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Abstract
Spectral density mapping at multiple NMR field strengths is probably the best method to describe the dynamics behavior of
a protein in solution through the analysis of 15N heteronuclear relaxation parameters. Nevertheless, such analysis is scarcely
reported in the literature, probably because this method is excessively demanding in spectrometer measuring time. Indeed,
when using n different magnetic fields, the discrete sampling of the spectral density function with 2nþ 1 points needs the measure-
ment of 3n 15N heteronuclear relaxation measurements (n R1, n R2, and n 15N{1H} NOEs), assuming the validity of the high fre-
quency approximation. Based on further approximations, we proposed a new strategy that allows us to describe the spectral density
with nþ 2 points, with the measurement of a total of nþ 2 heteronuclear relaxation parameters. Applied to the dynamics analysis of
the protein C12A-p8MTCP1 at five different NMR fields, this method allowed us to divide by nearly a factor 2 the total measuring
time, without altering further results obtained by the LiparieSzabo ‘‘model-free’’ analysis of the resulting spectral densities. To cite
this article: V. Ropars et al., C. R. Chimie 11 (2008).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
Résumé
La cartographie des densités spectrales à différentes valeurs d’induction magnétique est certainement la meilleure méthode pour
décrire le comportement dynamique d’une protéine en solution, à travers l’analyse des paramètres de relaxation hétéronucléaire
15N. Cependant, de telles analyses ne sont que rarement reportées dans la littérature, probablement parce que cette méthode est
excessivement consommatrice de temps machine. En effet, si l’on utilise n valeurs différentes de champs magnétiques, l’échantil-
lonnage discret de la fonction de densité spectrale par 2nþ 1 points demande la mesure de 3n paramètres de relaxation (n R1, n R2 et
n 15N{1H}NOEs), dans l’hypothèse de validité de l’approximation des hautes fréquences. Nous avons proposé une nouvelle stra-
tégie qui permet de décrire la fonction densité spectrale par nþ 2 points en ne mesurant qu’un total de nþ 2 paramètres de rela-
xation hétéronucléaire, moyennant quelques approximations dont nous avons vérifié la validité par simulation. Appliquée à
l’analyse de la protéine C12A-p8MTCP1 à cinq inductions différentes de champ magnétique, cette approche permet de diviser au
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minimum par deux le temps de mesure expérimentale, sans altérer l’interprétation dynamique des fonctions de densité spectrale par
le modèle de LiparieSzabo. Pour citer cet article : V. Ropars et al., C. R. Chimie 11 (2008).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Heteronuclear spin relaxation is being used increas-
ingly to study the dynamics of proteins [1,2]. An incen-
tive to these studies is the search for correlation between
structure, dynamics and function [3,4]. A large number
of such heteronuclear relaxation studies have focused
on amide 15Ne1H spin system in isotopically enriched
protein samples [5,6], thereby allowing the local
dynamics along the protein backbone to be explored
residue by residue. Typically, dynamical information
is derived from the longitudinal and transverse relaxa-
tion rates, R1 and R2, respectively, and also from the
cross-relaxation (1He15N) rate (denoted by sNH in the
following).

