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Unité Propre de Recherche 412 du Centre National de la Recherche Scientifique, 7 Passage du Vercors, F-69367 Lyon, France

ReceiVed July 14, 1997; ReVised Manuscript ReceiVed October 15, 1997

ABSTRACT: The spectral densities of the backbone and arginine side chain NH bonds of the DNA binding
domain of the fructose repressor (FruR) were extensively analyzed in order to extract reliable motions
parameters. An accurate measurement of15N NMR relaxation rates allowed their calculation at three
frequencies, zero,ωN, andωH + ωN, using a reduced matrix approach. Linear correlations were found
betweenJ(ωN) andJ(0) and between〈J(ωH)〉 andJ(0). The analysis of the compatibility between the
motions parameters obtained independently from the two correlation lines allowed further development
of the linear correlation approach proposed recently [Lefe`vre, J. F., Dayie, K. T., Peng, J. W., and Wagner,
G. (1996)Biochemistry 35, 2674-2686]. The results demonstrate (i) the existence of a concerted motion
along the whole backbone with a global correlation time equal to 5.95 ns‚rad-1, and (ii) the presence of
complex internal movements at an intermediate time scale around 1 ns. The extracted motion parameters
have been related to those obtained with the extended Lipari and Szabo approach but are incompatible
with those obtained using the usual simple Lipari and Szabo approach. They were correlated to the
features of the NMR structure of FruR(1-57)*. Some residues in the turns and in the third helix experience
slow motions in the micro- to millisecond time scale. Side-chain motions are not correlated to the backbone
dynamics. A direct examination of spectral densities reveals a higher flexibility for the side chains of
arginines that are not involved in ionic bridges.

Relaxation rates of the{1HN,15N} spin systems are related
to the motion of the1HN-15N bond through their spectral
densities at the following five frequencies: 0,ωN, ωH + ωN,
ωH andωH - ωN (1, 2). The five spectral densities give the
proportion of the energy of the dipole-dipole and CSA1

interactions used for the motions at the corresponding
frequencies. They represent the highest level of information
that can be obtained about motions from the measurements
of relaxation rate constants. Therefore, the first goal should
be to extract them from the experimental data. However,
since the direct calculation of the five spectral densities from
NMR data leads to untrustworthy results (3, 4), we used the
more reliable reduced matrix approach (4-7) to evaluate the
three spectral densitiesJ(0), J(ωN), andJ(ωH + ωN), and
the proton-proton relaxation termFHH from the four
relaxation NMR constants,RN(Nz),RN(Nx,y),RHN(2HzNz), and
heteronuclear (1H f 15N) nOes. A first straightforward

analysis of these spectral densities is already very informa-
tive. It provides an image of the distribution of motions at
different time scales along the protein backbone, from the
picosecond to the millisecond range. To extract more
pictorial information about the dynamics of the macromol-
ecule, accuracy has to be put apart since the use of models
for motions based on more or less simple assumptions has
to be done. The Lipari and Szabo “model-free” approach
(8, 9) is today the most widely used model for the analysis
of the 15N relaxation NMR data. It has the advantage of
being simple and is possibly one of the most suitable for
the analysis of the only three experimental data usually
measured:RN(Nz), RN(Nx,y), and heteronuclear (1H f 15N)
nOes. However, it cannot take into account the diversity of
internal motion time scales. Its physical relevance is thus
limited to fully structured macromolecules for which internal
motions are very fast and highly restricted. Moreover, to
correctly reproduce experimental data, it is usually necessary
to consider an extra so-called “exchange contribution” term
whose physical meaning is vague. To take into account the
deviation from the simple model-free approach, an extended
form of the model has been developed using two time scales
for the internal motions (10, 11). However, this extended
model has the disadvantage of introducing a supplementary
parameter without additional experimental data. The physi-
cal relevance of the results of the fits can then become
questionable. Recently, from the analysis of relaxation data
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obtained on a series of proteins and from theoretical
considerations on the shape of the spectral density functions
of proteins, Lefe`vre et al. (7) showed that a linear correlation
usually exits betweenJ(0) on one hand andJ(ωN) andJ(ωH)
on the other hand for most of the backbone NH bonds. They
analyzed more specifically the linear correlation between
J(ωN) and J(0) on the backbone NH bonds of the DNA
binding domain of GAL4. They showed that this experi-
mental correlation allows the extraction of dynamic informa-
tion about the distribution of global and internal motions
along proteins backbone by using only a minimal number
of assumptions on the nature of motions. They proposed
that the existence of such a linear correlation is due to col-
lective motions of NH vectors along the backbone of proteins
at a limited number of time scales. We propose here to
thoroughly study this correlation approach and to extend this
analysis to the NH bonds of arginine side chains. The
compatibility of the motion parameters obtained from a linear
correlation betweenJ(0) andJ(ωN) on one hand and between
J(0) andJ(ωH) on the other hand was examined in order to
ascertain their relevance. Since most of the issues made on
proteins dynamics are today drawn from Lipari and Szabo
analysis of relaxation parameters, we also investigated the
simple and extended Lipari and Szabo approaches in order
to confront the results of the three approaches. The results
on dynamics thus obtained were then related to the structural
characteristics of the FruR DBD.

The fructose repressor protein, FruR, belongs to the LacI
family of bacterial DNA-binding proteins that bind DNA
via a highly conserved N-terminal helix-turn-helix motif
(12). It has been shown that its isolated DNA binding
domain FruR(1-57)* retains a high specificity and binding
affinity for its DNA operator (13). The 3D structure of the
FruR DBD has been obtained from1H and15N NMR data
(14) and is shown in Figure 1. The helix-turn-helix motif,
stabilized by a third helix, constitutes a well-defined core
from residues 2 to 45. The connecting segment between
helices II and III is highly structured and stabilized by a
hydrogen-bond network extending from residues 24 to 31
and by the aromatic ring stacking of tyrosines 19 and 28. It
has been proposed that residues protruding at the surface in
this region are likely to be involved in DNA binding and
recognition specificity (14). Especially, comparison with the
known structures of LacI and PurR bound to their operators
(15, 16) suggests that the side chains of tyrosine 28 and
arginine 29 are good candidates for direct contact with the
major groove of DNA upon binding. The 3D structures of
the purine repressor dimer, PurR, bound to to its DNA
operator (15) and of thelac repressor DBD dimer bound to
a 22 base pair DNA operator (16, 17) highlighted the
formation of a fourth so-called “hinge” helix upon binding
in the DNA minor groove. In contrast, the hinge helix is
unfolded in free PurR and LacI DBD as also observed for
free FruR DBD (Figure 1).The coil to hinge helix transition
results not only from specific DNA binding but also requires
protein-protein interaction between the two related helices
(17). To better understand the contribution of the motions
involved in the interaction of these proteins with their DNA
operators, we have undertaken the analysis of the dynamics
of FruR DBD. We report here the dynamic analysis of FruR-
(1-57)* free in solution.

