Þ�2 � x2
N � Dr2

ð2Þ

and rNH refers to the 1H–15N bond length. xH and xN

represent the 1H and the 15N Larmor frequencies, respec-

tively. The frequency of the 1H,15N dipole–dipole inter-

action is denoted as xHN. The 15N CSA can be assumed to

be axially symmetric. The 15N–1H bond is tilted by *20�
with respect to the principal axis of the 15N CSA tensor

(Chekmenev et al. 2004). Typical values for the anisotropy

of the 15N chemical shift are Dr ¼ rjj � r? ¼ 170� 8

ppm, or rz = 106 ± 6 ppm (Chekmenev et al. 2004;

Franks et al. 2005; Hall and Fushman 2006; Wylie et al.

2006, 2007). In the absence of motion, an effective N–H

bond length of rNH = (\rNH
3 [)1/3 = 1.015 Å is assumed

(Yao et al. 2008).

In the solid-state, the exact form of the spectral density

function depends on the underlying motional model (Tor-

chia and Szabo 1982). In the framework of the extended

model free formalism (Clore et al. 1990; Lipari and Szabo

1982), the spectral density functions Jm(x) are expressed

as lorentzian functions depending on two correlation times

ss and sF, and two order parameters SS and SF, respectively,

referring to slow and fast motional processes

JðxÞ ¼ 1� S2
F

� � sF

1þ x2s2
F

þ S2
F 1� S2

S

� � sS

1þ x2s2
S

ð3Þ

In order to obtain a ‘‘T2 type’’ observable which depends

on J(0), 1H–15N dipole, 15N CSA cross correlated

relaxation rates gDD/CSA were measured. Quantitative

values for gDD/CSA were extracted from a constant-time

experiment in which protons are not decoupled in the

indirect evolution period (Chevelkov et al. 2007a). The

integral intensity ratio of the N–Ha/N–Hb multiplet

components after a relaxation delay is directly related to

the cross correlated relaxation rates gDD/CSA. In the solid-

state, the Hamiltonian describing an isolated 1H,15N spin

pair is inhomogeneous in the sense of Maricq and Waugh

(Maricq and Waugh 1979). If the spinning rate is larger

than the size of the CSA and dipole-dipole interaction, the
15N line width is only determined by motional processes.

However, even at a MAS rotation frequency of 24 kHz

coherent effects are not completely averaged out

(Chevelkov et al. 2007b). In a spin system, in which the

proton of the 1H,15N pair is integrated into a proton spin

network, the Hamiltonian is no longer inhomogeneous.

Similar arguments apply for protonated samples in the limit

of insufficient 1H decoupling. The decay of 15N transverse

magnetization is therefore not only due to relaxation, but

influenced as well by the proton spin bath. In this system,

the 15N T2 relaxation can not be used directly to probe

motional properties of the protein. Even in the heavily

proton dilute protein sample used in this study, the proton

line width depends still weakly on the MAS frequency

(Chevelkov et al. 2006), reflecting residual long range

proton interactions. Simulations in which three additional

protons are taken into account (assuming mutual 1H, 1H

dipolar interactions on the order of 800–1,200 Hz) yield a

uniform increase in the line width of both the Ha and Hb

multiplet component of the 15N spectrum (Chevelkov et al.

2007a). Our experimental approach is supported by

numerical simulations in which coherent and incoherent

cross correlation effects are explicitly coded under magic

angle spinning (Skrynnikov 2007). Incoherent effects like

cross correlated relaxation result in a differential line width

of the N–Ha/N–Hb multiplet components. Coherent effects

like static correlations between the dipolar and the CSA

interaction will at the same time not affect the relative N–

Ha/N–Hb resonance line width.

The cross correlated relaxation rate gDD/CSA can be

described again as a function of spectral density functions,

using the equation (Fushman and Cowburn 1998; Tjandra

et al. 1996)
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gDD=CSA ¼ dc

15
f4J0ð0Þ þ 3J1ðxNÞgP2ðcos hÞ ð4Þ

where P2(x) = (3x2 - 1)/2 corresponds to the second order

Legendre polynomial, h represents the angle between the

principal axis of the 15N–1H dipolar vector and the 15N CSA

shielding tensor, and adopts values on the order of ca. 20�.

The last input parameter employed in the fitting analysis

is the generalized order parameter S = SSSF. In solid-state

NMR, S refers to the ratio of the motionally averaged

dipolar coupling to its value in the static limit. The gen-

eralized order parameter S for each amide moiety is

therefore implicitly contained in the size of the individual

experimental N–H dipolar coupling. To quantitatively

access the dipolar couplings, we made use of a phase-

inverted CP (CPPI) experiment which is insensitive to RF

inhomogeneity and thus yields the absolute dipolar cou-

pling with high accuracy (Dvinskikh et al. 2003, 2005; Wu

and Zilm 1993). We have shown that fluctuations of the

N–H bond length due to differential hydrogen bonding are

within the experimental error of the estimation of the size

of the coupling and can therefore be neglected in the

analysis (Chevelkov et al. 2009). In case the motional

model implies a wobbling of the N–H bond vector within a

cone with an half-opening angle a0, the general order

parameter S can be expressed as (Lipari and Szabo 1981;

Palmer-III et al. 1996)

Sh i ¼ 1

2
3 cos2 a� 1
� �

¼ 1

2
1þ cos a0ð Þ cos a0 ð5Þ

In this model, an half-opening angle of a = 21� yields an

general order parameter S = 0.9.

