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ABSTRACT 
 

The investigation of molecular motions in biological polymers has been one of the 
basic trends in molecular biophysics for a long time. Many physical methods have been 
applied to studying biomolecular mobility. However, in spite of the large amount of 
experimental data there are still some methodological problems that are not yet 
completely resolved. One of the most essential ones is the ambiguity of transition from 
the first-hand experimental parameters to the parameters characterizing molecular 
motions. The most poorly defined characteristic of a motion is its geometry. There are 
almost no experimental techniques, except computer simulation, that provide direct and 
unambiguous information on the motional geometry models. At the same time, this 
information in many cases can be of high importance for revealing molecular 
mechanisms of the protein biological function. In this contribution we describe the 
experimental approaches that may solve this problem. These approaches are based on the 
complex experimental NMR study. One of the main advantages of NMR in respect to 
other physical methods is that it allows using different magnetic nuclei and different 
magnetic interactions (dipole-dipole and quadrupole couplings, chemical shift 
anisotropy) for probing the same kind of molecular mobility. The comparative 
quantitative analysis of different types of NMR data obtained on the same sample may 
allow the discrimination of different motional models directly from the experimental 
data. This complex approach is demonstrated by a study of molecular dynamics of a 
model system, homopolypeptide poly-L-lysine, and backbone dynamics of a protein 
barstar in solid state. Limitations as well as perspectives of the development of this 
approach are discussed in detail. 
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INTRODUCTION 
 
By now it has been widely recognized that the molecular dynamics of proteins as well as 

their three-dimensional structure is a key factor determining the molecular mechanism of the 
protein biological function. There are many examples demonstrating that were the proteins 
rigid they would not work (see reviews [1-7]). Thus, the molecular dynamics studies of 
proteins and other biopolymers have been a very popular trend of research in molecular 
biophysics for a long time and it is easy to predict that the number of works dealing with 
protein dynamics will significantly increase in the future. Many physical methods have been 
applied to the investigation of biopolymer dynamics, yet it is clear by now that the most 
powerful and informative experimental tool for this purpose is nuclear magnetic resonance 
(NMR). NMR provides the most representative and spatially selective dynamic information 
since magnetic nuclei are spread throughout a whole protein molecule and modern multi 
dimensional NMR techniques make possible site-specific line assignments in high resolution 
NMR spectra. Different types of NMR experiments enable covering an extremely wide 
frequency range of molecular dynamics – from picoseconds to seconds and even more. All 
this makes NMR a unique experimental method for studying molecular dynamics of 
biopolymers, although it is necessary to admit that this method is rather expensive and time-
consuming in comparison with many other techniques. 

NMR can be applied for studying biopolymers both in liquid and solid states. Both 
approaches have their own intrinsic methodical advantages and limitations. Liquid state 
methods enable easy achieving narrow lines in the spectra and high sensitivity, relatively 
simple sample preparation. It is also important that globular proteins are contained in the 
natural surrounding - water - and thus the problem of the influence of inter-protein 
interactions on the internal structural and dynamics properties can be neglected in the liquid 
state experiments. The advantages of the solid state NMR techniques applied to the molecular 
dynamics investigations is that they are applicable to non-solvable molecules (e.g. membrane 
proteins), they enable studying biomolecular dynamics as a function of hydration level (in 
solution it is impossible for the obvious reasons). However, the most essential advantage of 
the solid state experiments is that there is no Brownian tumbling of proteins in the solid state 
samples. The isotropic overall tumbling in solution averages the dipole-dipole, quadrupolar 
and chemical shift anisotropy (CSA) interactions out in the time scales longer than the 
correlation time of the Brownian tumbling. Thus, these magnetic interactions can not be used 
in the investigation of the slow internal dynamics which significantly limits capabilities of the 
liquid state NMR techniques. The correlation time of the Brownian tumbling for most 
proteins is around 10-8 s. Thus, the micro and millisecond time scales of internal dynamics of 
proteins in solution are practically inaccessible for most experimental methods, by the way, 
not only NMR. At the same time, this is a time scale of many biologically relevant events like 
catalysis, allosteric regulation, molecular recognition and binding, some stages of folding, etc. 
Thus, protein motions of this time scale are particularly interesting and important from the 
biological point of view. 

There are some options to access slow protein conformational dynamics in solution by 
means of either chemical exchange methods [8] or the analysis of the residual dipolar 
couplings (RDC) measured in protein solutions with various aligning media [9,10]. However, 
the chemical exchange methods provide no information on the motional amplitude and the 
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RDC’s on the contrary are not sensitive to the timescale of the internal motions. The RDC 
analysis seems to be an interesting and perspective technique for studying slow protein 
conformational dynamics in solution but it is still emerging and rapidly developing method 
which is far from being a routine yet. Although the solid state NMR experiments of course 
also have their own limitations, from the physical point of view they are best suited for 
studying molecular motions in all time scales. 

We must note that there is still a debated issue on the influence of inter-protein 
interactions in the solid state on internal dynamic properties of proteins: the dynamic behavior 
of globular proteins in diluted solutions and solid (crystalline or powder) state in general can 
be different. Thus, it is unclear whether the data obtained in the solid state can be used for the 
interpretation of the properties of proteins in their natural surrounding - water. There is no an 
unambiguous convincing answer to this doubt yet since the direct comparison of the dynamic 
protein behavior in the liquid and solid state is practically impossible due to the overall 
tumbling in solution. However, there are experimental indications that even if the difference 
between the conformational dynamics in two states exists, it is not significant [11-13]. Also 
note that the protein spatial structures in crystals and solutions is in general very similar [14]. 
Thus, one can hardly claim that the solid state studies of proteins are biologically irrelevant. 

Large amount of experimental NMR data on biopolymer dynamics have been 
accumulated by now. However, there are still some methodological problems of the analysis 
of these data that are not completely resolved yet. One of the most important problems is the 
ambiguity of the transition from the first-hand experimental parameters to the parameters 
characterizing molecular dynamics. The experimental NMR parameters (relaxation times, line 
shapes, etc.) are sensitive to molecular dynamics but the relation between these parameters 
and molecular dynamics characteristics (motional amplitudes, correlation times, activation 
energies, etc.) is ambiguous. That is why very often the experimental NMR parameters are 
being used as indirect indicators of molecular dynamics without detailed interpretation of the 
nature and properties of conformational motions. Such an approach may provide interesting 
information on dynamics when it is used on a comparative basis, i.e. if the keystone to the 
data analysis is a comparison of the same experimental parameters measured on a sample at 
different conditions (hydration, temperature, ligand binding, different locations within a 
protein, etc.). However, it is evidently clear that obtaining the detailed information on the 
amplitude, geometry, correlation time(s), form of the correlation function and physical nature 
of conformational motion would be of much higher significance since these data may reveal 
the molecular mechanisms of the protein biological function. 

The most detailed and comprehensive quantitative information on molecular dynamics 
that can be obtained from a physical experiment is a correlation function of a motion. More 
detailed data can be obtained only from the computer simulations of molecular dynamics but 
this technique has obvious limitations which will not be discussed here. From the correlation 
function one may estimate the correlation time of a dynamic process and a portion of a certain 
physical value – in the case of NMR this is a magnetic interaction - that is being averaged by 
the molecular motion (Figure 1). This interaction is usually dipole-dipole internuclear 
interaction, quadrupolar interaction, if the quadrupolar nuclei are concerned, or CSA. The 
portion of the unaveraged interaction is often called order parameter S2 introduced by Lipari 
and Szabo within the frames of model-free approach [15,16]. Order parameter is a measure of 
amplitude of a motion – to a first approximation, the less the order parameter, the more the 
motional amplitude. However, the order parameter provides no hint about the physical model 
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of the motion. This is demonstrated by Figure 2: different motional models may equally 
explain the same value of the order parameter. 