The dynamic information content of the 15N hetero-
nuclear relaxation rate constants consists of discrete
evaluation of the spectral density functions J(u) belong-
ing to the various 15Ne1H bonds. Peng and Wagner
have proposed a strategy in which one measures a set
of six relaxation parameters for the 15Ne1H bonds at
a given B0 field strength [7,8]. Nevertheless, random
as well as systematic errors for some of the measured
relaxation rates render accurate and precise determina-
tion of the values of J(u) at high frequencies (J(uH),
J(uH�uN)) difficult. By assuming a slow variation of
J(uH) around the proton frequency for low tumbling
proteins, the ‘‘high-frequency approximation’’ allows
a more accurate ‘‘reduced spectral density mapping’’
through the determination of J(0), J(uN) and hJ(uH)i
(the ‘‘average’’ value of J(u) for uH�uN, uH and
uHþ uN frequencies), with the measurement of only
three heteronuclear relaxation rates, usually the longitu-
dinal relaxation rate (R1), the transverse relaxation rate
(R2) and the 1He15N cross-relaxation rate sNH, usually
obtained through the measurement of the heteronuclear
[1He15N] NOE [9e11]. Besides the gain of accuracy,
this approach allows a considerable gain of experimen-
tal time, since only three relaxation rates instead of six
need to be measured. The drawback of this method
resides in a poor description of the spectral density
function, which can be notably insufficient for the
description of complex motions. A straightforward
way to obtain a better description of the shape of density
function is to measure 15N relaxation rates at multiple
NMR fields: recording data at n field strengths will pro-
vide 2nþ 1 discrete values of the spectral density, but at
the expense of a very long measuring time, since 3n re-
laxation experiments must be recorded (n R1, n R2 and n
[1He15N] NOE experiments). We have recently pro-
posed an alternative method based on an additional
approximation that takes in account the very different
relative contributions of the spectral densities at 0,
uN, and huHi frequencies to the longitudinal, the trans-
versal, and the 1He15N cross-relaxation rate in case of
low tumbling proteins [12]. Within the validity interval
of this approximation, nþ 2 values of the spectral
density function can be obtained by recording nþ 2
relaxation experiments only, when using n different
NMR field strengths: namely a single R2 relaxation
rate and a single heteronuclear [1He15N] NOE experi-
ment at a given field strength, and a R1 relaxation rate
for each NMR field strength. Owing to the considerable
gain in experimental time, we have called this approach
‘‘fast spectral density mapping’’. In the present manu-
script, we demonstrate that this method is as robust as
the conventional spectral density mapping methods to
describe the complex internal motions experienced by
the protein C12A-P8MTCP1.

P8MTCP1 is a disulfide-rich 68-residue (8 kDa)
protein co-expressed with the oncogenic protein
P13MTCP1. If its function remains still unknown, its ro-
bustness makes it a model of choice extensively used
in our laboratory for methodological development pur-
poses. As shown in Fig. 1, the solution structure of
P8MTCP1 [13] reveals an original scaffold consisting of
three a-helices, associated with a new cysteine motif.
The core of the protein mainly consists of two helices
(helix I: residues 7e20, and helix II: residues 29e40),
which are covalently paired by two disulfide bridges
(Cys38eCys7 and Cys17eCys28), forming a a-hairpin.
A relatively well-defined loop (residues 41e47) con-
nects helix II to helix III, which spans residues 50e65.
The third disulfide bridge (Cys39eCys50) links the



Fig. 1. Ribbon diagram of the structure of C12A-P8MTCP1 showing

the backbone and disulfide bonds.
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top of helix III to the tip of helix II. Helix III is oriented
roughly parallel to the plane defined by the a-antiparallel
motif and appears less defined. Except for the first N-
terminal turns, few NOE contacts were found between
the third helix and the a-hairpin, suggesting that helix III
is loosely bound to the core of the protein. In the re-
combinant C12A-p8MTCP1 mutant protein [14], an ala-
nine residue has replaced the ‘‘free’’ cysteine residue
at position 12 in the native sequence, to improve the ex-
pression yields in Escherichia coli.
2. Material and methods

2.1. Theory

When the relaxation of the 15N nucleus is predomi-
nantly caused by the dipolar interaction with its at-
tached amide proton and by the anisotropy of its
chemical shift, the relaxation data can be interpreted
in terms of the motion of the 15Ne1H vector. Given
that the three experimentally determined parameters,
RN(Nz), RN(Nxy) (denoted as R1 and R2, respectively,
in the following) and NOE, depend on the spectral
density function at five different frequencies [15], the
calculation of the spectral density values can be ap-
proached by the application of the so-called reduced
spectral density mapping, in which the relaxation rates
are directly translated into spectral density at three
different frequencies [7e11]:

Jð0Þ¼3

2

1

3DþC

�
R2�

1

2
R1�

3

5

gN

gH

�NOE�R1

�
þRex

ð1Þ
JðuNÞ ¼
1

3DþC

�
R1�

7

5

gN

gH

�NOE�R1

�
ð2Þ

hJðuHÞi ¼
1

5D

gN

gH

�NOE�R1 ð3Þ

in which D ¼ ðm0=4pÞ2ðh2g2
Xg2

H=4p2r6
XHÞ and

C ¼ ð1=3ÞðgXB0Þ2ðDsÞ2, where m0 is the permeability
of vacuum, h is Planck’s constant, gH (2.6752�
108 rad s�1 T�1) and gN (�2.711� 107 rad s�1 T�1)
are the gyromagnetic ratios of the 1H and the 15N nuclei,
respectively, and uH and uN are the 1H and 15N Larmor
frequency, respectively; rxH is the internuclear 1He15N
distance (1.02 Å), B0 is the magnetic field strength, and
6s is the difference between the parallel and perpen-
dicular components of the axially symmetric 15N chem-
ical shift tensor, estimated to be �170 ppm [16]; Rex is
the exchange contribution to the transverse relaxation
rate. Note that, to be consistent with the experimental
procedure used to obtain its experimental value, sNH