Results and discussion

In the following, we combine all experimental results (15R1

measured at an external field of 14.1 T and 21.1 T, cor-

responding to 1H Larmor frequency of 600 MHz and

900 MHz; 1H–15N dipole, 15N CSA cross correlated

relaxation rate gDD/CSA and 1H,15N dipolar couplings) in a

multi-dimensional grid search to find the best fit conditions

Fig. 2 Rms difference plots between experimental and theoretical data

as a function of SS
2 and sS for the residue Q16 in a-spectrin SH3. For the

best fit, we obtain sF = 22 ps, and SF
2 = 0.819. Data included in the fit

are: a 15N T1 measured at 14.1 T and 21.1 T. b 15N T1 measured at 14.1 T

and gDD/CSA. c 15N T1 measured at 21.1 T ?gDD/CSA. d 15N T1 measured

at 14.1 T, 15N T1 measured at 21.1 T and gDD/CSA
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in the framework of an extended model-free analysis

(Clore et al. 1990; Lipari and Szabo 1982). In total, the data

contains four experimental observables. The extended

model-free spectral densities are dependent on four

parameters, in particular, the slow and fast motional cor-

relation times ss and sF, and the order parameters for slow

and fast motion SS and SF, respectively. Obviously, the data

are rather sparse. Therefore, the results obtained for each

amide need to be evaluated to rationalize if the data and the

employed model allow a consistent description of the

system. The root mean square deviation v between exper-

imental and theoretical rates is defined as

v2¼
X

i

1

Rexpt
1;i

Rtheo
1;i �Rexpt

1;i

� �" #2

þ 1

gexpt
ðgtheo�gexptÞ

	 
2

8<
:

9=
;
ð6Þ

Superscripts theo and expt denote the theoretical and

experimental values for the 15N longitudinal relaxation rate

R1 and the 1H–15N dipole, 15N CSA cross-correlated

relaxation rate gDD/CSA. The theoretical values for the

relaxation rates were calculated using Eqs. 1–4. In all

calculations, the dipolar coupling derived general order

parameter is employed. A 3D grid search was performed

allowing the parameters times sS, sF and SS
2 to float freely,

while the order parameter of fast motion SF
2 was calculated

according to SF = S/SS.

Figure 2 shows RMSD contour plots for residue Q16 of

the a-spectrin SH3 domain as a function of sS and SS
2. sF

was set to 22 ps, which corresponds to its optimal value

obtained in the course of the grid search. Whereas in the

fitting underlying Fig. 2a only 15N-T1 are included,

Fig. 2b–d contain as well cross-correlated relaxation data

(gDD/CSA). We find that the minimum for the fit of the

motional correlation time sS is more restricted if gDD/CSA is

taken into account. Inclusion of an additional 15N-T1

relaxation time measured at a different external field

strength increases the steepness of the minimum, but leaves

the best fit for sS and SS
2 approximately unaltered. This is in

agreement with previous findings (Chevelkov et al. 2007c;

Giraud et al. 2005).

In the following, we represent the various best fit values

as a function of the protein sequence. Figure 3 shows the

overall order parameter as well as the order parameter for

slow motional processes, together with the implicated half-

opening angle, for the a-spectrin SH3 domain. The general

order parameter \S[ was set to 1 assuming an effective

N–H bond length of reff = (\rNH
-3[)-1/3 = 1.015 Å (Yao

et al. 2008). We find in general lower order parameters at

Fig. 3 Order parameter S2 as a

function of the primary

sequence in a-spectrin SH3.

Black squares denote the order

parameter of slow motional

processes, whereas red circles
indicate the overall order

parameter SS
2SF

2. The vertical

axis on the right hand side of the

figure displays the half-opening

angle a0 assuming a ‘‘wobbling

in a cone’’ motion, making use

of Eq. 5

Fig. 4 Slow and fast motional correlation times sS and sF as a

function of the primary sequence in a-spectrin SH3. Black squares
refer to the best fit value for sS and sF, respectively. Red circles and

green triangles denote the result of the RMSD fitting obtained by

changing the experimental 15N-T1 relaxation time obtained at 14.1 T

(a, b), the measured 1H–15N, 15N-CSA cross correlated relaxation rate

gDD/CSA (c, d) and the overall motional parameter 1 - \S[ (e, f)
by ?/– 10%, respectively. The panels at the bottom of each figure

show the results obtained for Y13, R21, D40 and L8, V46, R49, D62,

respectively, for which we find particularly long values for sS. For

residues L8, V46, R49 and D62, sF becomes exceptionally long,

indicating that motion is more complicated, and that the extended

model free analysis is no longer sufficient to describe the motional

process

c
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the N- and C-terminus. The average order parameter for

slow motional processes in on the order of SS
2 = 0.95,

corresponding to an half-opening angle of ca. 10� assuming

a diffusion in a cone motion (Lipari and Szabo 1981).