 

 

Figure 1. Schematic presentation of the normalized correlation function with stepwise averaging by 
several molecular motions having different correlation times. 

 

 

Figure 2. Order parameter as a function of angular amplitude for different motional models. The figure 
is reproduced from ref [32]. 
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This is an important difference between structural and dynamic NMR experiments. In 
structural experiments one obtains experimental parameters (e.g. cross-peak intensities in 
NOESY experiments) that can unambiguously be recast to internuclear distances and various 
angles. This is not the case for dynamic studies - the transition from the experimental to 
dynamic parameters is ambiguous. This is a reason why many researches stop the data 
interpretation on the order parameter and do not go further. The main aim of the present 
contribution is to outline some of the methodical NMR approaches that may provide such 
detailed information. Briefly, these approaches can be formulated as follows: combined 
quantitative analysis of different order parameters characterizing the same motion but 
obtained from different NMR experiments. As we will demonstrate by two different examples 
below, such a comparative analysis may provide more detailed and definite information on 
physical nature of conformational dynamics as compared to applied up to now routine 
methods. 

 
 

SOLID POLY-L-LYSINE: 13C AND 1H NMR RELAXOMETRY 
 
Synthetic homopolypeptide poly-L-lysine was chosen as a convenient model system for 

studying biopolymer dynamics and its hydration response. Standard one-dimensional cross-
polarization magic angle spinning (CPMAS) spectrum on natural abundance 13C nuclei 
permits resolving all carbons in the polylysine (Figure 3) at all hydration levels studied (from 
0 to 0.2 g water / 1 g polypeptide) which makes isotopic enrichment and multi-dimensional 
NMR techniques unnecessary. The secondary structure of polylysine and its dependence on 
hydration is known for a long time [17], at low hydration levels it has predominantly β-sheet 
structure. 

 

 

Figure 3. Chemical structure of polylysine (left) and aliphatic domain of natural abundance 13C CPMAS 
spectra of polylysine at various hydration levels (right). The hydration level (h) is expressed in g H20 
per 1 g dry polypeptide. The figure is reproduced from ref [18]. 
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This polypeptide is also convenient for the proton relaxation experiments: eight out of 
nine nonexchangeable protons are located on a side chain; and polylysine has no methyl 
groups, and thus, high-frequency internal motions are not hidden by high-amplitude fast 
methyl proton rotation. This is important because fast spin diffusion between protons in solid 
organic substances does not allow us to obtain selective dynamic information as in the case of 
natural abundance 13C experiments. The results presented below were published in refs 
[18,19]. 

 
 

Primary Data Analysis 
 
Obtaining the correlation function of motion from the relaxation experiments in complex 

systems like biopolymers is in most cases complicated and ambiguous procedure. Single 
relaxation experiment cannot provide the form of the correlation function: obtaining a 
function from a single value (or limited number of values) is in general case ill-defined 
problem. Thus, one may analyze only the relaxation times themselves or use these or those a 
priori assumptions to get some dynamic parameters. To reduce the number of a priori 
assumptions we have performed a wide set of relaxation experiments and analyzed 
simultaneously the whole set of the relaxation times measured on the same sample. 
Specifically, in carbon experiments we measured T1 relaxation times at carbon resonance 
frequencies 50.3 and 100.5 MHz, T1ρ relaxation times with the resonance offset of the spin-
lock field at spin-lock frequencies 115-125 and 205-225 kHz and T1ρ relaxation times with 
the low value of the spin-lock field (5.5 kHz) and proton decoupling during the carbon spin-
lock pulse. The application of the resonance offset of the spin-lock pulse and proton 
decoupling during the carbon spin-lock pulse allow neglecting the interfering spin-spin 
contribution to the relaxation rate [20] and expanding the frequency range of the T1ρ 
measurements. These modifications of the T1ρ experiment were described in detail in [21] and 
will not be discussed here. As for the proton experiments, we have measured T1’s at the 
resonance frequency 200 MHz and off-resonance T1ρ’s at two spin-lock fields, 105±3 and 
194±4 kHz. The spin-lock field resonance offset for homonuclear T1ρ relaxation experiment 
was introduced by Jones [22]. The pulse sequence of the proton off-resonance T1ρ relaxation 
experiment was described in [23]. In the case of the proton experiments the hydration of the 
polypeptide was performed using D2O instead of H2O. The relaxation times were measured 
for the same sample at several different temperatures from 0º C to 55º C. Carbon relaxation 
times could be obtained for each carbon separately, whereas fast spin-diffusion between 
protons made possible obtaining only the averaged over all protons in the polypeptide value 
of the proton relaxation times. The polylysine sample at each hydration level was 
characterized by a set of 15-20 carbon relaxation times and approximately the same number 
of proton relaxation times. Such a relatively large number of the relaxation experiments 
performed on the same sample and combined quantitative treatment of the whole set of data 
enabled reducing the number of assumptions in the analysis (although some assumptions of 
course remained, see below) and obtaining more definite and reliable information on the form 
of the correlation function of motion on a wide timescale. The typical examples of the 
frequency-temperature dependencies of the relaxation times are shown in Figure 4. 
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Figure 4. Typical examples of the frequency-temperature dependencies of the relaxation times. Left: 
carbon relaxation times measured for β-carbon in the dry sample. 1T off

ρ  and 1T d
ρ  denote the relaxation 

times T1ρ measured with the resonance offset of the spin-lock pulse and proton decoupling during the 
on-resonance carbon spin-lock pulse, respectively. Right: proton relaxation times measured for the dry 
sample. Size of the symbols on the right plot correspond to the experimental error. Conditions of the 
experiments are denoted on the plots. Solid lines are the fitting curves calculated according to the 
formalism described in the text. The figure is reproduced from refs [18,19]. 

The mathematical formalism of the analysis of the relaxation times is based on the 
correlation function formalism and model-free approach. The dominating mechanism of both 
carbon and proton spin-lattice relaxation is dipole-dipole inter-nuclear interaction. The carbon 
relaxation times T1 and T1ρ are determined by the hetero-nuclear 13C-1H interaction and can 
be expressed as 
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where Kd is the dipole-dipole interaction constant (2.12⋅1010 s-2 per one 1H-13C bond), J(ω) is 
a motional spectral density function reflecting the 13C-1H internuclear vector reorientation, 
ωH/2π and ωC/2π are the proton and carbon resonance frequencies in the laboratory frame, 
respectively, ω1e/2π is the carbon resonance frequency in the tilted rotating frame. θ is the 
angle between B0 and effective BB1e magnetic fields: 

 

1
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where Δν is the resonance offset of the spin-lock field. In the limiting cases, θ=00 and θ=900, 
Eq. (2) yields the standard expressions for the spin-lattice relaxation time T1 (Eq. 1) and for 
the on-resonance T1ρ, respectively. 

As for the proton-decoupled T1ρ carbon relaxation, there has been no quantitative 
approach to describe this experiment yet. Thus, for the analysis of these data we used a semi-
empirical expression 
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where ω1 and ωr are the 13C spin-lock and MAS rate circular frequencies and Xa is a 
phenomenological coefficient taking into account the partial averaging of the 13C-1H dipolar 
interaction by proton decoupling. Since the value of Xa cannot be quantitatively interpreted, 
the analysis of the absolute values of the relaxation times 1

dT ρ  is senseless; however, the slope 

of the temperature dependencies of these relaxation times may provide quantitative 
information on the correlation time of the slow internal motions. The Eqs. (1-5) were derived 
and discussed in [21]. 