MATERIALS AND METHODS

NMR Sample.FruR DBD [FruR(1-57)*] was cloned,
overproduced as a uniformly15N labeled sample, and purified
as previously described (13, 14). All experiments were
performed at 20°C on a 2 mM15N-labeled protein sample
in solution in a 20 mM phosphate buffer (pH) 5.9)
containing 0.1 M NaCl, 70 mM NH4Cl, 5% D2O, and 0.05%
sodium azide. NMR spectra were acquired on a Bruker
AMX-600 spectrometer equipped with a 5 mm triple-
resonance gradient probe with an actively shieldedzgradient.
Sequences and Parameters for the EValuation of Relax-

ation Rate Constants.The pulse sequences used to determine
15N R1(Nz),R2(Nxy), andRz(HzNz) values were similar to those
described (2, 18). To minimize artifacts, gradients were
inserted during the intervals when the spin system is in the
HzNz state, for which Hz and Nz denote thez components of
the 1HN and 15N magnetizations, respectively. A recycle
delay of 4 s was employed and15N decoupling during
acquisition was performed using a GARP sequence (19).
R1(Nz) experiments were performed with 10 relaxation delays
T: 0.02, 0.05, 0.075, 0.150, 0.250, 0.4, 0.7, 1, 3, and 5 s.
For R2(Nxy) experiments, a CPMG pulse train with 900µs
between pulses was used during the relaxation delay as
previously described (18). The 15N pulse duration was 42
µs. Ten experiments were acquired, with relaxation delays
T of 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 2, and 3 s. The
delay between the 180° proton pulses used to suppress the

FIGURE 1: Sequence, secondary structure, and superimposition of
the 34 final calculated conformers of FruR(1-57)*, showing the
well-structured N-terminal subdomain and the flexibility of the
C-terminal region (7). White and black boxes indicateR-helix and
turn, respectively. Grey box indicates the putative helix IV, which
is unfolded in the absence of complexation with DNA operator.
The reader is looking down helix II (residues 14-22) on the left,
helix III (residues 32-45) is nearly vertical, and helix I (residues
3-10) is tilted by about 45°. The R-carbon chains on the 34
conformers were superimposed from residues 1 to 47 using
ANTHEPROT software tools (29). Arginine residues are labeled
as indicated. For clarity, R57 is not indicated.
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DD-CSA cross-relaxation effects was 2.5 and 3.92 ms for
theR1(Nz) andR2(Nxy) experiments, respectively.Rz(HzNz)
were obtained from 10 experiments with relaxation delays
T of 5, 10, 25, 50, 80, 130, 200, 300, 500, and 750 ms. In
the three sets of experiments, the points corresponding to
different relaxation delays were acquired in an interleaved
manner to avoid any bias that could arise from the progres-
sive shim degradation.
For heteronuclear1H-15N nOes, special care was taken

to avoid large errors that can occur when dealing with protons
in fast exchange with the solvent. To achieve that goal, a
carefully optimized water flip-back pulse (20) was added
before the last proton 90° pulse in the experiment without
saturation. A relaxation delay equal to 4 s between each
scan was sufficient to obtain a complete relaxation of water
magnetization and to avoid any exchange effect. Moreover,
the two experiments with and without proton saturation were
acquired in an interleaved manner, FID by FID. A relaxation
delay of 10 s was used before the FIDs of the experiment
without saturation. Carrier frequencies were set at 107 ppm
in theF1 dimension (15N) and 7.3 ppm in theF2 dimension
(at the center of the1HN resonances). Spectral widths were
67 ppm in theF1 (15N) dimension and 6.7 ppm in theF2
(1HN) dimension. A Watergate off-resonance sequence was
used just prior to acquisition to suppress the solvent
resonance (21). Each 2D data set consisted of 1024 complex
data points int2 and 128 complex points int1.
Data Processing and Analysis. NMR spectra were

processed using the GIFA software (22). A pure cosine bell
and a matched 6 Hz exponential filter were applied alongt1
and t2, respectively. The data were zero-filled twice along
t1 and once alongt2 prior to Fourier transform. Finally, a
baseline correction was applied in both dimensions using
the corresponding GIFA automatic baseline routine. Cross-
peak intensities were determined from peak heights using
the GIFA peak-picking routine (23). The relaxation rate
constantsRN(Nz), RN(Nx,y), andRHN(2HzNz) were obtained
from nonlinear fits to monoexponential functions using the
Levenburg-Marquardt algorithm (24). Analytical calcula-
tion of derivatives were used. The uncertainties, due to
random errors in the measured heights, were determined from
500 Monte Carlo simulations. The width of the Gaussian
distribution of height errors was set to 5 times the rms base
plane noise level (23). It was in good agreement with the
standard deviation in the peak heights obtained by comparing
the results from two duplicate spectra acquired for each set
of measurements. nOe enhancements were obtained as the
ratio of the peak heights in the spectra recorded with and
without saturation of protons during the relaxation delay. The
uncertainties of these nOes were the sum of the uncertain-
ties in the peak intensities of each experiment. The rate
RN(Hz

N T Nz) for cross relaxation between the amide proton
and nitrogen was then calculated according to

Spectral Density Mapping Using the Reduced Matrix
Approach. The three spectral densitiesJ(0), J(ωN), and
〈J(ωH)〉 were calculated from the three most reliably mea-
sured relaxation rate constantsRN(Nz), RN(Nx,y), and

RN(Hz
N T Nz), using the reduced matrixM red,3 (4-7):

that is, explicitly,

whered is the weight of the dipolar interactions between
the amide nitrogen and proton andc is the strength of the
chemical shift anisotropy. The constants are given by

whereµ0 is the permeability of vacuum,p is the Planck’s
constant divided by 2π, andγ is the gyromagnetic ratio (γH

) 2.6752× 108 rad‚s-1‚T-1 and γN ) -2.711 × 107

rad‚s-1‚T-1). For a magnetic field of 14.1 T, an internuclear
distance15N-1H rHNN of 0.102 nm, and a chemical shift
anisotropyδCSA of -160 ppm,d ) 1.2986× 109 rad2‚s-2

andc ) 1.246× 109 rad2‚s-2.
The additional measurement ofRHN(2HzNz) allows the

evaluation of the longitudinal cross-relaxation rate of amide
proton to other neighboring protonsFHNHi via (7)

This approach leads to a value for〈J(ωH)〉 very close to the
true value of J(ωN + ωH). Indeed, 〈J(ωH)〉 is directly
obtained from the1H-15N cross-relaxation rate constant,
whose dominant contribution isJ(ωN + ωH). The value for
〈J(ωH)〉 also corresponds to theJ(ωN + ωH) of Ishima and
Nagayama (25) and theJ(0.87ωH) of Farrow et al. (26).
Random Gaussian noise was added to the relaxation rate

constants for the evaluation of the uncertainties. The width
of the Gaussian distribution around each relaxation rate
constant was set to the uncertainty obtained as described
above. One hundred values were extracted independently
for each relaxation rate constant, leading to a set of 100
quartets (J(0), J(ωN), 〈J(ωH)〉, FHNHi) for each NH bond. The
results retained were the mean values, with uncertainties
equal to the standard deviations of the distributions obtained.
Spectral Density Analysis.The three spectral densities