has been introduced through the value of the hetero-
nuclear NOE (given as (I/I0� 1)) with the following
relation: NOE¼ (gH/gN)sNH/R1. hJ(uH)i represents
the ‘‘average’’ value of J(u) at uH�uN, uH and
uHþuN frequencies.

If in the multi-field spectral density mapping
approach, spectral densities are calculated from the re-
laxation rates R1, R2 and the NOE obtained for each
given magnetic field induction value, a combination
of relaxation rates obtained at different magnetic field
inductions can be used for the fast spectral density map-
ping, as previously published [12]. Indeed, when using
the spectral density approach to analyze relaxation data
recorded at n NMR fields, the measurement of a com-
plete set of relaxation parameters (R1, R2 and NOE)
for each magnetic induction value is requested, yielding
n values of J(uN), n values hJ(uH)i, and only one value
of J(0). If one discards the possible contribution of
exchange contributions that will be discussed later, it
appears that the information on J(0) is highly redundant,
since this spectral density value is independent of the
magnetic field induction value. Hence, the information
on this particular point on the spectral density function
can be readily obtained through the measurement of the
15N heteronuclear relaxation parameters at a single
NMR field value. Moreover, if we limits ourselves to
the case of low tumbling proteins, where R1, R2 and
sNH currently differ from each other by about an
order of magnitude, Eq. (1) shows that the J(0)
values are largely dominated by the R2 values, with
a non-negligible contribution of R1 values when utc
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decreases, and a merely negligible contribution of sNH.
As a result e and as it has been previously checked by
simulations [12], if the measurement of R2 and R1 needs
to be done at the same NMR field, the NOE value used
in Eq. (1) can be obtained at a different frequency with-
out altering significantly the resulting value of J(0).

Furthermore, we have previously demonstrated [12]
that a good description of the Lorentzian function
around J(uN) can suffice to discriminate between the
different kinds of motions: it is thus possible to restrict
the information on the spectral density at high fre-
quency to one point. As a result, a single set of NOE
and R1 measurements can suffice to obtain the value
of hJ(uH)i. Contrary to J(0), and because the value of
hJ(uH)i depends (and depends only) on the product
NOE � R1, these two relaxation rates must be recorded
at the same NMR field: thus, the value obtained for
hJ(uH)i corresponds to its exact value, within the high
frequency approximation limits. Then, an extensive
sampling of the spectral density around J(uN) can be ob-
tained through the measurement of R1 rates only, at each
NMR magnetic field. Indeed, Eq. (2) shows that the
J(uN) value is essentially dominated by R1, with e in
case of low tumbling molecules e only a weak contribu-
tion of sNH. Thus, the n J(uN) values e corresponding to
the n different magnetic field strengths e can be ob-
tained through the measurement of the corresponding
R1 rates only: the NOE value used in Eq. (2) will be
the same for all NMR magnetic fields, the one already
used for the calculation of hJ(uH)i. As a result, the exact
value of J(uN) is obtained only for the magnetic field
strength where both R1 and NOE are measured. Previous
simulations have shown only a weak deviation from the
exact value for the other magnetic induction values [12].

Then, assuming that 1He15N vectors are animated
by a more or less complex combination of diffusive mo-
tions, and that C12A-P8MTCP1 tumbles isotropically, we
used the following models to analyze the spectral
density functions:
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Eq. (4) corresponds to the well-known LiparieSzabo
‘‘model-free’’ formalism [17]. This approach makes
the assumption that overall and internal motions
contribute independently to the reorientational time
correlation function of 1He15N vectors and that internal
motions occur on a much faster time scale than the
global rotation of the molecule. In this model, t is the
harmonics of the overall and the internal (fast) correla-
tion time which pertains to each residue: t�1¼
tc
�1þ tf

