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Protein Dynamics: 
From methyl groups to domain 

motions on the ribosome 

Frans Mulder 
Aarhus University 

Overview: 

  
I.  Preamble (very course): The connection between 

molecular motion and nuclear spin relaxation 
II.  Pulse sequences for the measurement of fast 

(picosecond to nanosecond) internal motion; 
backbone 15N and side chain methyl 2H relaxation 

III. Experiments for measuring intermediate to slow 
(microsecond to second) motions in proteins; 
exchange broadening and CPMG Relaxation 
Dispersion NMR 

IV.  A couple of examples of relaxation studies: �From 
methyl spinning to domain motions on the ribosome� 
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Experimental NMR relaxation methods I  

Relaxation is the process of return to equilibrium after 
a perturbation 
 
In the absence (/presence) of rf fields Nuclear Spin 
Relaxation is the process of return to Boltzmann (/
steady-state) equilibrium after a perturbation of the 
nuclear spins 
 
This perturbation may be: 
!  Change in the static magnetic field (not common for 
high-resolution NMR on a superconducting magnet) 
!  Applying a radio frequency (rf) pulse; population 
inversion, creating a coherence, or saturation 
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Experimental NMR relaxation methods I  

So how do nuclear spins relax? 
 
There is NO spontaneous emission in NMR! A driving 
field with frequencies that correspond to the energy 
differences between the nuclear spin states is needed. 
 
And where do we find such fields? 
 
They are present inside our sample! For example, local 
magnetic fields originate from interactions such as 
dipole-dipole couplings. 
 
These fields vary in time as the interaction is 
modulated by overall and internal molecular motion! 

Experimental NMR relaxation methods I  

Thus, relaxation rates will contain information about 
overall and internal molecular motion ! 
 
The connection between the spin relaxation rates and 
the molecular motion is the spectral density function 
(SDF) 
 
Spectral Density Function =  

 FT{Time Correlation Function (TCF)} 
 
The TCF describes the motion of the spin (or the 
magnetic interaction tensor) 
The SDF is the Fourier analysis of all the frequencies 
present due to the stochastic motions of the spins 
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Rotational diffusion will lead to complete decay of the TCF 

Internal dynamics may lead to partial decay of the TCF 
Some insight from MD simulations 

tumbling �on� tumbling �off� 

Skrynnikov et al. JACS 124, 6449 (2002) 

S2
fast 

τfast 
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Experimental NMR relaxation methods I  

The time scale of a dynamic process that can be 
characterized by relaxation methods depends directly 
on the magnitude and variation in the spin Hamiltonian 
modulated by the dynamic process. 
 
Motions on the picosecond to nanosecond 
time scale are accessible through spin-relaxation due 
to modulation of the following interactions: 
 
!  The dipole-dipole interaction (e.g. 15N-1H) 
!  The chemical shift anisotropy or CSA (e.g. 15N, 13C� 
and 31P) 
!  The quadrupole interaction (e.g. 2H in partially 
deuterated methyl groups) 

Experimental NMR relaxation methods I  

The time scale of a dynamic process that can be 
characterized by relaxation methods depends directly 
on the magnitude and variation in the spin Hamiltonian 
modulated by the dynamic process. 
 
Motions on the millisecond to microsecond 
time scale are accessible through spin-relaxation due 
to modulation of the following interactions: 
 
!  The isotropic chemical shift, .i.e. chemical or 
conformational exchange 
!  The scalar coupling constant (but this really doesn�t 
vary much) 
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Experimental NMR relaxation methods I  

Experiments to measure dynamics in proteins require: 
 
A single spin or spin pair for which there is a dominant 
or unique relaxation mechanism, with a known, uniform 
interaction constant.  
 
Examples:  
!  The backbone 15N-1H dipole-dipole interaction occurs 
over a fixed distance (1.02 Å) 
!  The 13C relaxation of the backbone carbonyl at high 
field is dominated by the CSA (but this is not uniform) 
!  The 2H quadrupole interaction in methyl groups is 
overwhelming and extremely uniform (QCC = 167 ± 1 
kHz) 

Experimental NMR relaxation methods II  

The �standard set� of experiments to measure 
picosecond-nanosecond timescale dynamics in proteins: 
 
15N T1   measures decay of Nz 
 
15N T2 or 15N T1ρ  measures decay of Nx,y 
 
15N{1H} NOE  measures the steady-state 

   nitrogen magnetization in the 
   absence and presence of 1H  
   saturation. 
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Experimental NMR relaxation methods II  

The �standard set� of experiments to measure 
picosecond-nanosecond timescale dynamics in proteins. 
The relationship between the rates, interaction 
constants and spectral densities: 

Experimental NMR relaxation methods II  

Some rules of thumb for proteins (ωNτC > 1): 
 
15N T1   depends mainly on J(ωN) 
 
15N T2 or 15N T1ρ  depends mainly on J(0) ∝ τC 
 
15N{1H} NOE   depends on J(~ωH) 
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Experimental NMR relaxation methods II  

15N T1 and 15N T2 dependence on tumbling time: 

∝ J(ωN) 

∝ J(0) 

Experimental NMR relaxation methods II  

15N T1 Pulse sequence: 
many variants, many pitfalls 
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Experimental NMR relaxation methods II  