J(0), J(ωN), and〈J(ωH)〉 represent the proportion of the total
energy used for motions at each corresponding frequency.
A comparative analysis of the spectral densities along the
sequence thus gives a straightforward idea of the different
distribution of the frequencies of NH bond motions along
the backbone and in the arginine side chains. Lefe`vre et al.
(7) analyzed several relaxation data obtained on various
proteins and found often the existence of a linear correlation

nOe) 1+
γH
γN

RN(Hz
N T Nz)

RN(Nz)
(1)

Jred,3) M red,3× Rred,3 (2)

[J(0)J(ωN)
〈J(ωH)〉 ] ) [ -3

4(3d+ c)
3

2(3d+ c)
-9

10(3d+ c)
1

(3d+ c)
0

-7
5(3d+ c)

0 0
1
5d

] ×
[RN(Nz)
RN(Nx,y)
RN(Hz

N f Nz) ] (3)

d) (µ0
4π)2 p2γH

2 γN
2

4rHNN
6

c)
ωN
2 δCSA

2

3
(4)

FHNHi ) -RN(Nz) + 4
5
RN(Hz

N f Nz) + RHN(2HzNz)
(5)
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betweenJ(0) andJ(ωN) and betweenJ(0) and〈J(ωH)〉:

To go further into the interpretation of this observed
correlation, a minimal number of assumptions have to be
made on the shape of the spectral density function, and thus
on the different motions of the NH bonds in proteins. The
first usual assumption is that the global reorientation of the
whole protein in the nanosecond range is not correlated with
the internal motions. These motions can themselves consist
of several uncorrelated motions (27). The spectral density
function is then decomposed as a weighted sum of indepen-
dent contributionsJk(ω) in which the first component (k )
0) corresponds to the overall motion:

ak is the scaling factor of the spectral density functionJk(ω)
characterizing each independent motion and∑kak ) 1.
Spectral Density Function Models. (A) Isotropic Brownian

Motions. For the analysis of the correlation between the
three experimental spectral densities, we just made the
additional assumption that the global reorientation of the
protein is dominated by an isotropic brownian motion with
a unique global correlation timeτc. This hypothesis seems
reasonable in the case of the monodomain FruR DBD. The
corresponding correlation function is then a simple decaying
exponential (1):

The corresponding spectral density function is

All the data extracted from this analysis have been evaluated
from the set of a hundred values of [J(0), J(ωN), 〈J(ωH)〉]
obtained as already described. As previously, the mean
values were retained, with an uncertainty equal to the
standard deviation of the resultant distribution.
Then, we considered the two most currently used models.
(B) Lipari and Szabo Analysis.In this approach, an

additional assumption is made on the shape of the correlation
function, and thus of the spectral density function. The initial
fast decay of the correlation function, connected with fast
internal motions, is approximated by a decaying monoex-
ponential function. Fast internal motions are characterized
by the square of a generalized order parameterS2 and an
internal correlation timeτe, sometimes called “effective
correlation time” for the internal motions. The expression
for the spectral density function is (8, 9)

τc is the global rotational correlation time of the protein. A
set of 100 triplets (τc, S2, τe) was obtained for each NH vector
of the backbone and arginine side chain by a least-squares
fit of eq 11 to the experimental set [(J(0), J(ωN), 〈J(ωH)〉].
A Levenburg-Marquardt minimization procedure was used.
The disparity ofτc along the sequence is usually rationalized
by the existence of slow exchange processes, in the micro-
to millisecond time scale. These processes are responsible
for line broadening. They contribute to an adiabatic relax-
ation pathway leading to an increase ofRN(Nx,y) which is
entirely transferred to the value ofJ(0). By use of eq 3, the
value of J(0) can then be decomposed as the sum of an
exchange termJex(0) and a “Lipari and Szabo” termJLS(0):

Since the model assumes a unique global correlation time
for the overall rotational reorientation of the protein, a series
of minimizations was performed using a givenτc for all
the NH vectors. Seven different values ofτc (3, 3.2, 3.5, 4,
4.5, 5, and 5.5 ns‚rad-1) were tested. Sets of triplets
[Jex(0), S2, τe] were obtained for each NH vector of the
backbone and arginine side chains using the procedure
described above.
(C) Extended Lipari and Szabo Model (10, 11).Internal

motions are here supposed to take place on two distinct time
scales. The spectral density function is then split into three
terms.

The effective correlation times for the slower,τs, and faster,
τf, time scale internal motions are obtained from the relations
(τ′s) ) τc

-1 + τs
-1 and (τ′f) ) τc

-1 + τf
-1, respectively. The

order parameterS2 for internal motions is the product of two
order parameters, one for the slower time scale motions,
Ss
2, and one for the faster time scale motions,Sf

2, with S2 )
Ss
2Sf

2. To fit this model with only three experimental
values, the contribution of the fastest motion to the spectral
density function has to be assumed to be negligible. The
spectral density function then takes the form

Using the procedure described above, different triplets (S2,
Sf
2, τs) were obtained using fixed values ofτc.

RESULTS AND DISCUSSION

Measured Rates and Reduced Spectral Densities.Figure
2A shows the three relaxation rate constants and the
heteronuclear nOes at stationary state that were measured
on FruR(1-57)*. The location of the secondary structures

J(ωN) ) RNJ(0)+ âN (6)

〈J(ωH)〉 ) RHJ(0)+ âH (7)

J(ω) ) a0J0(ω) + ∑
k)1

M
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5
exp(- t
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J(ω) ) 2
5
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2
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J(ω) ) 2
5

S2τc
1+ ω2τc

2
+ 2
5

(1- S2)τi
1+ ω2τi

2
with

τi
-1 ) τc

-1 + τe
-1 (11)

J(0)) Jex(0)+ JLS(0) (12a)

Jex(0)) 3
2(3d+ c)

Rex
N (12b)
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5
S2τc + 2

5
(1- S2)τi (12c)
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5
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2
+ 2
5

