
Vol. 92, No. 3, 1980 

February 12, 1980 

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Pages 883-888 

THE ANALYSIS OF NMR RELAXATION DATA IN TERMS 

OF MULTIPLE INTERNAL MOTIONS 

Oleg Jardetzky, Anthony A. Ribeiro and Roy King 

Stanford Magnetic Resonance Laboratory 
Stanford University, Stanford, CA 94305 

Received November 20,1979 

A novel formalism for estimating the complex motions of proteins and 
other flexible macromolecules from NMR relaxation measurements is applied 
to 13C NMR relaxation data on the Bovine Pancreatic Trypsin Inhibitor 
(M. W. 6,500). Six experimental parameters measured at two field strengths 
are accounted for by a minimum of three motions at each carbon group. Low 
frequency components make small but finite contribution to the relaxation 
of all resonances, suggesting a general low frequency distortion of the 
backbone. Rotational diffusion of the protein makes a relatively minor con- 
tribution to the relaxation process. For aliphatic groups, rotation of side 
chains dominates relaxation. 

It is well knOhn that NMR relaxation measurements can in principle 

provide information on the internal dynamics of proteins and other macro- 

molecules. However, the interpretation of relaxation measurements on 

flexible molecules presents much more serious theoretical difficulties 

than generally appreciated. It is always possible to derive a correlation 

time from the measurement of a single relaxation parameter, using any arbi- 

trary mathematical model. It is usually possible to account for two or 

even three relaxation parameters by any one of several models. The inappro- 

priateness of a specific model, as applied to a specific system, becomes 

apparent only if the stringent condition is applied that the model account 

for all, i.e., for a large number of relaxation measurements made on the 

system. 

TO evaluate the magnitude of this problem, and to eliminate it if 

possible, we have collected and analyzed 13 
C relaxation data (Tl, T2 and NOE) 

at frequencies of 45 and 90 1%~ on Bovine Pancreatic Trypsin Inhibitor, a 

smal .l protein (M. W. 6,500). It has been pointed out before that the relaxa- 
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tion of proton-bearing 13 
C nuclei is dominated by dipole-dipole interaction 

with the nearest proton and therefore permit a relatively simple interpreta- 

tion in terms of a single relaxation mechanism (1,Z). The procedure used 

for data analysis is based on the formalism developed for the description of 

relaxation phenomena in systems with multiple degrees of internal motional 

freedom (3,4). In this formalism, the spectral density function used in the 

calculation of relaxation parameters is given by 

where; J(W) is the spectral density function at a frequency W; Fj, a dynam- 

ic variable with an autocorrelation function Fj(t)Fj(t + T); Xn,$n are 

eigenvalues of a transition operator R$n = hn$n -- i.e. A,,+, are the rate 

and amplitude parameters of the dynamic variable Fj respectively; hn = l/m 

where T is the correlation time for the nth individual motion. The formal- n 

ism thus permits the systematic testing of relaxation equations implying 

one, two, up to N motions against a given set of experimental data. In the 

present analysis, an additional simplifying assumption was made, which is 

not a severe restriction on the generality of the approach -- i.e., that 

- 
each motion can be represented by an average rate parameter A k’ rather than 

a complete set of eigenvalues (X1.. _ An>k- No knowledge of the absolute amp- 

litude 4 of each motion is required, since the eigenfunctions can be norm- 

c alized and the condition holds i ‘i= ’ where ui is the average amplitude 

of a set of motions, ai = Under these conditions, Eq. (1) can 

be re-written as 
- 

J(w) = c 
Okxk 

k w2+q 

Successively setting k = 1, 2, 3.. .N, all possible combinations of values 

(2) 
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% 
and 1 can be found which account for a given set of relaxation data. 

The computer program'required for this analysis will be reported in a more 

detailed communication. h = 6 x lo* 
-1 

set describing the rotational dif- 

fusion of the molecule was determined by depolarized light scattering 

(C. C. Wang and R. Pecora, personal communication) and is introduced as an 

additional known constraint into Eq. (2). 

Several important conclusions can be stated from the application of 

this type of analysis to about 40 identifiable and partially assigned (5,6) 

13 C resonances in the BPTI spectrum: 

(1) For none of the resonances can the set of six (or even three) relaxa- 

tion parameters (e.g., Tl, T2, and NOE at 45 and 90 MHz) be simultaneously 

accounted for by a single motional term. 

(2) Two motions, one of which is the rotational diffusion of the protein, 

suffice to account for relaxation in only two of the resonances, one in the 

a-CH, the other in the aromatic region of the spectrum. The nature of the 

second motion, at a frequency of 2 x IO8 
-1 

set , cannot be specified, but 

it could be the diffusion of the longer axis of the anisotropic molecule 

(axial ratio %3:1). The result in this interpretation is compatible with 

the notion that the two groups are part of a rigid structure. 

