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In the study of protein dynamics by C or N relaxation
measurements different models from the Lipari–Szabo formalism
are used in order to determine the motion parameters. The global
rotational correlation time tR of the molecule must be estimated
prior to the analysis. In this Communication, the authors propose
a new approach in determining an accurate value for tR in order
o realize the best fit of R2 for the whole sequence of the protein,
egardless of the different type of motions atoms may experience.
he method first determines the highly structured regions of the

equence. For each corresponding site, the Lipari–Szabo parame-
ers are calculated for R1 and NOE, using an arbitrary value for

tR. The x2 for R2, summed over the selected sites, shows a clear
inimum, as a function of tR. This minimum is used to better

estimate a proper value for tR. © 2000 Academic Press

Key Words: rotational correlation time; relaxation parameters;
protein dynamics; residues selection; factorial discriminant
analysis.

Recent advances in isotope labeling methods have en
13C and15N nuclear spin relaxation to become widely used
studying internal motions in macromolecules (proteins).
relaxation data (R1, R2, NOE) are usually obtained at a sin
value of the static magnetic field, allowing a poor samplin
the spectral density function. The simplest way to mode
this function is by means of the Lipari–Szabo formalism (1, 2),
hat is, depending on only three parameters:

J~v! 5
2

5 F S2tR

1 1 ~v z tR! 2 1
~1 2 S2!te

1 1 ~v z te!
2G , [1]

wheretR is the correlation time of the global motion (suppo
isotropic) of the molecule in solution,te is the effective cor
relation time of the internal motion, andS2 represents th
spatial restriction of the internal motion.

The determination of the rotational correlation time con
tutes a primary requirement in the attempt at motion analy
all molecular sites of the protein, starting from the experim
tal relaxation data obtained from labeled nuclei.

1 To whom correspondence should be addressed at Institut Curie, Ba
entre Universitaire, F-91405 Orsay, Cedex France. E-mail: joel.mispe
urie.u-psud.fr.
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The standard procedure for estimating this parameter
use theR2/R1 ratio for selected sites in the protein seque
(3). This approach has been extensively discussed rec
(4–6) and it is based on two principal ways of selec
residues.

One way requires that the selected sites should fulfil
extreme narrowing limit, which is a very restrictive conditi
It assumes the second term of Eq. [1] to be negligible7)
(model 1 of LS formalism). The value fortR is then estimate
from Eq. [2]:

tR 5
1

2vX
Î6R2

R1
2 7. [2]

Due to the constraint imposed on the minimum value ote,
hich is seldom fulfilled,tR is usually underestimated usi

this method (4). Besides, the proper sites might not be ea
selectable a priori. Attempts have been made to improv
selection (8), based on NOE data, but nevertheless, the co
tion of independence ofR2/R1 on S2 still remains.

The second, less restrictive way to select residues cons
fitting simultaneously all three relaxation parameters withtR,
S2, andte. The determination oftR in the latter approach h
been carried out using the local site treatment of Shurret al.(9)
or using the globally linked approach of Dellwo and W
(10). In this case the three LS parameters (tR, S2, andte) are
calculated by minimizing thex2 function described by

x 2 5 O
residues

F ~R1exp2 R1calc!
2

s 2~R1!
1

~NOEexp 2 NOEcalc!
2

s 2~NOE!

1
~R2exp2 R2calc!

2

s 2~R2!
G [3]

n order to fit best, simultaneously, all three experime
elaxation parameters for each residue.

We propose a simpler method, in which the site selecti
one using the general model 4 of the Lipari–Szabo forma
7), accordingly fitting the relaxation data. In this way, fo

given value fortR, one can obtain the values forS2 andte in
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Eq. [1] which fit exactlyR1 and NOE (11). Then, the value fo
tR is that obtained from the best fit ofR2 among the selecte
sites, using only the exact estimates ofS2 andte from R1 and
NOE relaxation data. The extreme narrowing limit conditio
no longer required but the selected sites should be submit
fast and restrictive motion. They are usually located in
well-structured regions of the proteins andR2 is a sensibl
parameter for making this choice.

In the case of very restrictive motions (low amplitude,S2 '
1), the corresponding time scale of the correlation tim
usually in the range of picoseconds. For these nuclei
relaxation parametersR1, R2, and NOE can be fitted using E
[1] for J(v) in the Lipari–Szabo formalism. For other nuc
submitted to a slow motion regime in the time scale of n
seconds, it is necessary to apply an extension of the Li
Szabo formalism (12). In these cases the value ofR2 strongly
diminishes. Moreover, there are cases where nuclei may
very slow motions contributing only toR2 relaxation mecha-

isms and not toR1 or NOE. For these specific residu
characterized by conformational changes on a time scale
ing in the domain of micro- to milliseconds, theR2 values ar
increasing. Such an example is shown in Fig. 1 for the
protein (13). In the figure, one may easily distinguish t
regions in the sequence, characterized by a practically con
R2 value corresponding to highly structured domains in
protein. On the contrary, the edges of the sequence are
acterized by decreasedR2 values, indicating the presence
nuclei with fast and high amplitude motions, in the time s
of nanoseconds. For these specific cases, where motio
modeled on two widely separated time scales, the Lip
Szabo formalism proves to be inappropriate and the exte
model-free approach of Cloreet al. is invoked (12). Finally one
may notice on the plot a residue (83) where theR2 value is

FIG. 1. Ca spin–spin relaxation rates as a function of residue index i
NCS protein.
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strongly increasing, indicating conformational changes af
ing only the spin–spin relaxation rate.