Sf
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2)τ′s
1+ (ωτ′s)
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2
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2
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are shown on the top of the figure. The results obtained for
the Nε of the arginine side chains are shown on the right of
the figure, according to their order along the primary
sequence: R8-R14-R29-R43-R57. NMR relaxation param-
eters were obtained on 56 out of the 6915NHs of the protein.
The N-terminal residue (Met1) and the six C-terminal
histidines were not assigned. The six remaining unmeasured
15NHs, K24, T34, K37, E44, N46, and N50 correspond to
superposed correlation peaks in the HSQC spectra. The three
reduced spectral densitiesJ(0), J(ωN), and〈J(ωH)〉 and the
proton relaxation rateFHNHi obtained from the reduced
relaxation matrix are shown in Figure 2B. The relaxation

ratesRHN(2HzNz) are faster than all the others and indicate a
large contribution of dipolar relaxation processes between
amide protons and other neighboring protons. This result
legitimizes the use of the reduced matrix approach for a
reliable evaluation of the spectral densities that is only based
on the relaxation rate constants, that do not depend on the
large proton relaxation termFHNHi (7).
The spectral densities for the NH bonds of the backbone

clearly show a different behavior in the structured core
(residues 3-48) and in the unfolded 50-59 segment of the
protein. In the core of the protein, mean values are 1.88
ns‚rad-1, 0.345 ns‚rad-1, and 10.8 ps‚rad-1 with standard

FIGURE 2: (A) Relaxation rates as a function of the primary sequence obtained for FruR(1-57)* at 20°C. (B) Corresponding values of the
three spectral densitiesJ(0), J(ωN), and 〈J(ωH)〉 calculated from eq 10 and of the longitudinal cross-relaxation rate constant of amide
protons to other neighboring protons,FHNHi, calculated from eq 11. The secondary structures are represented at the top of the figure: helices
are represented as white boxes and turns as black boxes. Nε of arginine residues are presented in the following order: R8, R14, R29, R43,
and R54.

5064 Biochemistry, Vol. 37, No. 15, 1998 van Heijenoort et al.



deviations equal to 0.22 ns‚rad-1, 0.015 ns‚rad-1, and 1.8
ps‚rad-1, respectively, forJ(0), J(ωN), and〈J(ωH)〉. In the
50-59 segment of the protein, mean values in the same order
are 0.66 ns‚rad-1, 0.26 ns‚rad-1, and 23.5 ps‚rad-1 with
standard deviations equal to 0.08 ns‚rad-1, 0.01 ns‚rad-1,
and 1.7 ps‚rad-1. NH vectors of the backbone of five
residues, V12, Y28, M39, R43, and H45, show significantly
higherJ(0) values than the mean, whileJ(ωN) and 〈J(ωH)〉
for these residues are not smaller than the mean values. This
is in favor of the hypothesis that slow movements in the
micro- to millisecond range exist for these residues. These
processes increase the value of the spectral density function
in a very narrow frequency range, from zero to a few
kilohertz, but have no influence at higher frequencies in the
megahertz range. The much flatter shape of the spectral
density function in the 50-59 segment indicates a dominant
contribution of motions at higher frequencies than in the core.
In contrast to that observed for GAL4 at 50 MHz (7), the
values ofJ(ωN) in the 50-59 segment are here significantly
shorter than in the folded part. Since variations ofJ(ωN)
are quite small in the nanosecond range, this drop ofJ(ωN)
means that a large proportion of the energy is used for
subnanosecond motions. From this first examination of the
evolution of spectral densities along the backbone, it appears
that, from a dynamic point of view, the protein can be divided
in two regions (see Figure 10). The transition between the
two regions is particularly abrupt and occurs between
residues 48 and 50. This can be explained by a hinge role
played by this small segment that connect the globular
subdomain to helix IV when folded. Beyond the overall
tumbling of the whole protein, this raises the problem of
the reorientation of the unfolded C-terminal end relative to
the globular structured core. The evaluation of a global
correlation time for the whole protein using local models as
in the Lipari and Szabo approach seems thus not suitable,
since the correlation function of a NH bond in the nanosec-
ond time scale will be a composite function of the reorienta-
tion of the whole protein and of each segment. The other
question raised is whether these different dynamic behaviors
in the two parts of the protein are due to the existence of
many motions at various time scales, or to a different
distribution of a limited number of motions at the same time
scales. The search for correlations betweenJ(0) andJ(ωN)
and betweenJ(0) and 〈J(ωH)〉 allowed us to answer this
question (see below).
NHε vectors of arginine side chains also show a specific

behavior (Figure 2B).J(0) and〈J(ωH)〉 values are compa-
rable to those of backbone NH vectors in the flexible 50-
59 segment, butJ(ωN) values are significantly smaller. This
indicates that the density of frequencies of motions in the
nanosecond time scale is lower but that the density of
motions at frequencies aroundωH + ωN (i.e., 540 MHz) is
about the same as for the NH in the unfolded segment. This
suggests that side chains undergo complex motions at time
scales different from those of the NH bonds of the 50-59
segment. The comparison of the spectral densities of these
five arginine side chains shows that R29 and R57 exhibit
significantly different behavior than the three others, R8, R14,
and R43. They have large negative heteronuclear nOes and
much smallerJ(0) andJ(ωN) values. This is easily under-
stood for the side chain of R57, whose intrinsic fast dynamics
is combined with the already fast dynamics of the backbone

in this region. The case of R29 is more interesting, since
no special behavior of its NH vector backbone can be
evidenced. It means that its side chain itself must have an
independent, almost unconstrained mobility. This can indeed
be understood through the analysis of the structure: the side
chain of R29 is completely exposed to the solvent and is
not stabilized by any ionic bridge. On the contrary, the side
chains of R8, R14, and R43 are involved in ionic bridges
with side chains of acidic residues: D4 for R8 and R14, E44
for R43. This is in agreement with the fact that the exchange
rate of R29 Hε with water is much higher than those of the
three others (unpublished results).
Analysis of the Correlations between J(ωN), 〈J(ωH)〉, and

J(0). Figure 3 shows experimental values ofJ(ωN) and
〈J(ωH)〉 plotted against the corresponding values ofJ(0) for
each available15NH bond. Three different groups can be
distinguished: NH bonds of the backbone of the core (O),
NH bonds of the backbone of the unfolded 50-59 segment
(]), and NH bonds of the arginine side chains (0). Three
different data sets were thus analyzed separately and their

FIGURE 3: Plots ofJ(ωN) (A) andJ(ωH + ωN) (B) as a function of
J(0). NH bonds of the backbone of the core are represented as open
circles, NH bonds of the backbone of the 50-59 segment as open
diamonds, and NHε bonds of arginines as open squares. The fits
for set A (solid line), set B (dotted line), and set C (dashed line) as
described in the text were obtained by linear regression. The five
residues with highJ(0) that have been excluded for the fits are
framed (i.e., V12, Y28, M39, R43, and H45). The circled plus
symbols represent the points corresponding to the meaningful
solutions of eqs 15 for set A.
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correlation lines are represented in Figure 3 [note that V12,
Y28, M39, R43, and H45 with highJ(0) have been excluded
for the calculation of the parameters since they would have
biased the results]. In the first set (set A), only the NH
vectors of the backbone were considered (solid lines). The
second set (set B) included all the NH vectors for which
data could be collected (dotted line). Finally, the third set
(set C) contained all the NH vectors of the backbone and
arginine side chains of the core of the protein (residues 1-45,
dashed line). The mean values and standard deviations of
linear correlations are given in Table 1. The linear correla-
tions are quite good for the three sets, with regression factors
around 0.9. The discrepancies between the parameters
obtained for each set can be explained by the distinct
dynamic behavior of NH vectors of the backbone of the core,
NH vectors of the backbone of the 50-59 segment, and NH
vectors of the arginine side chains. To go further into the
interpretation of these results, an analytical expression of the
spectral density is required (see Materials and Methods). The
combination of eqs 6-8 leads to (7)