�1. Fast internal motions are characterized by
the square of a generalized order parameter S2, which
describes the relative amplitude of internal motions
and ranges from 0 to 1, and an internal correlation
time tf for the internal motions. In some cases, the sim-
ple form of Eq. (4) turns out to be insufficient to fit the
whole set of experimental data. This occurs when resi-
dues exhibit internal motions in a time window close to
1 ns. In this case, the expression for the spectral density
function is extended to the one given in Eq. (5). In this
‘‘extended LiparieSzabo’’ model [18,19], t�1¼
tc
�1þ ts

�1 and t0�1¼ tc
�1þ tf

�1. Sf
2 and Ss

2 are the
square of the partial order parameters for fast (tf, pico-
second time scale) and slow (ts, sub-nanosecond time
scale) internal motions, respectively. The square of
the generalized order parameter S2, defined as Sf

2Ss
2, is

a measure of the total amplitude of the internal motions.
Assuming that the contribution of the fastest motion to
the spectral density function is negligible, the spectral
density function can be written as follows:

JðuÞ¼2

5

(
S2

f S2
s

tc

1þðutcÞ2
þ S2

f

�
1�S2

s

� t

1þðutÞ2

)
ð6Þ

Finally, anomalous high values of J(0) reflect an adia-
batic contribution to the spectral density, due to motions
on the msems time scale (slower than the protein tum-
bling time). These motions are generally related to con-
formational exchange and are essentially sensed by R2.
The J(0) value needs then to be corrected from this so-
called exchange contribution (Rex) before the Liparie
Szabo fit, usually using the linear relation between
2R2� R1 and the square of the heteronuclear Larmor
frequencies ux

2 [20,21]:
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The value of the exchange factor f (Rex¼ fux
2) is ob-

tained from the slope. Note that this relation can be
used only in the case of fast exchange conditions (J(0)
scales with ux

2), not in the case of intermediate (J(0)
scales with ux) or slow (J(0) is independent of ux) ex-
change conditions: in these two last cases, the best
way to extract the exchange contribution is to perform
relaxation dispersion experiments [27]. Thus, in case
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of fast exchange conditions, the J(0) value can then be
corrected using:

Jð0Þobs¼ Jð0Þcorþlfu2
X ð8Þ

where l is a scaling factor depending on the spectrom-
eter frequency equal to (3/2)[1/(3Dþ C)]. Alterna-
tively, the f value can be obtained directly by the fit
of the spectral density function with the LiparieSzabo
model, using a combination of Eqs. (4 and 8) for J(0):
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Note that the increasing complexity of these different
motional models’ brings an increasing number of pa-
rameters allowing their description. Thus, two parame-
ters need to be fitted for the ‘‘simple’’ LiparieSzabo
model, against three e and possibly four! e for the ex-
tended model. Since only three spectral density values
can be obtained at one magnetic field (J(0), J(uN) and
hJ(uH)i), avoiding underestimated fitting imposes a bet-
ter sampling, as allowed by a multiple-field relaxation
analysis.

2.2. Experimental

Heteronuclear relaxation parameters have been pre-
viously obtained at five magnetic field strengths ranging
from 9.4 T to 18.8 T (corresponding to proton frequen-
cies of 400, 500, 600, 700 and 800 MHz), on an 15N-
uniformly enriched 400 mM sample of C12A-p8MTCP1

dissolved in 25 mM phosphate buffer, 50 mM NaCl,
at pH 6.5. The temperature was carefully adjusted using
a calibration sample (80% glycol in d6-DMSO) and set
to 20 �C. Details on the protein expression and purifica-
tion, as well as on the parameters used for the relaxation
experiments, can be obtained from previously published
papers [14,16].

Each individual set of J(u) values was then fitted
with either the LiparieSzabo or the extended Liparie
Szabo models with our in-house written program DY-
NAMOF (www.cbs.cnrs.fr) [22]. In the SIMPLEX
optimization process, only the tc value was fixed, and
the S2, Ss

2, Sf
2, ts and tf values were tentatively opti-

mized starting from identical guess values whatever
the model used.