The proton relaxation times are determined by the homo-nuclear 1H-1H dipolar couplings 
and can be expressed as: 
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where KHH is the rigid lattice proton second moment, all other parameters have the same 
meaning as in Eqs. (1-3). The expression for the relaxation time 1

offT ρ  determined by the 

homo-nuclear dipolar interaction was derived in [22]. 



Complex NMR Approaches to Studying Conformational Dynamics of Biopolymers 9

As for the spectral density functions, following the model-free approach we assume it to 
be in the form 
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where τ0 is the correlation time of motion and β is a phenomenological parameter 
characterizing a width of the correlation time distribution which varies between 0 (infinitely 
wide distribution) to 1 (delta function). This form of the spectral density function corresponds 
to the well-known Fuoss-Kirkwood distribution function [24]. It is important to note that 
there might be two types of distribution: inhomogeneous distribution (local inhomogenity 
over a sample that leads to a distribution of dynamic parameters over different internuclear 
vectors) and homogeneous distribution (complex shape of the correlation function of a single 
internuclear vector reorientation due to a complex nature of motion). This problem was 
analyzed in detail in [18]. The Eq. (9) is valid if the inter-nuclear vector undergoes only one 
type of motion. However, if there are two independent motions with different time ranges 
such that τ1>>τ2 where τ1 and τ2 are the mean correlation times of the motions, the spectral 
density function becomes 
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In our analysis we assume that the order parameter S2 and the distribution width 

parameter β are temperature independent and that the temperature dependence of correlation 
times is governed by the Arrhenius law 
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where τ293K is the correlation time at 293 K, Ea is an activation energy, R is the universal gas 
constant and T is the absolute temperature. Following the formalism described above, each 
molecular motion can be characterized by a set of four dynamic parameters: order parameter, 
correlation time, distribution width parameter and activation energy. These dynamic 
parameters were determined from the relaxation times by a computer minimization (fitting) of 
the following expression: 
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where N is the number of experimental points in the data set, Texp and Tsim are the 
experimental and simulated T1, 1

offT ρ  and 1
dT ρ  relaxation times measured at different 

resonance frequencies, spin-lock fields and temperatures. This procedure of the relaxation 
times treatment is very similar to that very often performed in the liquid-state NMR relaxation 
studies of the protein dynamics – simultaneous fitting of the T1, T2 and heteronuclear NOE 
measured at two, three or sometimes four resonance frequencies according to the Lipari-
Szabo formalism. The main difference between the liquid and solid state experiments is that 
there is no Brownian tumbling in the solid samples and due to T1ρ relaxation times one may 
sample the internal motions in the microsecond timescale. The analysis of the 13C data has 
shown that in most cases the data set can be reasonably described assuming that the 
polypeptide undergoes two independent motions in the nanosecond and micro-millisecond 
timescales: the description of the data assuming only one type of motion leads to a worse 
quality of the fitting and unreasonable values of some dynamic parameters. The results of the 
analysis are presented in detail below. 

The most essential assumption of the formalism described above is the temperature 
independence of the order parameters. Although the temperature range of the relaxation 
experiments is relatively narrow, the variation of S2 of the fast motion within the temperature 
range from 0º C to 50º C could be of the order of 10-20% (see [25] and references therein). 
To check, whether such a temperature dependence of the fast motion order parameter may 
affect the fitting results, we have fitted the same set of the data assuming the simplest linear 
temperature dependence of S2: 

 
2 2 0 0( ) (273 ) (1 ( 273 ))tS T S K k T K= ⋅ − ⋅ −  (13) 

 
where T is the absolute temperature, kt is the slope of the temperature dependence. We 
assumed kt to be 0.002 and 0.004 K-1, which correspond to the 10% and 20% difference of the 
order parameters at 0º C and 50º C, respectively. The results of the fitting for γ-carbon in the 
dry sample at different kt’s are presented in Table 1. It is seen that the absolute values of some 
dynamic parameters (e.g. the order parameter and the correlation time of the fast motion) are 
indeed dependent on the kt. However, it is also seen that this dependence is not dramatic and 
the fitting quality decreases (RMSD increases) with increasing kt. Thus, in spite of the certain 
ambiguity of the determination of the absolute values of some dynamic parameters we think 
that assumption of the temperature independent order parameters is methodologically more 
correct. The reasons for making such an assumption are as follows: the real temperature 
dependence of the order parameters is not known and at present theoretically unpredictable; 
such dependence does not lead to dramatic changes of the fitting results; the analysis 
presented below relies mainly on the comparison of the order parameters, the precise absolute 
values are less important. 

The results of the 13C relaxation times analysis (Figure 5) show that in dry polylysine 
there are two low amplitude motions in dry polypeptide - fast and slow – with the correlation 
times of the order of 10-9 s and 10-4 s, respectively. As the hydration level of the polypeptide 
increases, the polypeptide internal mobility obviously increases as well. 
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Table 1. Dynamic parameters obtained from the fitting the relaxation times of γ-carbon 
in the dry sample. Columns A, B and C correspond to the coefficient kt in the Eq. (13) 0, 
0.002 and 0.004 K-1, respectively. The order parameter of the fast motion in columns B 

and C corresponds to the temperature 20ºC 
 
 Dynamic parameters A B C 

S2 0.86±0.01 0.80±0.02 0.75±0.02 
τ, ns 3.3±0.2 1.5±0.2 0.4±0.05 
β 0.63±0.04 0.4±0.02 0.34±0.02 

Fast motion 

Ea, kJ/mol 24±2 21±3 22±2 
S2 0.84±0.04 0.86±0.09 0.75±0.08 
τ, μs 43±20 220±200 80±75 
β 0.12±0.03 0.12±0.07 0.05±0.02 

Slow motion 

Ea, kJ/mol 90±23 75±22 110±15 
RMSD  0.036 0.039 0.061 
 

 

Figure 5. Dynamic parameters obtained from the fitting the 13C relaxation times of all aliphatic carbons 
in dry polypeptide. Solid and open circles correspond to the parameters characterizing fast and slow 
motions, respectively. The figure is reproduced from ref [18]. 

However, the hydration response of the backbone and side chain motions is different: the 
backbone dynamics reveal only a modest increase of the order parameters, whereas the side 
chain dynamics show about five orders of magnitude decrease of the correlation time of the 
slow motion, so that at hydration levels higher than 10 % two motions become experimentally 
indistinguishable and the relaxation data for the side chain carbons could be well described by 
only one type of motion. The hydration dependence of the order parameters and correlation 
times of α and δ carbons (all side chain carbons reveal similar dynamic properties) are shown 
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in Figure 6. It is interesting to note that the hydration response of the internal dynamics of a 
native globular protein studied by the same methodical approach is very different [23]. The 
comparative analysis of the hydration dependence of the dynamic parameters in various 
biological polymers may provide valuable information on the interaction between water and 
biopolymers and the influence of hydration shell on the internal structural and dynamic 
properties of biopolymers [23]. This is an interesting topic, however, it is outside the scope of 
the present contribution. 

 

 

Figure 6. The hydration dependence of the order parameters and correlation times for α (circles) and δ 
(triangles) carbons. Solid and open symbols correspond to the fast and slow motions, respectively. At 
h=12% and 20% the data for δ-carbon (as well as for all other side chain carbons) could be described by 
only one (fast) motion. 