The Lipari–Szabo formalism is concerned only with v
fast and hindered motions. Hence, it is very appropriate
the dynamic parameters withR1 and NOE that are insensible
slow motions. Assuming a known value fortR, it is possible to
find unique solutions forS2 andte, exactly fitting the exper-
mental data forR1 and NOE (11).

We can suggest a new approach to determinetR from theR2

fitting, in these highly structured domains of the seque
whereR2 tends to be practically constant. This method is b
only on LS formalism, taking into account the characteris
of the internal motion of the nuclei, without any further
sumption onS2 or te.

From theR1 and NOE fittings at an arbitrary chosentR

value, one could reconstruct theR2 values at each site. T
comparison with experimental data is done by calculating
correspondingx2 function,

x 2 5 O
residues

~R2exp2 R2calc!
2

s 2~R2!
, [4]

here the sum is done over the selected sites. Note that,
1calc and NOEcalc equal exactlyR1exp and NOEexp, respectively

so that Eq. [3] reduces to Eq. [4].
The sites involved in the summation of Eq. [4] can

straightforwardly selected by examination ofR2 (Fig. 1), but a
more objective method is provided by multivariate statis
analysis. For example, a factorial discriminant analysis14)

erformed onR1, R2, and NOE experimental data allow us
clearly distinguish three regions (Fig. 2), of motionally sim
sites. Residues inside region 2 have all three relaxation pa
eters fitting the LS formalism while those inside regions 1
3 are submitted to a slow motion regime (extension of LS)
exchange broadening, respectively.

The dependence of thex2 function overtR presents a cle
minimum (Fig. 3), which gives the best value for the rotatio
correlation time. The error on the estimation oftR may be

FIG. 2. Factorial discriminant analysis on experimental relaxation
(R1, R2, NOE) used for determining motional similarities among residue
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231COMMUNICATIONS
obtained from a Monte-Carlo simulation. This method
been tested and compared (Fig. 4) with theR2/R1 method (15),

sing data obtained for the NCS protein, totally enriche
13C, measuring relaxation rates of Ca, at 500 MHz. Thre
ifferent selections of residues were used. The first one, g

he smallerx2, was restricted to a few residues belonging to
most structured regions of the protein. A second selection

FIG. 3. x 2(R2) calculated from the set (S2, te) values, fittingR1 and NOE
ata for the arbitrary chosen value oftR (the LS formalism, Eq. [1]), as

function of tR.

FIG. 4. x 2(R2) as a function oftR in a Monte-Carlo simulation. To th
selections. To the right is the result obtained with the proposed method
s

n

g
e
as

extended to practically all of the protein backbone, excep
the few residues at the edges and residue 83 which c
exhibits an exchange contribution toR2. This selection corre-
sponds to all residues contained inside region 2 of Fig.
gives the largestx2, due to the larger number of terms in
summation (Eq. [4]). Finally a third selection was tested
includes the residues inside the gray region (Fig. 2) of
factorial discrimant analysis map. Figure 4 clearly shows
thetR values obtained by theR2/R1 method are systematica
lower than those obtained by the method proposed in
paper, as expected (for none of the selected residues
extreme narrowing limit fulfilled). Furthermore, it must
emphasized that thetR values thus obtained do not depend
the residue selection that is different from theR2/R1 case

hich givestR values dependent on the selected sites.
result, the calculated value fortR using the sites inside regi
2 of the FDA map is 4.53 ns (s 5 0.07) for the NCS protei
at 35°C.

We have also applied this method in order to obtaintR for
the NCS protein for four temperatures (35, 40, 45, and 50
The variation of determined correlation timestR in function of
h/T (Fig. 5) shows the expected linear dependence pred

y the Stokes–Einstein equation:

tR 5
4phwr H

3

3kT
. [5]

Finally, a global exchange process or an anisotropic m
may be a drawback of this approach but it has the advan

eft,tR is calculated from Eq. [2] (R2/R1 method) using three different resid
sing the same residue selections.
e l
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232 COMMUNICATIONS
of rapid determination of motion parameters from meas
ments at a single value of the static magnetic field. It can
determine the propertR value using the minimum hypothes
fitting the best possible motion parameters inside the LS
malism—model 4 (7)—for the highly structured residues of t
protein.
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