3. Results and discussion

Fig. 2 shows the R2, R1 relaxation rate constants and
the heteronuclear NOEs at stationary state that were
measured for most of the non-proline residues of
C12A-p8MTCP1 at five different magnetic field induc-
tion values, as well as the corresponding reduced spec-
tral densities J(0), J(uN) and hJ(uH)i obtained from the
reduced relaxation matrix (Eqs. (1e3)). The spectral
densities for the NH vectors clearly show a different be-
havior in the a-hairpin than in helix III: whereas the
spectral density values remain on a plateau for helices
I and II, they display a monotonic decrease from the
N- to the C-terminal end of the helix. This indicates
an increasing contribution of high-frequency motions.
As suggested by lower values for J(0), the loop connect-
ing the a-hairpin to helix III is expected to be more flex-
ible than helices I and II, but appears more rigid than the
C-terminal turns of helix III. Finally, most of the resi-
dues in the two interlocking turns (residues 21e28)
connecting helix I to helix II show lower J(0) values
than in the rest of the a-hairpin, with a concomitant in-
crease of the J(uN) and hJ(uH)i values. This reflects the
higher flexibility of these turns as compared to the
helices in the a-hairpin. In this area, Tyr23 shows sig-
nificantly higher values of J(0), especially when calcu-
lated with relaxation parameters measured at high field,
while J(uN) and hJ(uH)i for these residues are not
smaller than the mean values. This strongly supports
the hypothesis that slow movements in the micro- to
millisecond range exist in this loop.

The mapping of spectral densities J(u) for each
backbone NH bond provides the intrinsic dynamic in-
formation from the relaxation data e without any as-
sumption for the motional model e upon which
a variety of motional models may be evaluated. Since
both values of J(uN) and J(uH) decrease for almost
all NH vectors with increasing frequencies uN and
uH, respectively, the description of the spectral densi-
ties as sums of Lorentzians’ appears qualitatively rea-
sonable for C12A-p8MTCP1. Adequate fits of J(u) are
therefore expected using the model-free formalism pro-
posed by Lipari and Szabo [17]. The combination of re-
laxation data sets from five different magnetic fields
resulted in seven or eleven independent values of the
spectral density function per NH bond when using
fast or ‘‘conventional’’ spectral density mapping, while
a maximum of only four parameters using Eq. (5) (non-
simplified ‘‘extended’’ LiparieSzabo model) is required
to model J(u), giving a substantially high number of
degrees of freedom. On the other hand, the ratio of
the principal components of the average inertia tensor
for the backbone atom on the average structure of
C12A-p8MTCP1 was determined to be 1.24 [23,24].
This number suggest that the overall rotation of the
protein is expected to have only a small degree of an-
isotropy that may not have a strong influence at least

http://www.cbs.cnrs.fr


Fig. 2. (Left) Relaxation rate constants and 15N{1H}NOEs, as a function of the protein sequence, measured at 9.4 T (filled circles), 11.75 T (open

circles), 14.1 T (filled triangles), 16.45 T (open triangles) and 18.8 T (filled diamonds). The relaxation rate constants R1 and R2 were obtained from

non-linear fits of peak heights to monoexponential functions. The uncertainties were determined from 500 data sets generated according to the

Monte Carlo procedure. The 15N{1H}NOE is deduced from the ratio of peak heights obtained with and without proton saturation. (Right) Spectral

density functions, as a function of the protein sequence, obtained from relaxation rates measured at 9.4 T (filled circles), 11.75 T (open circles),

14.1 T (filled triangles), 16.45 T (open triangles) and 18.8 T (filled diamonds). The ‘‘conventional’’ spectral density mapping (SDM) has been used

for calculation.
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on the order parameters’ values [25]. Thus, we do not
make any attempt to introduce this contribution in the
motional model.

Spectral densities were calculated and fitted with the
LiparieSzabo model using DYNAMOF. To assess the
validity of our strategy, three different protocols were
considered.

1. After calculation of J(0), J(uN) and hJ(uH)i using
the conventional spectral density mapping ap-
proach, the J(0) values were tentatively corrected
from exchange contribution using Eqs. (7 and 8).
J(0)cor, J(uN) and hJ(uH)i values were then fitted
using Eqs. (4e6).

2. In the second protocol, J(0) values were not cor-
rected: exchange contributions were obtained by
an additional fit of the raw spectral densities with
Eq. (9).