Considering the data presented in Figure 5, we would like to make a following comment 
on the absolute values of the activation energy of the slow motion. The absolute values of Ea 
around 100-150 kJ/mole are abnormally high, they are close to the energy of the splitting a 
covalent bond. Nevertheless, such values of the activation energy are often observed in 
synthetic polymers as well [26]. This apparent contradiction can be explained by the fact that 
the obtained Ea values characterize actually the slope of the temperature dependence of the 
correlation time of the motion within a relatively narrow temperature range. This slope can be 
attributed to the height of the activation barrier only if the temperature dependence of the 
correlation time has an Arrhenius form (i.e. a straight line in the lg(τ) – 1/T coordinates) over 
all the temperature range. In the case of the slow conformational motions in densely packed 
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polymers this is not the fact. The activation barrier for the slow motions is determined by 
sterical hindrances of the neighboring structural elements of the polymer. Due to the thermal 
motion the shape and the height of the potential barrier around each kinetic unit is constantly 
changing and obviously the amplitude of this change is temperature dependent. This 
qualitatively explains the non-Arrhenius behavior of the temperature dependence of the 
correlation time of the slow motion and the abnormally high values of the activation energy. 
This problem was considered in detail by Slutsker and co-workers [27,28]. It has been shown 
that the real activation energy of the slow conformational motion could be several times lower 
than the value determined by the slope of the temperature dependence of the correlation time. 
Thus, this contradiction can be reasonably explained on the qualitative level; however, we are 
not aware of any microscopic models explaining the non-Arrhenius behavior of the slow 
conformational motions in densely packed polymers quantitatively. 

 
 

Comparative Analysis of the Carbon and Proton Order Parameters 
 
As mentioned above, the main drawback of the description of the molecular dynamics 

within the frames of the model-free approach is an ambiguous interpretation of the order 
parameters and practically no information on the physical nature of internal mobility. To 
approach the more detailed comprehension of the molecular mobility in polylysine let us now 
consider the comparative analysis of the carbon and proton relaxation data. The carbon and 
proton relaxation times are determined by a motion of different inter-nuclear vectors, 13C-1H 
and 1H-1H, respectively. Thus, even for the same molecular motion the order parameters 
determined from the carbon and proton relaxation experiments in general case can be 
different. The main idea of the approach described here is that the comparative analysis of the 
13C-1H and 1H-1H order parameters for the same motion may limit the uncertainty of the data 
interpretation and lead to well-grounded conclusions on the physical models of the motion. 

We must note that for organic substances, the difference between carbon and proton 
relaxation has one more important feature. In CH2 and CH3 groups the C-H and H-H 
distances are 1.08 Å and 1.78 Å, respectively. At the same time, the closest distance between 
atoms belonging to different chemical groups is approximately 2.3-2.5 Å. Since the dipole-
dipole interaction strength is inversely proportional to internuclear distance to the power six, 
it is easy to estimate that the carbon relaxation is almost completely determined by covalently 
bound protons within the same chemical group - CH, CH2 or CH3. For proton relaxation, 
however, a substantial share of the dipole-dipole interaction comes from the interaction 
between protons of different chemical groups that may belong to different parts of a 
biopolymer chain. For instance, in globular proteins about 30-40% of the proton second 
moment comes from the interaction between protons belonging to different chemical groups 
[29]. One may thus conclude that the carbon relaxation reflects the reorientational motion of 
the backbone and side chains only whereas the proton relaxation provides, in addition, 
information on the relative movements of different parts of a polypeptide chain that are not 
associated with large amplitude reorientations of these parts. 

The proton relaxation data (Figure 4, right) could be well described by only one (fast) 
type of motion with the correlation time in the nanosecond timescale. The slow (micro-
millisecond timescale) motion was detected in carbon relaxation experiments primarily due to 
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the measurements of the proton-decoupled 1
dT ρ  relaxation time. This type of the relaxation 

experiments is most sensitive to the slow molecular motions in the micro-millisecond 
timescale. The proton off-resonance T1ρ relaxation times poorly sample such a low frequency 
range of molecular dynamics and thus, the parameters of the slow motion could not be 
directly determined from the proton relaxation times. 

Another problem of the analysis of the proton data is unknown value of the proton second 
moment. As mentioned above, an appreciable part of the proton second moment may 
originate from the interaction between protons belonging to different chemical groups and 
even different chains. Thus, if the packing pattern of the polylysine chains in the solid sample 
is not known, the value of the protein second moment cannot be determined and hence, the 
motional order parameter cannot be determined as well. To solve this problem, we proposed 
the following model of the polylysine packing pattern. This model was used in the computer 
Monte-Carlo simulations of the polylysine dynamics. We consider two parallel subtending 
three-stranded β-sheets arranged in respect to each other in such a way that the side chains of 
each β-sheet are inserted in between side chains of the opposite β-sheet as shown in Figure 7. 
Thus, the whole structure consisted of six peptide chains. To speed up the simulations, we 
reduced the number of atoms of our model by using Lys-Gly-Lys-Gly-Lys-Gly peptide 
instead of polylysine chain. This does not influence the results since we are not interested in 
side chains facing outside. Such a structural model was proposed on the basis of the following 
data: 

 
1) polylysine takes predominantly an anti-parallel β-sheet structure; 
2) the 13C fast motion order parameters are large and have similar values for all side 

chain carbons, which means that each side chain is equally confined by surrounding 
atoms along its length (see Figure 5); 

3) the proton second moment must be as large as possible and thus the proton density 
must be as large as possible. 

 

 

Figure 7. Part of the molecular structure used in the Monte-Carlo simulations: two (Lys-Gly)3 chains 
belonging to subtending β-sheets. The whole structure consists of six such chains forming two three-
stranded β-sheets. The figure is reproduced from ref [19]. 
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The latter requirement follows from the estimation of the proton order parameter from the 
relaxation times: the less the second moment the more the difference between carbon and 
proton order parameters which is difficult to explain (see details in [19]. From the Monte-
Carlo simulations we could estimate the proton second moment and both carbon and proton 
order parameters. The motion of the four lysine side chains located in the middle of the 
structure (Figure 7) was analyzed only. Each of these four side chains is surrounded by two 
side chains of the opposite β-sheet and by two side chains belonging to adjacent peptides of 
the same three-stranded β-sheet. Thus, the core of this six-chains polylysine structure 
resembles the densely packed dry polylysine sample. To assure a zero net charge of the whole 
structure, the electric charges of the ending NH3 groups were set to zero. 

The proton second moment was calculated according to the formula 
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where M is the number of steps in the Monte-Carlo trajectory, N is the number of protons, rij 
is the distance between i-th and j-th protons in the molecular structure, γ is the proton 
gyromagnetic ratio, k defines the number of the step in the Monte-Carlo trajectory. The 
proton order parameter was calculated according to the definition: 
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The denominator in the Eq. (15) is determined by the Eq. (14) and the averaged value of 

the proton second moment could be calculated as 
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where ( )3
ij n

r  is the third power of the distance between i-th and j-th protons in the molecule 

in the n-th step of the Monte-Carlo trajectory and (θij)mn is the angle between the internuclear 
vector connecting i-th and j-th protons in the trajectory step number n and the same vector in 
the step number m. The carbon order parameter for each carbon in the side chain was 
calculated according to the equation 
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where (θi)mn is the angle between the internuclear vector connecting a carbon and the i-th 
covalently bound proton in the trajectory step number n and the same vector in the step 
number m. NH is equal 1 for Cα carbon and 2 for Cβ, Cγ, Cδ and Cε carbons. The Monte-
Carlo simulations were conducted using the Amber forcefield in vacuum at 300 K with the 
help of HyperChem software. Several simulations were performed using slightly different 
initial structures, see details in [19]. 