The existence of a linear correlation indicates that the
componentsJk(ω) are the same for all residues. Each
componentJk(ω) is related to specific motions that can be
defined by a time scale. The dynamics of each NH bond is
differentiated through the different weights of each motion,
i.e., the differentaks in eq 8. These differences are brought
to light through the position of the experimental points,{J(0),
J(ωN)} or {J(0), J(ωH + ωN)}, along the correlation lines.
To get a better idea about the number of contributions that
should be taken into account, and their corresponding time
scales, analytical expressions have to be used for each
Jk(ω). These expressions can then be inserted in eq 14. If
the models are correct, the corresponding correlation times
and other possible motion parameters obtained from these
two equations should be the same. In a first approach, the
simpler case of brownian motions is considered. The

combination of eqs 10 and 14 leads to two third-degree
equations inτ:

The roots of these equations are correlation times connected
to the various motions contributing to the low-frequency (eq
15a) and high-frequency (eq 15b) part of the spectral density
function. Using the distribution ofR(N,H)

(A,B,C) andâ(N,H)
(A,B,C) ob-

tained, the resolution of eqs 15 leads for each set (A, B, C)
to six distributions of values of correlation times,τN1

(A,B,C),
τN2
(A,B,C), τN3

(A,B,C), τH1
(A,B,C), τH2

(A,B,C), andτH3
(A,B,C). The first three

ones come from the linear correlation betweenJ(ωN) and
J(0) and the last three ones come from the linear correlation
between〈J(ωH)〉 andJ(0). τN3

(A,B,C) is always negative and is
not considered since it cannot have any physical meaning.
Mean values and standard deviations are given in Table 2.
On the basis of their magnitudes,τN1

(A,B,C) andτH1
(A,B,C) can be

interpreted as global correlation times for the overall
tumbling of the protein. The three other times,τN2

(A,B,C),
τH2
(A,B,C), andτH3

(A,B,C), are shorter and should be related to in-
ternal motions. ForτN1

(A,B,C) and τH1
(A,B,C), we considered the

hypothesis of isotropic brownian motion as valid. As stated
before, if all the NH bonds experience the same isotropic
brownian motion at this time scale, the two distributions
τN1
(A,B,C) andτH1

(A,B,C) should be compatible. This condition is
better fulfilled for set A for which the side chains were not
considered. The slightly poorer compatibility ofτN1

B and
τH1
B as compared to set A can easily be explained by the in-
fluence of the side-chain data. When only the NH bonds of
the core are considered (backbone NH and NHε, set C), the
two distributions do not overlap. The discrepancy between
τN1
C andτH1

C indicates that motions of the side-chain vectors
cannot be simply related to the dynamics of the backbone.
Moreover, the largely dominant contribution of high-fre-
quency internal motions to the spectral densities for these

Table 1: Linear Regression Parameters in the Correlation betweenJ(ωN) andJ(0) and betweenJ(ωH + ωN) andJ(0) for the Three Data Sets
A, B, and Ca

set linear equation R(N/H)
(A/B/C) δR(N/H)

(A/B/C) â(N/H)
(A/B/C) (ns‚rad-1) δâ(N/H)

(A/B/C) (ns‚rad-1)

A J(ωN) ) RN
AJ(0)+ âN

A 0.06 0.01 0.23 0.02
B J(ωN) ) RN

BJ(0)+ âN
B 0.096 0.007 0.17 0.01

C J(ωN) ) RN
CJ(0)+ âN

C 0.116 0.013 0.13 0.02

A 〈J(ωH)〉 ) RH
AJ(0)+ âH

A -0.0099 0.0007 0.029 0.001
B 〈J(ωH)〉 ) RH

BJ(0)+ âH
B -0.0095 0.0008 0.028 0.001

C 〈J(ωH)〉 ) RH
CJ(0)+ âH

C -0.006 0.001 0.022 0.002

a Set A, NH bonds of the backbone; set B, all NH bonds (NH+ NHε); set C, NH bonds of the core, including NHε.

Table 2: Values of the Correlation Times Obtained Using the Linear Correlation Approacha

set τN1
(A/B/C) (ns‚rad-1) τN2

(A/B/C) (ns‚rad-1) τH1
(A/B/C) (ns‚rad-1) τH2

(A/B/C) (ns‚rad-1) τH3
(A/B/C) (ns‚rad-1)

A 6.0( 0.2 0.67( 0.05 5.9( 0.2 1.42( 0.07 0.077( 0.003
B 5.8( 0.1 0.49( 0.03 6.0( 0.2 1.46( 0.09 0.075( 0.004
C 5.7( 0.1 0.38( 0.06 6.9( 0.7 1.98( 0.21 0.056( 0.006

a Values of the correlation times obtained from resolution of eq 23a,b for the three sets A, B, and C as described in the text. ForτNi, i ) {1, 2},
values come from the linear correlation betweenJ(ωN) andJ(0). ForτHi, i ) {1, 2, 3}, values come from the linear correlation betweenJ(ωH + ωN)
andJ(0).

∀k,{Jk(ωN) ) RNJk(0)+ âN

Jk(ωN + ωH) ) RHJk(0)+ âH
} (14)

{2RNωN
2 τN

3 + 5âNωN
2 τN

2 + 2(RN - 1)τ + 5âN ) 0 (15a)

2RH(ωH + ωN)
2τH
3 + 5âH(ωH + ωN)

2τH
2 +

2(RH - 1)τ + 5âH ) 0 (15b)
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side-chain vectors could mask the contribution of the slower
global correlation time and thus perturb the reliability of the
results. We thus restricted the analysis to data set A of the
backbone NH vectors.
Considering set A, it appears that coherent coupled

motions of the NH vectors along the whole backbone of the
protein exist with a correlation time equal to 5.95( 0.1
ns‚rad-1 compatible with both distributions ofτN1 andτH1.
This correlation time can be sensibly considered as the global
correlation time of the protein. From eq 8, a system of three
equations is obtained for the three spectral densities that
allows the evaluation of the contribution of global and
internal motions:

As the second term of the spectral density function is
supposed to concern internal fast motions, it can be consid-
ered to be very flat from zero toωN. It is thus reasonable
to equalize∑k)1