3. In the third protocol, the fast spectral density map-
ping approach was used to calculate J(0), J(uN)
and hJ(uH)i. We chose to use the same field for
measuring R2 and NOE (14.4 T), contrary to



Fig. 3. J(0)cor (open circles) and f values obtained with protocol 1: J(0)cor values are obtained from the observed J(0) value corrected from

exchange contributions using Eqs. (7) and (8). The average value of J(0) obtained for the five different magnetic fields are plotted as bold circles,

f values are plotted as bars.
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what we did in a previous report (and on a different
protein) where R2 and NOE were measured at the
lowest field and at the highest field, respectively.
This yields two ‘‘exact’’ values for both J(0) and
hJ(uH)i, instead of only one (hJ(uH)i) with the pre-
vious combination. Of course, R1 values measured
at each individual field were used for the calcula-
tion. The spectral densities were then fitted with
Eqs. (4e6) and (9).

A common first step for the three protocols was the cal-
culation of the ‘‘global’’ tumbling time value tc, common
to all residues in the protein. This was achieved by fitting
the spectral densities with Eq. (4) (‘‘simple’’ Liparie
Szabo model), where tc, S2 and t were used as adjustable
parameters. A mean value ðtcÞ as well as a standard devi-
ation was then calculated for tc over all the residues in the
sequence: residues for which tc > tc � 2s were ex-
cluded and the remaining residues were used for a second
fit. This procedure was iterated until 67.5% of the residues
fell into a� 2s interval value. Thus, tc values of
5.94� 0.20 ns, 6.29� 0.28 ns and 6.51� 0.14 ns were
obtained when using protocols 1 (correction of J(0)
values), 2 (‘‘conventional’’ spectral density mapping
(SDM)) and 3 (fast spectral density mapping (FSDM)),
respectively. Whereas the tc values obtained with both
SDM and FSDM are virtually identical, the first protocol
gives a significantly lower value. This is due to the correc-
tion of the J(0) from the exchange contribution using the
F value calculated with Eq. (7): as usually observed with
this method, significant exchange contributions are ob-
served for almost all backbone NH bonds (Fig. 3), yield-
ing significantly lower values of J(0) after correction.

Once the overall tumbling time tc has been deter-
mined, model-free parameters were obtained by using
either the ‘‘simple’’ (Eq. (4) or the ‘‘extended’’ (Eq.
(6)) LiparieSzabo formalisms. We tentatively use the
‘‘non-simplified extended’’ LiparieSzabo model (Eq.
(5)), introducing tf as fourth additional parameter for
the fit, but this procedure did not give significant im-
provements. On the other hand, an additional fit was
performed in protocols 2 (SDM) and 3 (FSDM) with
Eq. (9) in order to take into account possible exchange
contributions to J(0). The physical relevancy of the mi-
crodynamic parameters (essentially S2 and tf) obtained
from the different fits was used first to choose the
‘‘right’’ model, rather than the classical c2 analysis. In-
deed, since no ‘‘physical’’ limit value is imposed by
DYNAMOF to the parameters in the fit, extremely
good c2 values can be obtained with irrelevant parame-
ter values (for instance S2> 1). As demonstrated in
Fig. 4, this appears to be an easy and robust procedure
for the selection of the ‘‘best’’ fit. Interestingly, for
a given residue in the protein sequence, the best fit



Fig. 4. Generalized order parameters (S2) (left) and correlation times (tf and ts) (right) obtained when using the different LiparieSzabo models

(Eq. (4): filled circles; Eq. (6): open circles; Eq. (9): open diamonds) for the adjustment of spectral densities calculated with (A) protocol 1 (use of

J(0)cor); (B) protocol 2 (‘‘conventional’’ spectral density mapping approach (SDM)); (C) protocol 3 (fast density mapping approach (FSDM)). For

the seek of clarity, only correlation times obtained from models giving relevant S2 values (<1) are reported.
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was obtained with the same equation whatever the pro-
tocol used, with some exceptions only in ‘‘boarder’’ re-
gions of the molecule. These exceptions stem from the
fact that it is difficult to discriminate between a combi-
nation of a slow and a single highly restrained
(S2 z 0.9) motion in the picosecond time scale, and
Fig. 5. Results of the LiparieSzabo analysis of spectral densities obtained

spectral density mapping approach (SDM)); (C) protocol 3 (fast density map

as filled circles, open circles, or open diamonds when obtained with the ‘

model (Eq. (6)), or with the simple LiparieSzabo model with correction

(þ) and (x) stands for the partial order parameters Sf
2 and Ss

2, respectively.
a combination of a slow and two highly restrained
(Sf

2� Ss
2 z 0.9) motions, even if the latter ones are on

different time scales (pico- and sub-nanosecond). Inter-
estingly, relevant S2 values (<1) was obtained for resi-
due Tyr23 only when using Eq. (9) in the SDM and
FSDM protocols: virtually identical f values of
with (A) protocol 1 (use of J(0)cor); (B) protocol 2 (‘‘conventional’’