Figures 8 and 9 presents the proton and carbon order parameters for the side chain 
carbons determined from the NMR experiments and Monte-Carlo simulations for the fast and 
slow motions, respectively. Since the fast spin diffusion between protons averages the 
relaxation rates of various protons in the polypeptide one may analyze only the averaged 
values and thus, the averaged proton order parameters are presented in Figs. 8 and 9 by the 
shaded areas. As mentioned above, the proton data do not allow determination of the slow 
motion dynamic parameters. Yet, there is a possibility to determine the minimum possible 
value of the order parameter of the slow motion. For this, we introduce the slow motion in the 
fitting the proton relaxation times with the fixed correlation time, activation energy and the 
distribution width parameter determined from the carbon relaxation data (Figure 5). Then we 
determined the minimum value of the slow motion order parameter that does not change 
appreciably the fitting quality of the proton relaxation time. 

 

 

Figure 8. Carbon and proton fast motion order parameters for the dry polylysine sample obtained from 
NMR relaxation experiments and Monte-Carlo simulations. Open circles are the carbon experimental 
order parameters, see Fig 5. Filled circles are the carbon order parameters obtained from the Monte-
Carlo simulations. Error bars for the solid circles define the spread of the values for different 
simulations. The upper shaded area defines the average proton order parameter determined from the 
Monte-Carlo simulations. The lower shaded area is the experimental proton order parameter obtained 
from the proton relaxation experiments. The figure is reproduced from ref [19]. 
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Figure 9. The order parameter of the slow motion for the dry polylysine sample obtained from the 
carbon (circles, see Figure 5) and proton (shaded area) NMR relaxation experiments. The figure is 
reproduced from ref [19]. 

This value corresponds to the lower border of the shaded area in Figure 9. If the order 
parameter of the slow motion is lower (amplitude is higher) then the fitting becomes 
appreciably worse and the variation of the fast motion parameters cannot improve it. The 
order parameters of the slow motion could not be determined from the computer simulations 
of the polylysine dynamics since the simulation trajectory was definitely too short to sample 
such a slow motion. 

The combination of the 1H-1H and 1H-13C order parameters for the same motions 
presented in Figures 8 and 9 allows one not only postulating the existence of molecular 
motions but also suggesting certain physical models of these motions that would explain both 
carbon and proton data. Now let us consider such possible models. 

It is seen that the carbon order parameters of the fast motion determined from the 
relaxation times and computer simulations are in a good agreement. This confirms that the 
polylysine structure (Figure 7) used in the computer simulations is a reasonable model of the 
packing pattern of the polypeptide. The proton order parameter determined from the 
simulations is also close to the carbon’s ones (Figure 8). At the same time, the difference 
between the proton order parameters determined from the simulations and relaxation 
experiments is too large (Figure 8) and cannot be explained by the inconsistency of the 
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analysis. The only reasonable way to explain such a difference is to take into account the 
features of the carbon and proton relaxation times described above: the carbon relaxation 
times reflect only the reorientational dynamics of the polymer chain whereas the proton data 
in addition to that provide the information on the relative translational movements of different 
parts of the chain without appreciable reorientations. 

It is worth to mention that a very similar phenomenon of the polypeptide and protein 
dynamics was observed about 20 years ago by Nusser and co-workers [30]. In this work, the 
internal dynamics of several proteins and polypeptides in the solid state was studied by means 
of field cycling proton relaxation, line shape analysis and Jeener-Broekaert experiments 
performed on labile backbone deuterons. Like carbon relaxation times, deuteron ones are also 
sensitive only to the reorientational motions. 

The deuteron experiments have shown that the protein backbone is practically 
immovable, whereas the proton relaxation data reveal appreciable amplitude of the internal 
motions. The deuteron and proton data characterize the dynamics of a backbone and mainly 
side chains, respectively, and thus, such a direct comparison of motional amplitudes 
determined from these experiments is not fully correct. Nevertheless, the difference between 
the deuteron and proton order parameters is too high to be explainable by this. To explain the 
obvious contradiction between deuteron and proton experiments the authors suggested the 
model of local dilations that cause almost no reorientation of chemical bonds but lead to 
significant changes of inter-proton distances. We believe that the difference between carbon 
and proton order parameters of the fast motion observed in our experiments (Figure 8) could 
be most reasonably explained by a very similar model. 

We suppose that in the case of the polylysine structure such dilations could be local 
stretchings of the distance between neighboring β-sheet planes. While diffusing along the 
backbone, such a defect induces sliding back-and-forth motion of side chains as shown in 
Figure 10. Such kinds of motion would cause rather small reorientations of chemical bonds of 
side chains, but definitely lead to much more effective averaging of the dipole-dipole 
interaction between protons belonging to different side chains. Our calculations show that this 
interaction accounts for about 20-25% of the total value of proton second moment. Thus, the 
assumption of such a specific motion based on the results by Nusser et al. [30] may explain - 
at least qualitatively - the experimentally observed difference between proton and carbon 
order parameters. We could not detect this motion in computer simulation because the length 
of the chains (Figure 7) was obviously too short. This motion is not associated with 
overpassing high-energy barriers caused by any sterical hindrances and thus, the activation 
energy of this motion is relatively small and close to the activation energy of the rotation 
around dihedral angles of the polylysine side chains. 

 

Figure 10. Schematic presentation of a diffusing defect in the polylysine structure consisting of foliated 
beta-sheets planes. The figure is reproduced from ref [19]. 
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So, the comparative analysis of the proton and carbon order parameters of the fast motion 
leads to the conclusion on the two different motions in the same time scale (nanosecond range 
of correlation times). 

The first motion is small amplitude librations of atoms around their average positions 
within the steric hindrances limits. This motion is reflected in the carbon relaxation 
experiments and computer simulations of the polylysine dynamics. This is a standard type of 
molecular motion present in all polymer systems without exception. The second type of 
motion could be revealed by the comparison of the carbon and proton order parameters: the 
proton order parameter is appreciably lower than the carbon one which indicates the existence 
of another motion which is not seen in the carbon experiments. Taking into account the 
different sensitivity of the carbon and proton relaxation experiments to the translational 
movements of the polymer chains (or different parts of the same chain) in respect to each 
other, we could explain the difference in the order parameters by introducing the “defect 
diffusion” type of motion shown in Figure 10. 

As for the slow motion, we observe the inverse picture – the proton order parameter is 
appreciably higher than the carbon one (Figure 9). That means that the amplitude of angular 
reorientation of C-H vectors of side chain methylene groups is larger than that of the H-H 
vectors of the same groups. Theoretically, it is easy to suggest a model of a methylene group 
reorientation explaining such a difference of the proton and carbon order parameters. For this, 
an axis of the rotation of the group must be parallel (or close to that) to the H-H direction. In 
this case the H-H vector of the methylene group does not experience large amplitude 
reorientations, whereas the C-H vectors do. (An opposite situation, i.e. when , 
cannot be interpreted in a similar way since there are two C-H directions in the methylene 
group and thus it is impossible to define a rotation axis which would explain a large 
amplitude rotation of the H-H vector and small amplitude rotation of both C-H vectors.) Since 
the H-H vectors of the polylysine side chains in the trans-conformations are parallel to the 
direction of the backbone, the small amplitude rotation of the β-sheet structures around the 
axis parallel to the direction of the backbone may explain the difference between the proton 
and carbon order parameters of the slow motion. However, such an explanation seems to us 
hardly probable since in this case the carbon order parameters would be the same for all side 
chain carbons which is not the case (Figure 5). The long correlation time of the slow motion 
is obviously connected with overpassing relatively high energy barriers and thus this motion 
should have most probably jump-like nature. We believe that the most probable model of the 
slow motion is jump-like trans-cis transitions of side chain conformation as shown in Figure 
11. These transitions are the correlated simultaneous 180º-jumps of χ

2 2
CH HHS S>

2 and χ4  dihedral angles 
(Figure 11, left) and the 180º-jump of χ3 dihedral angle (Figure 11, right). In this case, the H-
H vectors of the side chain methylene groups change their direction on 180º which does not 
affect the relaxation rates (because cos2(00)=cos2(1800), see the equation in Figure 2). 