The correlation times of slow and fast motion sS and sF

are shown in Fig. 4. Black squares represent the best fit

values. Red circles and green triangles denote the result of

the RMSD fitting obtained by changing the experimental
15N-T1 relaxation time (a, b), the measured 1H–15N, 15N-

CSA cross correlated relaxation rate gDD/CSA (c, d) and the

overall motional parameter 1 - \S[ (e, f) by ± 10%,

respectively. Residues displayed at the bottom of Fig. 4

show unusual large values and are therefore plotted sepa-

rately. Non-canonical residues are L8, Y13, R21, D40,

V46, R49 and D62. For residues Y13, R21 and D40, we

find very high slow motional order parameters SS
2 which are

on the order of 0.9959, 0.9871 and 0.9932, respectively.

Motion for those residues seems considerably restricted.

The high value for SS
2 implies that only fast motional pro-

cesses contribute to the spectral density (2). For canonical

residues, the slow motional correlation time sS varies

between 5 and 70 ns. The second set of non-canonical

residues comprises residues L8, V46, R49 and D62. For

those residues, sF fits to values on the order of several

nanoseconds and sS can be as large as 150 ns. For these

residues, we find high values of gDD/CSA on the order of

10 Hz, or larger. Residue V46 is located in the distal loop.

The adjecent residues N47 and D48 have strongly

increased B-factors in the X-ray structure and are not

observed in solid-state NMR spectra. It is therefore plau-

sible that V46 is undergoing slow dynamics. This is sup-

ported by the exceptionally long value for sF (4.5 ns) for

V46 and R49. For these residues, the extended model-free

analysis might represent an over-simplification. One more

motional mode seems to be required in order to describe

appropriately the underlying dynamics for these residues,

as one would expect a vibrational mode as the fastest

dynamic process. Fitting the data using a simple Lipari–

Szabo analysis with only two unknown parameters, namely

one correlation time s and one order parameter S2, repro-

duces the slow motional correlation time in general rather

well (data not shown). We therefore believe that the indi-

cated values for sS for the amide moieties of V46 and R49

correctly describe this parameter. A similar explanation

applies to L8 and D62 which are located at the N- and C-

terminus of the protein and which are virtually the first and

last residue for which an electron density can be assigned.

D40 is contained in the n-Scr loop. It is noteworthy that the

fitting analysis cannot be carried out for residues S36, T37,

N38 and K39, as these residues yield significantly reduced

Fig. 4 continued
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intensities in 1H,15N correlation spectra. The achieveable

signal-to-noise ratio for those residues is insufficient to

allow a quantitative extraction of any of the described

relaxation rates. The reduced intensity might be indicative

for very slow motion or a chemical exchange process on a

ls–ms time scale. In general, we find sF to be on the order

of 5–50 ps which would be expected for vibrational

dynamics. This is in agreement with the results obtained by

Mack et al. (2000) who used field dependent bulk 2H T1

relaxation times and quadrupolar order parameters of

exchangeable deuterons in RNase H to quantify backbone

motion. Variations in the experimental 15N-T1 relaxation

time imposes the largest error on the extracted motional

correlation times sS and sF. The fitting procedure breaks

down and yields a very larger error, in case the artificially

increased 15N-T1 relaxation time at 14.1 T (red circles in

Fig. 4) becomes close to, or larger than the experimental
15N-T1 relaxation time measured at 21.1 T. Variations in

the cross correlated relaxation rate gDD/CSA and 1H–15N

order parameters produce smaller variations in the extrac-

ted slow and fast motional correlation time sS and sF

(Fig. 4c–f).

So far, we are not able to detect long range correlated

dynamics which was suggested by the alternating pattern

which we observed previously in the 15N-T1 relaxation

times in b-sheet b2 comprising residues 30–35 (Chevelkov

et al. 2008). Long range collective motion was suggested

recently for ubiquitin (Lakomek et al. 2005) and protein G

(Bouvignies et al. 2005). At this point, we cannot pursue

this question in greater detail as the data—in particular in

this part of the protein—is still rather sparse. In total, we

were able to analyze 34 out of 53 possible amide moieties.

Work is going on in our laboratory to obtain a more

complete set of data.

Conclusion

In conclusion, we have shown that the dynamic properties

of the protein backbone can be characterized in the solid-

state with high accuracy, using 15N-T1 relaxation times

measured at two different fields, 1H–15N, 15N-CSA cross

correlated relaxation rate gDD/CSA and 1H–15N dipolar

coupling measurements to obtain overall order parameters.

Using the micro-crystalline a-spectrin SH3 domain as a

model system, we find slow motional correlation times

between 5 and 150 ns. Assuming a wobbling in a cone

motion, the amplitude of motion of the respective amide

moiety is on the order of 10� for the half-opening angle of

the cone in most of the cases. We expect that these

experiments will find widespread application in the char-

acterization of dynamic processes of biomolecules such as

membrane proteins and amyloidogenic peptides and

proteins.
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