ping approach (FSDM)). Generalized order parameter S2 are reported

‘simple’’ LiparieSzabo model (Eq. (4)), the extended LiparieSzabo

of the exchange contribution (Eq. (9)), respectively. The symbols

The secondary structure elements are schematized above the data.
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28.8� 2.87� 10�18 s rad�1 and 26.9� 2.89� 10�18 s
rad�1, respectively, were obtained. When using Eq.
(7), a comparable value of 34.37� 1.11� 10�18 s
rad�1 was obtained. When using this last approach,
Tyr23 is the only residue that exhibits a significant value
for f (>mean valueþ 2s), suggesting that exchange
contributions should be considered only for this residue.

The generalized and partial parameters S2, Sf
2, Ss

2 cal-
culated with the three protocols (preliminary correction
of J(0), SDM and FSDM) are reported in Fig. 5. Virtu-
ally identical values of generalized (S2) or partial (Sf

2,
Ss

2) order parameters are obtained with SDM and
FSM, whereas the corresponding values are slightly
weaker when using the first protocol again, this can
be attributed to the weaker J(0)cor values used for the
fit in this protocol. Similarly, tf and ts values are on
the same rank order for whatever the protocol used
(see Fig. 4).

Analysis of the microdynamic parameters e what-
ever the protocol used e shows the contribution of
highly restrained (S2 z 0.85) fast motions to the intrin-
sic dynamics of the a-hairpin (helices I and II) (Fig. 5).
But an additional sub-nanosecond motion is necessary
to fully describe the dynamics of helix III. The mono-
tonic decrease of S2 values observed for this helix
from the N- to the C-terminal is essentially due to a de-
crease of Ss

2, the amplitude of the fast internal motion
remaining highly restrained, as indicated by the high
(z0.85) and constant value of Sf

2. This strongly sug-
gests a sub-nanosecond hinge motion for helix III,
with increasing effects on the generalized order param-
eter S2 when going from the anchoring point of the helix
(the a-hairpin) to the ‘‘free’’ C-terminal end. This hinge
motion can be easily differentiated from totally disor-
dered motions as those present in the N- and C-terminal
end of the protein: in this case, the decrease observed
for S2 is due to the concomitant decrease of both Sf

2

and Ss
2, suggesting a concomitant increase of the ampli-

tude of both the fast and the sub-nanosecond motions.

4. Conclusion

We have demonstrated that the association of the
‘‘model-free’’ analysis with our recently published
fast spectral density mapping strategy gives virtually
identical results as when model-free is associated with
the regular spectral mapping density, as previously pro-
posed by Wagner and Peng [26]. This remains true even
in the case of the use of a very complete set of relaxation
data, as the one obtained for C12A-P8MTCP1 where re-
laxation parameters were recorded at five B0 magnetic
field inductions. Nevertheless, whereas the regular
spectral mapping density needed approximately 10
days (z12 h by R2 and R1 experiments, z24 h by
NOE experiments) for measuring the complete relaxa-
tion data set at each B0 field (5 R2, 5 R1 and 5 NOE),
the measurement time can be reduced to about 4 days
with our new strategy (1 R2, 5 R1 and 1 NOE). By the
way, we hope that this method will help to ‘‘democra-
tize’’ the use of multiple-field relaxation approaches
for the fine analysis of protein dynamics.

It should be noticed that since the model-free ap-
proach uses analytical expressions of spectral densities,
their initial extraction is not a necessary step, and fits
could be directly performed on the measured relaxation
rates at different magnetic fields. Nevertheless, we
have shown in a previous paper [12], that the initial
calculation of spectral densities from relaxation rates
relies on very reasonable assumptions, and gives in
turn a very useful pictorial description of the intrinsic
dynamics of the protein. Moreover, although qualita-
tive, this description is completely ‘‘model-free’’, con-
trary to the more quantitative one given by the
improperly called ‘‘model-free’’ approach of Liparie
Szabo that needs some prerequisites on the nature of
the motions (uncorrelated global and internal motions,
isotropic tumbling).
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