Such motion causes partial averaging of only that part of the proton second moment that 
comes from interaction between protons belonging to different methylene groups (of the same 
side chain and different side chains). However, it is clear that the overall proton order 
parameter in this case would be larger than that of carbons. Figure 11 can also explain why 
the slow motion order parameter of β-carbon is appreciably higher than that of other side 
chain carbons (Figure 5): the cis-trans transitions shown in this figure cause reorientation of 
all methylene groups except beta-group. Angular reorientations of C-H vectors in such 
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transitions are large, and thus, large order parameters of slow motion can be explained only 
by a low population of cis-conformations. High activation energy and long correlation times 
of the slow motion are obviously the consequences of sterical hindrances caused by 
neighboring side chains that have to be overpassed during the conformational transitions 
shown in Figure 11. Upon hydration, the distance between β-sheet planes increases since 
water molecules are attracted to the hydrophilic NH3 groups of polylysine and this obviously 
requires additional space between β-sheet planes. This leads to reducing sterical hindrances 
for the slow motion and, as a consequence, dramatic decreasing the correlation time of this 
type of motion (Figure 6). 

 

 

Figure 11. Possible trans-cis transitions of lysine side chain conformation that explain the 
experimentally observed inequation . The figure is reproduced from ref [19]. 2 2

CH HHS S<

Thus, the comparative analysis of the carbon and proton order parameters in solid 
polylysine enabled to identify and to suggest physical models of three different types of 
molecular dynamics. It is clear that such a description of molecular dynamics is more 
physical and transparent than characterizing molecular motions by dimensionless order 
parameters only. We emphasize that this would not be possible with the analysis of the proton 
and carbon data separately. 

 
 
SIMULTANEOUS RELAXATION AND EXCHANGE DATA ANALYSIS 
 
In addition to the comparative analysis of the motion of different internuclear vectors, 

there is a possibility of the comparative analysis of the motion of internuclear vector and CSA 
tensor which we will consider in this chapter. Methodically, this approach is very similar to 
the approach described above and it also enables determination of the motional models 
directly from the experimental data. This work was published few years ago [31]. 

The motion of the CSA tensor could be explored by two NMR techniques: lineshape 
analysis and the solid state exchange spectroscopy. These experiments are suitable for 
detecting motions with the correlation times in the microsecond range and faster (lineshape 
analysis) and millisecond range and slower (exchange spectroscopy) [32]. The significant 
advantage of the exchange experiments is that they allow obtaining a correlation function of 
the CSA tensor reorientation directly from the experiment. In the case of the lineshape 
analysis this is impossible. There are several 2D and 1D modifications of the solid state NMR 
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exchange experiments [33,34]. However, all the exchange pulse sequences contain the same 
three functionally important time intervals: a preparation period for the initial frequency 
labeling of the signal; a variable mixing time during which the magnetization is stored along 
the z (the magnetic field) direction and the exchange may (or may not) occur; and the 
recording of the FID (secondary frequency labeling). The exchange as used here is a change 
of the CSA tensor orientation in respect to the BB0 field which changes the resonance 
frequency of a nucleus. In the 2D versions of the pulse sequences the exchange process can 
be detected by the appearance of the off-diagonal cross-peaks in the 2D spectrum. In the 1D 
versions the exchange process can be detected by decreasing the line intensity in the 1D 
spectrum with increasing mixing time. The mathematical formalism of the line intensity 
calculation is rather complex [34], however, it can be reduced to the following schematic 
expression: 
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 (18) 
 
In this equation the molecular parameters actually define the model of motion – its 

geometry (number of the orientations and the Euler angles) and the time scale (exchange 
matrix Kij, defining the transition probability per unit time from the orientation i to the 
orientation j). The main advantage of the 1D exchange experiments is that they work faster, 
save much machine time and the dynamic information they provide is essentially the same as 
can be obtained from the 2D experiments. The most powerful and universal 1D exchange 
technique up to now is a pulse sequence CODEX [35,36]. 

A very convenient system for a comparative relaxation and exchange NMR study are the 
15N nuclei located on a protein backbone. The NMR relaxation of these nuclei is determined 
by a dipole-dipole interaction with one covalently bound proton. At the same time, these 
nuclei possess nearly axially symmetric CSA tensor. The direction of the symmetry axis of 
the CSA tensor is only 20º from the N-H bond [37] that we will neglect in the analysis. 

The basic idea of our analysis is to apply the model-free approach not only to the 
relaxation, but also to the exchange experiment as well. The interpretation of the 
experimentally obtained autocorrelation function of the CSA tensor reorientation (i.e. the 
mixing time dependence of the line intensity) is very similar to that of the internuclear vector: 
if the motional model is known (or assumed) then the correlation function can be 
unambiguously calculated using Eq. (18), however, if the model is not known the 
interpretation can be performed only within the frames of the model-free approach. The long 
mixing time limit of the correlation function, which by analogy with the relaxation 
experiments we call the exchange order parameter, can be equally explained assuming 
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various motional models. As demonstrated below, the quantitative comparison of the 
relaxation and exchange order parameters for the same motion may provide criteria for the 
discrimination of the motional models directly from the experiment. 

The relaxation and exchange order parameters are determined differently, however, they 
both are dependent on the distribution function ρ(θ,ϕ) which characterizes the orientational 
distribution of the N-H vector (or the main axis of the CSA tensor, which we assume to be the 
same). The function ρ(θ,ϕ) actually determines the geometry of motion. With the use of this 
function, the relaxation and exchange order parameters can be expressed in the following 
way: 
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where ( , )n θ ϕ  is a unit vector with the orientation defined by the polar angles θ and ϕ, 
I(θ1,ϕ1,θ2,ϕ2) is a signal intensity in the exchange experiment on the stipulation that before 
and after the mixing time the symmetry axis of the CSA tensor had orientations defined by 
the polar angles θ1,ϕ1 and θ2,ϕ2, respectively. The value I(θ1,ϕ1,θ2,ϕ2) can be calculated using 
the f-function formalism [34]. (We must admit that the Eq. (20) was published in [31] with an 
error although this did not lead to essentially wrong results.) We performed a set of model 
calculations of the exchange and relaxation order parameters for four different models of 
motion presented in Table 2 at different angle amplitudes. The results are presented in Figure 
12. However, these results become more interesting and transparent if the relaxation and 
exchange order parameters are plotted as a function of each other, see Figure 13. It is clearly 
seen that the ratio of the relaxation and exchange order parameters is different for different 
motional models. This opens up a principal possibility to distinguish between motional 
geometries directly from the experiment. Figure 13 also clearly demonstrates the limitation of 
this method: the motion should have appreciably high amplitude (the relaxation order 
parameter must be lower than ~0.95), otherwise the curves for all motional models coincide. 

The combined relaxation and exchange NMR investigation was applied for studying the 
molecular dynamics of the backbone of the protein barstar in a free and bound to another 
protein, binase, states [31]. Comparison of the dynamic parameters in two different biological 
states may indicate the biological relevance of the molecular motions. 

Figures 14 and 15 present the experimental data – the temperature dependencies of the T1 
and T1ρ relaxation times and the mixing time dependencies. The experiments were performed 
on the rehydrated (6%) protein samples with 15% 15N-enrichment of barstar. The 15% instead 
of 100% enrichment was chosen to dilute the 15N spin system in the protein and thus to 
reduce the spin diffusion rate. Spin diffusion produces an additional component in the mixing 
time dependence in the exchange experiments and thus makes the analysis difficult and 
ambiguous [38]. The one-dimensional 15N spectrum of powder protein sample reveals of 
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course no site-specific resolution and thus we could obtain only the averaged dynamic 
information for the whole protein backbone. In spite of that, these experiments enabled (i) 
demonstrating the advantages of the complementarity of the relaxation and exchange 
methods, and (ii) comparing the parameters of molecular dynamics of barstar in two states 
that might become interesting for investigation of molecular details of the binding process. 