M akJk(0) and∑k)1
M akJk(ωN). The three un-

knowna0, ∑k)1
M akJk(0), and∑k)1

M akJk(ωN + ωH), can then be
evaluated for each NH vector of the backbone from the three
experimental spectral densities. A Lorentzian form was used
for J0(0) with aτc equal to 5.95( 0.1 ns‚rad-1 as determined
above. The results are shown in Figure 4. In the core of
the protein (residues 3-46, the five residues V12, Y28, M39,
R43, and H45 being excluded), the mean values for a0,
∑k)1
M akJk(0), and∑k)1

M akJk(ωH + ωN) are respectively 0.75
( 0.08, 57( 35 ps‚rad-1, and 6.0( 1.6 ps‚rad-1. In the
50-59 segment, mean values given in the same order are
0.20( 0.04, 184( 20 ps‚rad-1, and 22( 2 ps‚rad-1. Figure
4B highlights for each frequency (0,ωN, andωH + ωN) the
weight of the two contributions,a0J0(ω) and∑k)1

M akJk(ω),
associated with the overall tumbling and the internal motions,
respectively. As expected from the experimental spectral
densities, smaller values ofa0 in the 50-59 segment concur
with higher values of∑k)1

M akJk(0) and∑k)1
M akJk(ωH + ωN).

In this part of the protein, the contribution of high-frequency
motions toJ(ωN) andJ(ωH + ωN) is higher than that of the
overall tumbling. Upon looking more carefully to the core
of the protein, slightly but significantly different behavior
can be noticed for each secondary structure. NH backbone
vectors of the turn and of the third helix have globally higher
a0 than the mean, associated with lower∑k)1

M akJk(0). How-
ever, their∑k)1

M akJk(ωH + ωN) are not significantly lower
than the others. In particular, residue V12 in the turn and
residues M39, R43, and H45 in the third helix give rise to
negative, unphysical,∑k)1

M akJk(0) components. As stated

FIGURE 4: (A) Plots of the internal motion parameters obtained from eq 24 versus the protein sequence. From top to bottom:a0,
∑k)1
M akJk(0) in nanoseconds/radian, and∑k)1

M akJk(ωH + ωN) in picoseconds/radian. An overall tumbling correlation time of 5.95 ns‚rad-1

was used for the calculation. (B) Distribution of the energy used for the overall tumbling [a0J0(ω)] (9) and for the internal motion
[∑k)1

M akJk(ω)] (0) for the three available frequencies: top,ω ) 0; middle,ω ) ωN; and bottom,ω ) ωH + ωN. In the three cases,
experimental spectral densities, which correspond to the sum of the two contributions, are represented as gray bars.

J(0)) a0J0(0)+ ∑
k)1

M

akJk(0)

J(ωN) ) a0J0(ωN) + ∑
k)1

M

akJk(ωN) (16)

J(ωN + ωH) ) a0J0(ωN + ωH) + ∑
k)1

M

akJk(ωN + ωH)
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before, this is in favor of the hypothesis that, for these
residues (and more generally in the turn and the third
helix), there must exist some slow processes in the micro-
to millisecond range. In this case, the assumption that
∑k)1
M akJk(0) and∑k)1

M akJk(ω) are equal is not achieved and
yields erroneous values for∑k)1

M akJk(0). The NH bond of
tyrosine 28, located in the turn between the second and the
third helix, shows the same behavior. In the structure, the
aromatic rings of Y28 and Y19 are tightly packed and
maintain the loop and the second helix close together (14).
Small displacements of the rings could then give rise to large
chemical shift variations, leading to an efficient adiabatic
relaxation pathway and an increase of the spectral density
J(0). Besides the global correlation time, three other
correlation times,τN2

B , τH2
B , andτH3

B , were obtained from eqs
15 for set A. The first one, around 0.7 ns‚rad-1, comes from
the linear correlation betweenJ(ωN) andJ(0); the two others,
around 1.4 ns‚rad-1 and 77 ps‚rad-1, come from the linear
correlation betweenJ(ωH + ωN) andJ(0). The points{J(0),
J(ωN)} associated withτN1

B and τN2
B and the points{J(0),

J(ωH + ωN)} associated withτH1
B , τH2

B , and τH3
B are repre-

sented in Figure 3 by the circled marks on the solid lines
related to set A. They represent the case of a single isotropic
motion at the corresponding correlation time. It can be
noticed that each experimental point of set A can indeed be
described as a linear combination of Lorentzian functions.
However, the two timesτN2

B and τH2
B in the nanosecond

range obtained from eqs 15 are comparable but not identical.
This indicates the existence of complex internal motion in
this time scale that cannot be strictly represented by a single
Lorentzian. The fact that the faster correlation time does
not appear from the correlation betweenJ(ωN) andJ(0) can
be explained by the very small contribution of such fast
motions to the value ofJ(ωN).

Lipari and Szabo Parameters.The results of the fit of
the three parameters (τc, S2, τe) to the experimental spectral
densities [J(0), J(ωN), and〈J(ωH)〉] using eq 11 are shown
in Figure 5. The global correlation time evaluated indepen-
dently for each NH vector fluctuates significantly along the
sequence, around an average value of 3.4( 0.3 ns‚rad-1 in
the 50-59 segment and between 4.6 ns‚rad-1 (K2) and 6.6
ns‚rad-1 (V12) in the core with a mean value of 5.6( 0.5
ns‚rad-1. The usual procedure using the mean value ofJ(0)/
J(ωN) over the residues in the secondary structures (28) leads
to a correlation time equal to 5.5( 0.2 ns‚rad-1 in the core
of the protein. The parametersS2, τe, andJex obtained from
the seven minimizations with seven differentτc values taken
between 3 and 5.5 ns‚rad-1 are shown in Figure 6A. These
results show that the different values ofτc do not affect the
relative variation of the parameters along the sequence. The
highestτc leading to values compatible with the experimental
data in the core of the protein is equal to 5.0 ns‚rad-1. This
value, however, still gives significantly negative values of
Jex for the NH vectors of the 50-59 segment and of arginine
side chains. It thus cannot be considered as a real global
correlation time but rather as a correlation time for the
backbone of the core of the protein. A shorter correlation
time of 3.2 ns‚rad-1 has to be considered to correctly
represent the experimental data in the 50-59 segment of
the protein (Figure 6B). The generalized order parameters
obtained using an overall correlation time equal to 5.0

ns‚rad-1 in the core of the protein are in agreement with
those generally found in globular proteins, with aS2 going
from 0.72 (Y28) to 0.84 (T16), and in average equal to 0.79
( 0.03 over the core of the structure. Order parameters
higher than 0.82 are all located in the second helix (T15,
T16, A17, S18, V19, V20, and G23), order parameters lower
than 0.76 in the core are all found in the second loop (K26,
Q27, and Y28) and in the third helix (V38, V41, V42, and
H45). Uncertainties on the two other parameters,Jex andτe
are quite high. Thus, no specific behavior can be outlined
from the values ofτe. However, for the exchange parameter,
G11, V12, Y28, and most of the NH backbone vectors of
the third helix (E36, V38, M39, V41, V42, R43, and H45)
exhibit significantly higher values than the average value
corresponding to an additional contribution toRN(Nx,y) going
from 3.5 to 6.5 s-1. Finally, it should be underlined that
the use of a global correlation time equal to 5 ns‚rad-1 in
the core of the protein does not allow us to obtain correct
parameters compatible with the experimental data for the
side chains of arginines 8, 14, 29, and 43 (see Figure 6A).