Steady-state 15N{1H} heteronuclear NOE: 
one major pitfall 

Frans Mulder Utrecht course 2009 

Experimental NMR relaxation methods II  

Example 15N relaxation data 

T1ρ 
NOE 
�off� 

T1 
NOE 
�on� 
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Experimental NMR relaxation methods II  

Example 15N relaxation data 

T1ρ 

T1 

NOE 

Interpretation of excursions from 
raw data directly: 
 
! Anisotropy of molecular tumbling 
! Fast internal motions 
! Slow internal motions (Rex) 

Experimental NMR relaxation methods II  

Interpretation of relaxation data in terms of 
molecular motion at three different levels: 

 
1.  Spectral density mapping; 

 15N T1, T2 and 15N{1H} NOE ⇒   
   J(0), J(ωN) and J(~ωH) 

2.   ‘Lipari-Szabo’ analysis: 
 (An)isotropy of overall diffusion 
 S2, τC and τf (Rex and Ss

2) 
3.   Analysis in terms of physically plausible 

models: 
 diffusion cone semi-angle for libration 
 population of rotameric state 
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2H Relaxation & Protein Dynamics 

C! D!

Spin-1 density matrix 
contains 5 independent 
elements:!

Millet et al. JACS 124, 6439 (2002) 
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Experimental NMR relaxation methods II  

15N T2 Pulse sequence: 
many variants, many pitfalls 

Box 2. Carr–Purcell–Meiboom–Gill (CPMG) measurements

The CPMG technique can be applied to systems in which conforma-
tional exchange causes chemical shifts to fluctuate on timescales in
the range 100 s-1 ! 2000 s-1 (Box 1). In special cases, the exchange
limits can be expanded to slower time regimes [87], whereas R1r-
based relaxation dispersion methods can be applied to more rapidly
exchanging systems (Figure 1, dotted extensions) [88]. In a typical
series of experiments, variable numbers of refocusing pulses are
applied to magnetization as it evolves under the influence of a
chemical shift that varies stochastically due to the exchange process.
The effect of pulses is illustrated in Figure I, where the signal phase is

Figure I. CPMG relaxation dispersion experiments. (a–c) Simulated signal
trajectories for an ensemble of nuclei exchanging stochastically between two
environments with different chemical shifts during a 20 ms relaxation delay.
Vertical bars at the top of each panel represent refocusing pulses applied
during the relaxation delay. (d) Simulated peak that increases in intensity at
higher pulse repetition rates. (e) Calculated transverse relaxation rates (R2)
plotted as a function of nCPMG = 1/(2t), where t is the delay between successive
refocusing pulses.

Figure II. Millisecond dynamics in DHFR changing in response to substrates
and products. (a) Catalytic cycle of DHFR. (b–f) Locations of exchange
broadening for DHFR in complex with (b) NADPH, (c) NADP+–folate, (d)
NADP+–THF, (e) THF, and (f) NADPH–THF. Green, red, and blue spheres
correspond to 1H nuclei in the NADPH binding site, active site loop, and DHF
binding site, respectively, for which CPMG relaxation dispersion data were fit
to obtain kinetic and chemical shift parameters. Yellow spheres indicate 1H
nuclei with broadened signals for which CPMG traces were of insufficient
quality to extract exchange parameters. (From Ref. [47]. Reprinted with
permission from AAAS).

plotted as a function of time, the slope represents the chemical shift,
and each refocusing pulse reverses the effective direction of signal
evolution. The sets of colored traces correspond to signals from sets
of nuclei undergoing exchange between two different environments
associated with two different chemical shifts. Due to the stochastic
fluctuations in chemical shift (slope), each nucleus follows a slightly
different trajectory, leading to dephasing of the magnetization
(Figure Ia), weak peaks in NMR spectra, and a large transverse
relaxation rate, R2. As the number of refocusing pulses is increased,
the trajectories are prevented from deviating greatly from the initial
position (Figure Ib,c), which suppresses dephasing, increases peak
intensity (Figure Id), and leads to smaller values of R2. CPMG data are
often presented as plots of R2 versus pulse repetition rate, nCPMG,
which is defined as 1/(2t), where t is the time between adjacent
refocusing pulses (Figure Ie). Assuming two-site exchange, the
shapes of dispersion profiles (Figure Ie) are governed by the
populations of the two states, the rate of exchange, and the
difference in chemical shift between the states. Therefore, fits of
CPMG data provide thermodynamic and kinetic information for the
exchange reaction, as well as structural information for the ex-
changing states, even in cases where only the dominant conformer is
‘visible’ in NMR spectra (Figure II).

Review Trends in Biochemical Sciences Vol.34 No.12

604

The effect of a CPMG pulse train is 
to avoid the development of widely 
divergent phase histories of the 
nuclear spin coherences in the 
presence of a stochastic 
modulation of the chemical shift 
(i.e. R2,ex contributions to R2 ) 
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The ribosome: 

How are the L12 dimers oriented on the ribosome? 

2.4Å 
Haloarcula marismotui  
Ban, N. et al. 

(2000) Science 
 

3.1Å 
Deinococcus radiodurans  
Harms, J. et al. 

(2001) Cell 
 

5.5Å 
Thermus thermophilus  
Yusupov, M. et 

al. (2001) 
Science 

 

Unanswered questions regarding the stalk proteins: 
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1H – 15N HSQC spectrum of the E. coli 70S ribosome.  

E. coli  1H – 15N HSQC spectra 

70S ribosome   L12 dimer  
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