 
Table 2. Motional models for the order parameters simulations (δ(x) is Dirac’s delta-

function). θa defines the angle amplitude of motion in all cases 
 

Model Orientational distribution function 
a. Two equally populated sites ρ(θ,ϕ)=δ(ϕ)(0.5δ(θ)+0.5 δ(θ−θa)) 
b. Two 0.2/0.8 populated sites ρ(θ,ϕ)=δ(ϕ)(0.2δ(θ)+0.8 δ(θ−θa)) 

c. Diffusive reorientations within a planar 
angle a

( )δ ϕ
ρ(θ,ϕ) =

θ
   at 0<θ<θa 

ρ(θ,ϕ)=0       at θa<θ<π 

d. Wobbling in a cone ( )a

sin)
2 1 cos

θ
ρ(θ,ϕ =

π − θ
    at 0<θ<θa 

ρ(θ,ϕ)=0       at θa<θ<π 
 

 

Figure 12. NMR relaxation (solid lines) and exchange (dashed lines) order parameters at various angle 
amplitudes for the motional models described in Table 2 calculated according to the Eqs. (19,20). 

Parameter  was calculated at MAS rate 3 kHz, Δσ=160 ppm, one rotor period evolution delay in 2
exchS



Alexey G. Krushelnitsky 24

the CODEX sequence, resonance frequency for 15N nuclei 40.5 MHz. The figure is reproduced from ref 
[31]. 

 

Figure 13. The same data as shown in Figure 12 plotted in (1- ) vs. (1- ) coordinates. The 
figure is reproduced from ref [31]. 

2
relaxS 2

exchS

 

Figure 14. Temperature dependencies of the T1 and off-resonance T1ρ relaxation times of backbone 15N 
nuclei measured for free barstar (solid symbols) and barstar-binase complex (open symbols). The size 
of the symbols corresponds to the experimental error. Resonance frequency for 15N nuclei 40.5 MHz, 
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effective spin-lock frequency in the off-resonance T1ρ experiments was 60 kHz, the angle between B0 
and B1e fields (see Eq. 4) was 17º. The figure is reproduced from ref [31]. 

 

Figure 15. The CODEX mixing time dependences of the backbone 15N nuclei signal for free barstar 
(solid symbols) and barstar-binase complex (open symbols) in linear (left) and logarithmic (right) time 
scale. Solid lines are the fitting curves. The fitting curves simulated for the two-site jumps, “fan” and 
wobbling in a cone models are very similar. The experiments were performed at 250 C, the experimental 
conditions were the same as used in the simulations (Figure 12). The figure is reproduced from ref [31]. 

The joint relaxation and exchange data analysis can be performed in two ways. First, one 
may define the exchange and relaxation order parameters independently from two sets of data 
and then define the motional model from the comparison of these order parameters. This is 
the most straightforward method of the analysis, however, it does not work well if the data 
sets are limited like in our case (see Figs. 14 and 15). High ambiguity of the order parameters 
obtained from such data does not allow reliable determination of the motional model. Thus, 
we used a simultaneous fitting of both exchange and relaxation data. While fitting, the 
following expression for the root mean square deviation was minimized: 
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(21) 

 
where NR and NC are the number of experimental points in the NMR relaxation and CODEX 
experiments, Texp and Tsim are the experimental and simulated relaxation times, Iexp and Isim 
are the experimental and simulated line intensities in the CODEX experiment, max

expI  and min
expI  

are the maximal and minimal experimental line intensities in the CODEX experiment, 
respectively. The simulated relaxation times were calculated according to the formalism 
described in the previous section. The only difference was the value of Kd (Eqs. 1-3) which 
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was taken as large as 0.52⋅1010 s-2 for the 1H-15N interaction. The mixing time dependencies 
in the CODEX experiment were fitted according to the formula: 
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(22) 

 

where KN is the normalization coefficient, 
0

⎛ ⎞τ
ρ⎜ ⎟τ⎝ ⎠

 is the Fuoss-Kirkwood distribution 

function, exactly the same function as was used in the relaxation times analysis. There is no 
analytical expression for the integral in Eq. (22), thus this integral was calculated numerically. 

The data analysis has shown that one type of motion could not reasonably describe the 
data and thus we assumed existence of two types of backbone motions with different time 
scales, as we did while analyzing the polylysine data, see above. The number of the unknown 
fitting parameters in this case is nine – four parameters (order parameter, correlation time, 
distribution width parameter and activation energy) for the fast motion and five parameters 
for the slow motion. The slow motion is described by five parameters since there are two 
order parameters corresponding to the relaxation and exchange experiments, all other 
parameters (correlation time, distribution width parameter and activation energy) we assume 
for these experiments to be the same. Introducing two order parameters for the fast motion is 
senseless since the exchange experiment is insensitive to the fast (nanosecond time scale) 
motion. Yet, it is possible to reduce the number of fitting parameters by one taking into 
account the model calculations described above. Using the dependencies presented in Figure 

15,  can be expressed as a function of  (these dependencies can be approximated 
by any suitable arbitrary function). 

2
exchS 2

relaxS

Thus, we fitted the data for each motional model separately. The fitting results are 
presented in Tab. 3. We do not present the results for the model b since it produces 
unreasonably high amplitude for the slow motion. 

Table 3 demonstrates that all three motional models considered give very similar values 
of the dynamic parameters and practically the same data fitting quality. The protein backbone 
is a rigid structure, hence the motional amplitude is small and the order parameters fall in the 
region where different motional models give the same ratio of the relaxation and exchange 
order parameters. 

Thus, one cannot determine the most suitable model of motion directly from the 
experimental data which was the main aim of this study. The model “wobbling in a cone” 
seems to be most reasonable for description of these data since it gives the least angular 
amplitude of the N-H vectors reorientation. However, this analysis evidently demonstrates 
that such an approach would be most effective for the study of high amplitude motions. In 
spite of the failure to determine the motional model, the determination of the dynamic 
parameters from the simultaneous analysis of the relaxation and exchange data is much more 
exact and reliable than using these two types of the experiments separately. It is also 
interesting to mention that the average angular amplitude of the barstar backbone slow 
reorientations decreases 1.5 times upon binding to binase independently on the model 
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assumed in the analysis, see Table 3. This is an expected result, however the quantitative 
estimation of this change in dynamics was not done before. Such kind of the backbone 
mobility is likely functionally important: As hypothesized by Fersht and co-workers [39,40], 
a breathing motion of barstar expands the binding loop and the second helix in contact with 
the active site of barnase and thus, the internal dynamics modulates the conformation of the 
binding site for a better affinity to barnase (binase and barnase are similar proteins that both 
tightly bind to barstar). 