Equation 13 (extended Lipari and Szabo approach) was
fitted to the experimental spectral densities using a global

FIGURE 5: Plots of the relaxation parameters obtained using the
Lipari and Szabo model with variable overall correlation times
versus protein sequence. From top to bottom: overall correlation
timeτc in nanoseconds/radian, order parameterS2, and internal fast-
motion correlation timeτe in picoseconds/radian.
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correlation timeτc equal to 5.95 ns‚rad-1. The results are
shown in Figure 7. The most interesting result is the large
contribution of slow internal motions toS2 in the 50-59
segment of the protein as compared to the faster motions.
The loss of coherence of NH bond motions due to internal
dynamics is thus here largely due to intermediate time-scale
motions. On the contrary,Sf

2 is much lower for the arginine
side chains, showing that the motions of NH bonds in the
picosecond time scale are less spatially restricted in arginine
side chains than in the 50-59 segment of FruR(1-57)*. It
should be noted that the data obtained on the arginine side
chains can be well reproduced by this model. The order
parametersS2 obtained here are not compatible with the ones

obtained with the simple Lipari and Szabo approach (Figure
8). Moreover, the use of a global correlation time shorter
than 5.5 ns‚rad-1 yields unphysical values ofSf

2 higher than
1 (data not shown).
Comparison of the Lipari and Szabo Parameters with the

“Linear” Parameters. S2 obtained from the extended Lipari
and Szabo approach are identical within experimental errors
to the a0 obtained from the linear correlation approach
(Figure 8). This result is in favor of the existence of
intermediate time-scale internal motions that cannot be
revealed in the simple Lipari and Szabo approach. To go
further in the comparison, we assumed that the spectral
density of internal motions can be approximated to a pure

FIGURE 6: Summary of relaxation parameters fitting for FruR(1-57)* using the simple Lipari and Szabo model with a fixed overall
correlation timeτc. From top to bottom: order parameterS2, supplementary contributionJex to J(0) (eq 12) in nanoseconds/radian and
internal fast-motion correlation timeτe in picoseconds/radian. (A) Evolution of these three parameters for different values of the overall
correlation timeτc: 5.5 ns‚rad-1 (0), 5.0 ns‚rad-1 (9), 4.5 ns‚rad-1 (4), 4.0 ns‚rad-1 (O), 3.5 ns‚rad-1 (3), and 3.2 ns‚rad-1 (b). (B)
Retained parameters with uncertainty bars. An overall correlation time equal to 5.0 ns‚rad-1 was retained in the core of the protein (white
region), whereas another one equal to 3.2 ns‚rad-1 had to be considered in the 50-59 segment (framed region).
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Lorentzian. From eqs 8 and 10, one obtains

From these two equations, two possible internal correlation
times, τN

+ and τN
-, are obtained from the value of

∑k)1
M akJk(ωN), and two possible internal correlation times

τH
+ and τH

- are obtained from the value of∑k)1
M akJk(ωH +

ωN) for each residue.τN
+ values (not shown) are all greater

than the global correlation time and cannot be considered
as internal correlation times. It can be noted thatτN

-, τH
+,

andτH
- are directly related to the internal correlation times

τN2
B , τH2

B , andτH3
B , respectively, extracted from eq 15. How-

ever, τN2
B , τH2

B , and τH3
B correspond to internal correlation

times for the whole set of NH bonds of the backbone and
can be considered as some kind of average values; here,
τN

-, τH
+, and τH

- are calculated independently for each
residue. Comparisons ofτN

-, τH
+, and τH

- with the internal
effective correlation timeτe and the slow internal correlation
time τs are shown in Figure 9. Considering the rather high
uncertainties for these parameters, we can conclude that, on
one hand,τH

- and τe correlate quite well, and on another
hand, τN

-, τH
+, and τs are comparable. In the case of the

simple Lipari and Szabo model (eq 11), the second term in
the analytical expression of the spectral density function at
the two frequenciesωN and ωH + ωN corresponds to
∑k)1
M akJk(ωN) and∑k)1

M akJk(ωH + ωN), respectively. Since
τH

- andτe are comparable, it appears that the simple Lipari
and Szabo approach leads us to select the fastest internal
correlation timeτH

- between the two possibilitiesτH
- and

τH
+. If slower internal movements are indeed present, the
contribution of internal motions at frequencyωN obtained
using this smaller internal correlation time becomes largely

FIGURE 7: Plots versus the protein sequence of the relaxation
parameters obtained using the extended Lipari and Szabo model
with an overall correlation timeτc equal to 5.95 ns‚rad-1. From
top to bottom: generalized order parameterS2, order parameter
Sf
2 for fast internal motions, and order parameterSs

2 for slow
internal motions, and correlation timeτs for slow internal motions
in nanoseconds/radian.

∑
k)1

M

akJk(ωN) )
2

5
(1- a0)

τ

1+ ωN
2τ2

(17a)

∑
k)1

M

akJk(ωN + ωH) )
2

5
(1- a0)

τ

1+ (ωN + ωH)
2τ2

(17b)

FIGURE 8: Comparison of the order parametersa0 andS2 obtained
using the various approaches described in the text. (A) Plots versus
protein sequence: linear correlation approach (red squares), simple
Lipari and Szabo approach (green circles), and extended Lipari and
Szabo approach (black diamonds). (B) Correlation plots as a
function of a0: simple Lipari and Szabo approach (green circles
and green line); extended Lipari and Szabo approach (black squares
and red line). The fits were obtained by linear regression.
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underestimated. This effect is compensated by an overes-
timation of the order parameterS2 and an underestimation
of the global correlation time, thus allowing a good fit of
the experimental data. This phenomenon appears clearly in
Figure 7. The highest discrepancies between theS2 values
obtained from the simple Lipari and Szabo approach and
the S2 or a0 obtained from the two other approaches are
located in the second helix and in the 50-59 segment of
the protein. The corresponding residues indeed have either
higherτs in the case of the second helix or lowerSs2 in the
case of the 50-59 segment, indicative of a high proportion
of internal motions in the nanosecond time scale. The global
correlation times obtained correspond to an average between
the real global correlation time and the slower time-scale
internal motions. This explains the necessity of considering
two different correlation times for the core and the C-terminal
segment. In the case of the extended form of the Lipari and
Szabo model, the slower internal correlation timeτH

+ is
selected. In this model, however, due to the influence of
the faster internal motion taken into account through the
Sf
2 factor (eq 13b), the second term of the spectral density at
the frequenciesωN and ωH + ωN is not supposed to be
exactly equal to∑k)1

M akJk(ωN) and ∑k)1
M akJk(ωH + ωN).