(3) A minimum of three motions is required to account for the relaxation 

data on all other resonances. Thus, except for the preceding two, none 

of the observed resonances can be said to represent groups rigidly held in 

the protein structure. This indicates that greater caution is necessary in 

the use of the common assumption that the relaxation of C resonances re- 
n 

fleets only the motion of the rigid protein backbone (7-9). With three mo- 

tions and six measured parameters, an exact solution of the six simultaneous 

relaxation equations is possible. In OUT procedure, the best fit was ob- 

tained separately for the three relaxation measurements at each frequency, 

showing that a set of ul, k x which provided a solution for one set also 
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TABLE I BPTI--TYPICAL MOTIONAL FREQUENCIES (A) AND AMPLITUDES loo m m  13C RELAXATION DATA 

CHEMICAL SHIFT(PPM)+ FIELD STRENGTH Tl TZ  NOE MOTION 1 MOTION 2 MOTION 3 

ASSIGNED RESIDUE(S) (MHz) (SEC) (SEC) AlW al(n) A2(Hz) Lx*(X) A3(Hz) a3w 

53.546 45 ,106 ,044 1.27 6EB 1% 2E8 74% 3ElO 24% 

IJNASSIGNEDCtCH 90 ,207 ,036 1.20 6E8 63% lE7 6% 2ElO 31% 

116.866 45 .121 ,026 1.16 6E8 4% 9E7 87% 9ElO 9% 

Tm3,5 C 90 ,322 ,035 1.15 6EB 13% lE8 87% 3ElO <1x 

'RELAXATION DATA AT 17OC, PD 54HEMICAL SHIFTS ARE REFERENCED TO EXTERNAL TRS. 

constituted a solution of the other. A representative sample of the data 

and calculated frequencies and amplitudes is seen in Table I. Two note- 

worthy points are immediately apparent: (1) A low frequency motion 

(12 = 1-2 x 10' see-') makes a small but consistent contribution to the re- 

laxation of virtually all resonances, and (2) a very high frequency compo- 

nent (X3 = 10lO-lO1~ecl) makes a contribution to the relaxation of several 

Ce resonances. This component is easily understood in the case of Cu of 

Ala 58, since the residue is near the C-terminal of the protein and could 

wobble freely. It speaks against the dynamic stability of the salt bridge 

between Arg 1 and Ala 58 postulated on the basis of chemical shift measure- 

merits(6). No such easy explanation can be advanced for its appearance 

amoung other Co's, but it is possible that it reflects the small rearrange- 

ments predicted by molecular dynamics calculations (10,ll) in this fre- 

quency range. 

The nature of the low frequency component is not defined by this type 

of analysis. I f  one assumes that it represents a low amplitude wobble (4) 

the average angle of the wobble can be estimated to be ~45~. Other models 
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can be proposed and cannot be distinguished from a wobble on the basis of 

relaxation data alone. The near ubiquity of the component suggests that it 

represents a general relatively slow warp of the entire backbone, which 

would be reflected in the motion of both the backbone and all side chain 

carbons. The frequency of this component suggests that it may originate 

from diffusional collisions between protein molecules. 

The rapid component of the motion of methyl groups largely represents 

methyl group rotation. However, the fractional contribution of this motion 

(9?-98%) exceeds the theoretical maximum (88.8%) predicted by the appro- 

priate rigid rotor model (12). This and the observation that alternative 

values of X 
3 

in the same frequency range can account for the relaxation data 

suggests that methyl group rotation may not be the only significant motion 

at this frequency. Discrimination may be possible if the analysis is extend- 

ed to include four or more degrees of notional freedom. 

The type of analysis carried out here allows a rigorous determination 

of (a) the minimum number of motions required to account for a set of re- 

laxation data and (b) the frequency of each motion to within a factor of Z-3. 

It appears to sacrifice information on the absolute amplitude of each motion. 

However, the sacrifice is more apparent than real. Khenever two or more spe- 

cific models account for the data equally well, no real information on amp- 

litudes can be derived from relaxation data. Since this is frequently the 

case (4), it can be said that the information on the nature and amplitudes 

of individual motions -- as contrasted to their frequencies -- which NMR 

can provide is very limited. Accurate knowledge of the frequencies, how- 

ever, permits comparisons of mobilities in different parts of the protein 

structure and thus a limited but significant understanding of its dynamics. 

Viewed in the light of the known structure of BPTI, the data in 

Table I show that, even in this relatively small and rigid protein, rota- 

tional diffusion of the molecule as a whole makes only a minor contribution 

to relaxation. Rotation of side chains dominates the relaxation process. 
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The rates of these rotations are nearly equal for all aliphatic groups ob- 

served, but differ somewhat for the aromatics, which appear more sensitive 

to the rotational diffusion of the protein. This is understandable from 

an examination of a molecular model of BPTI. All of the aliphatic groups 

examined are on the surface of the structure, whereas the aromatics are not. 

Two additional motions -- one of low, one of high frequency -- are present 

in the backbone. While relaxation measurements by themselves cannot shed 

light on their nature, interpretation may be possible on the basis of molec- 

ular dynamics calculations. 
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