 
Table 3. Dynamic parameters, obtained from the simultaneous fitting the relaxation 

times and the mixing time dependencies (Figures 14 and 15) for the motional models a, c 
and d (see Table 2). The correlation times correspond to the temperature 20º C. Angle 

amplitude (θa) was determined from the dependencies shown in Figure 12 
 
 Two-site jumps 

(model a) 
Diffusion within a planar 
angle (model c) 

Wobbling in a one 
(model d) 

 free barstar barstar-
binase 

free barstar barstar-
binase 

free barstar barstar-
binase 

2
relaxSS  0.85±0.01 0.94±0.005 0.84±0.015 0.94±0.005 0.895±0.02 0.94±0.01 

θa 26.50±10 16.50±10 480±30 280±10 15.50±1.50 11.50±10

τ0S, ms 0.12±0.08 3.0±1.7 0.1±0.04 2.5±1.5 1.2±1.0 2.8±1.2 
βS 0.24±0.01 0.18±0.015 0.24±0.01 0.18±0.015 0.25±0.02 0.19±0.02 
EaS, kJ/mole 105±15 200±40 105±9 190±40 160±40 195±45 

2
relaxFS  0.86±0.045 0.96±0.015 0.84±0.05 0.965±0.015 0.89±0.03 0.96±0.02 

τ0F, ns 4±15 130±20 1.0±0.5 120±30 120±100 100±40 
βF 0.12±0.05 0.78±0.15 0.12±0.08 0.71±0.14 0.23±0.1 0.73±0.16 
EaF, kJ/mole 10±5 9.5±3 8.5±5 11.5±4 8±4 10±5 
RMSD, % 6.2 3.0 6.3 2.9 5.7 2.9 
 
 

CONCLUSIONS AND PERSPECTIVES 
 
Here we presented two examples of the combined analysis of different magnetic 

interactions aiming to describe the geometry of molecular motions in biopolymers in detail. 
The first example makes use of the comparison of the 13C-1H and 1H-1H internuclear vectors 
motion in polylysine and the second example concerns the study of protein backbone 
dynamics by simultaneous analysis of the 15N-1H internuclear vector and the 15N CSA tensor 
reorientations. These methodical approaches are still associated with a number of a priori 
assumptions, nevertheless they in principle provide a possibility of discrimination of various 
motional models directly from the experimental data which is not possible using most of the 
routine techniques. This has a primary importance for biological macromolecules since their 
biological function has an intimate connection with their molecular dynamics. Thus, the 
knowledge of the physical nature of the molecular motion may reveal molecular details of the 
biological function with a possibility of subsequent intentional modification of biological 
properties. The idea of the joint quantitative analysis of different magnetic interactions for 
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determination of motional models was utilized before in solutions, see [41] and references 
therein. As for the solid state experiments, only now the methodical development of the NMR 
techniques enables intensive practical applications of this idea. 

We would like to outline few directions along which the complex NMR approaches to 
studying biopolymer dynamics, in our opinion, will develop in near future. First, very useful 
would be the incorporation into analysis the lineshape data of the static or slowly rotating 
samples. As mentioned above, the lineshape data provide information on the CSA tensor 
reorientations in the μs and faster time scales. Although this method does not allow direct 
determination of the correlation function of motion, like in the exchange experiments, the 
combined analysis of the relaxation, exchange and lineshape data may reduce the number of 
assumptions in the analysis and provide more reliable and definite information, especially 
using the temperature dependencies of the lineshape data. Second, we expect high 
potentialities of the complex NMR studies of molecular dynamics performed on 2H nuclei. 
These nuclei are best suited for all three types of the NMR experiments mentioned above – 
relaxation, lineshape analysis and exchange. There is a large number of the 2H relaxation and 
especially lineshape analysis experiments in proteins, however, we are not aware of any 
exchange experiment performed on proteins using deuterons. The main methodical advantage 
of deuteron experiments is a large and axially symmetric quadrupolar splitting and the 
quadrupolar mechanism of the spin-lattice relaxation of deuterons. Thus, the assumptions on 
the axial symmetry of the CSA tensor and the coincidence of the symmetry axis of the CSA 
tensor and the internuclear vector that have been made in the analysis of the 15N data (see 
above) are not necessary in the case of 2H nuclei since both spin-lattice relaxation and the 
qudrupolar splitting are determined by the reorientation of the electric field gradient in respect 
to BB0 field. And the third direction concerns the possibility of obtaining the dynamic 
information on a site-specific basis in proteins. This is the most important point since only the 
site-specific dynamic information on proteins may help revealing the molecular mechanisms 
of their biological function. 

The site-specific resolution obviously requires high spectral resolution and individual line 
assignments. For proteins in the solid state this is not a simple task, although presently there 
are experimental techniques to achieve site-specific spectral resolution and assignment. The 
most simple way to obtain this is a preparation of selectively 15N/13C/2H enriched proteins as 
was done e.g. in [42]. However, the obvious disadvantage of this approach is a poor sampling 
of a protein molecule. The alternative to this approach is a developing very rapidly over the 
last decade high resolution multidimensional NMR spectroscopy on totally 15N/13C enriched 
proteins in the microcrystalline form [43,44]. These techniques enable practically full 
sampling of a protein molecule and obtaining highly selective information. So far the 
multidimensional heteronuclear solid state NMR experiments in microcrystalline proteins 
were applied for obtaining mainly structural information [45-47] During the last few years 
these NMR approaches have been applied to measuring on a per residue basis such 
parameters as 15N T1’s [48,49], 2H T1’s and residual quadrupolar couplings [50] and 13C-1H 
residual dipolar coupling [51]. However, the limited number of the measured parameters in 
these works does not provide information on geometry of a motion; these data allow only the 
comparative characterization of internal dynamics in different protein locations, more detailed 
quantitative description of the dynamics requires either some assumptions or incorporation 
into analysis independent data. The complex NMR approaches described above combined 
with the modern multidimensional techniques would help to obtain more definite and 
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spatially selective information on protein dynamics. Yet, there is a methodical problem in 
these investigations that must be mentioned. This problem is spin diffusion. Spin diffusion is 
a very useful phenomenon in structure determination but it is a severe obstacle in dynamics 
studies: in the relaxation experiments it equalizes the relaxation rates of different nuclei, and 
in the exchange experiments spin diffusion, as was mentioned above, causes appearance of an 
additional component in the exchange decay that overlaps the component corresponding to 
the molecular motion. Only the lineshape experiments are unaffected by spin diffusion since 
T2 is shorter than the spin-diffusion rate. In totally 13C-enriched proteins, spin diffusion is 
very fast and there is practically no way to obtain site-specific dynamic information using 
relaxation or exchange NMR experiments; the only solution here is the selective 13C 
enrichment. As for the 15N and 2H nuclei, spin diffusion is not always too fast to disable 
obtaining site-specific dynamic information, but in many cases it makes the analysis of the 
data more complicated and ambiguous [13,38,52,53]. An effective and promising option to 
combine the total 15N protein enrichment with the suppression of the spin diffusion effect 
appeared recently. This option is the proton-detected 15N-1H correlation spectroscopy of 
perdeuterated proteins with ~10% backsubstitution of exchangeable protons [54]. The low 
proton density in such sample combined with a relatively high MAS rate ensures the 
negligible spin diffusion rate between 15N nuclei in the protein. At the same time, using the 
sensitive nuclei (protons) for detection of the signal allows obtaining spectra within the 
reasonable time limits, which is a crucial issue in the time consuming relaxation and 
exchange experiments. On the other hand, it is clear that this idea would work only for 15N 
nuclei. In the NMR dynamic studies using 13C or 2H nuclei, which are more suitable for 
studying the side chain dynamics, the selective isotopic enrichment seems to be unavoidable, 
otherwise the spin diffusion would not be non-negligible and the quantitative analysis of the 
relaxation and exchange data would become ambiguous. 

In conclusion, we would like to note that the main obstacle for implementing the complex 
NMR approaches to studying molecular dynamics of biopolymers and proteins is their high 
time consumption. Performing a wide set of various NMR experiments at different conditions 
(resonance frequency, temperature, etc.) may require several months of measuring time not to 
mention the data processing and analysis. Thus, one may hardly expect that these techniques 
will become routine procedures in near future. Yet, we are confident that only a more 
complicated and sophisticated methodical approaches can ensure a breakthrough in 
understanding the molecular mechanisms of involvement of the conformational dynamics in 
the biological function of biopolymers. 
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