Moreover, the fact thatτH
+ andτN

- are not equal shows that
the spectral density for internal motions in the nanosecond
time scale cannot be described by a unique Lorentzian
function. Nevertheless, the order parametersS2 obtained with
this model stay compatible with thea0 values. The good
results obtained for the fits of (S2, Sf

2, τs) seems thus due to
a balance betweenSf

2 andτs rather than a compensation of

S2 as was the case for the simple Lipari and Szabo model.
This can be explained by the indeed small contribution of
very fast motions toJ(ωN). The effective internal correlation
timeτs can then be considered as some kind of average value
over the different types of internal motions.
It should be kept in mind that, since the time scale of the

slower internal motions is the same as the time scale of the
overall tumbling, these motions cannot be strictly considered
as uncorrelated and the analytical expressions of the spectral
density functions are not rigorously correct. No precise,
quantitative conclusions should thus be drawn. However,
the evaluation of a correlation time compatible with the three
spectral densitiesJ(0),J(ωN), andJ(ωH + ωN) from the linear
correlation between them is strongly in favor of a concerted
motion of all the backbone NH bonds consistent with a global
correlation time equal to 5.95 ns‚rad-1.
Correlation between the Results of the Dynamics and the

3D Structure of FruR(1-57)*. FruR(1-57)* appears to be
divided into two dynamic regions. The first one comprises
the globular subdomain and extends from residues 3 to 48.
In this subdomain, internal motions are very restricted and
are responsible for 25% on average of the decay of the
correlation function. This decay occurs in two phases, a first
very rapid one on the picosecond time scale and the second
one on the nanosecond time scale. The NH bonds of the
residues in the second helix show a slightly higher proportion
of nanosecond time-scale motions. This helix being the
DNA recognition helix, speculations can be made about the
implication of such motions in DNA interaction. Residues
in the turns and in the third helix appear to experience
additional slow exchange processes. The role of these
motions does not clearly appear. As no difference in the
relative orientation of secondary structures was observed
between the free and bound forms of DBD in this protein
family, these motions could allow a local reorientation of
the residues implicated in the DNA binding. It can be noted
that the third helix appears less well defined than helices I
and II in the reconstructed structures of FruR(1-57)*. The
dynamic behavior of the connecting segment between helices
II and III is homogeneous with that observed in the rest of
the globular domain. This confirms that this segment is
highly structured in FruR (14). On the contrary, in LacI
DBD, this loop is poorly defined and shows increased
mobility when compared to the rest of the DBD (30) while
it gains a stable conformation when bound to its DNA
operator. This discrepancy was related to the specificity of
LacI for only one known DNA operator, while FruR is able
to recognize specifically several operator sites (14). Our
results are in agreement with the assumption that the mobility
of side chains is essential to ensure selective and specific
DNA base recognition.
The second region is the C-terminal end of the protein

(50-59 segment). Its dynamic is characterized by a very
low order parameter, lower than 0.2, and by a high amount
of intermediate time-scale internal motions. This is fully
compatible with the fact that this segment is completely
unfolded. The two regions are linked by proline 49, which
that could play the role of a hinge. From the analysis of the
spectral densities of arginine side chains, it appears that the
predominant contribution of very fast motions forεNH bonds
does not allow us to obtain reliable results from the analysis
of linear correlations betweenJ(0), J(ωN), andJ(ωH + ωN).

FIGURE9: Comparison of internal correlation times obtained using
the various approaches described in the text. (A) Slow internal
correlation times, in nanoseconds/radian:τN- (blue diamonds) and
τH+ (red squares) obtained from the linear correlation approach and
τs obtained from the extended Lipari and Szabo approach (black
circles). (B) Fast internal correlation times, in picoseconds/radian:
τH- (open squares) obtained from the linear correlation approach
andτe obtained from the simple Lipari and Szabo approach (green
circles).
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Actually, it mainly shows that the dynamics of the side-chain
bonds that are far from the backbone cannot be directly
connected to the overall tumbling of the protein. However,
a direct inspection of their spectral densities remains very
informative. It shows that theεNH bond of arginine 29 is
much more flexible on the picosecond time scale than the
εNH bond of the three other arginines located in the globular
subdomain. This is obviously related to the fact that the
side chain of this arginine is completely exposed to the
solvent and is not involved in a ionic bridge whereas the
three others are. This also supports the suggestion that argi-
nine 29 likely plays a major role in the specific recognition
of FruR-DNA operators and FruR-DNA complex formation
(14). Finally, most of the results obtained on the dynamics
of FruR(1-57)* can be visualized on a schematic represen-
tation of the correlation functions for the different types of
NH bonds of the protein (Figure 10).

CONCLUSIONS

We have shown here that a complete analysis of the
spectral densities obtained from a reduced matrix approach
allows us to gain insight into protein dynamics. Evidence
for a concerted motion of all the NH bonds along the
backbone with a correlation time equal to 5.95 ns‚rad-1 was
brought from the existence of a linear correlation between
J(0) andJ(ωN), and betweenJ(0) andJ(ωH + ωN). Further
analysis of these correlations more generally showed that
the spectral density function of each NH bond of the
backbone can be described by using only a limited number
of additional contributions associated with the same type of
internal motion. The localization of the experimental points
{J(0), J(ωN)} and{J(0), J(ωH + ωN)} along the correlation
line is directly related to the distribution of the energy
between the overall tumbling and the internal movements
and is indicative of the degree of internal restraint of each
NH bond motion. When compared to other usual models,
the use of the extended Lipari and Szabo model for the
spectral density function seems the most suitable in the case
of FruR(1-57)* to evaluate more pictorial parameters about
motions. The order parametersS2 extracted from this model
and the a0 obtained without any assumption on the spectral

density shape for the internal motions are compatible. This
indicates that the spectral density function for internal
motions can be nearly represented as the sum of two
Lorentzian functions, one related to fast motions on the
picosecond time scale and the other related to slower motions
around 1 ns. On the contrary, the simple Lipari and Szabo
expression for the spectral density function is not appropriate
here and yields erroneous values for the global correlation
time and the order parameter. The extensive analysis of the
three spectral densitiesJ(0), J(ωN), andJ(ωH + ωN) allowed
the description of the dynamics of FruR(1-57)* over a large
range of time scales, from picoseconds to milliseconds. This
permitted us to precisely detail structural features of this
DNA binding domain in the free state. The next step will
be to analyze the evolution of the dynamics of the protein
when bound to its operator, to understand better the role of
the motions in the binding processes.
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