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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 measurementdif NMR relaxation rates allowed their calculation at three
frequencies, zerayn, andwy + wn, using a reduced matrix approach. Linear correlations were found
betweend(wy) and J(0) and betweend(wy)Oand J(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 uefel. F., Dayie, K. T., Peng, J. W., and Wagner,

G. (1996)Biochemistry 352674-2686]. The results demonstrate (i) the existence of a concerted motion
along the whole backbone with a global correlation time equal to 5.9adm$, 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{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 thgtHV, 15N} spin systems are related analysis of these spectral densities is already very informa-
to the motion of the'HN—5N bond through their spectral tive. It provides an image of the distribution of motions at
densities at the following five frequencies:dl, wy + wn, different time scales along the protein backbone, from the
oy andoy — wn (1, 2). The five spectral densities give the picosecond to the millisecond range. To extract more
proportion of the energy of the dipotalipole and CSA pictorial information about the dynamics of the macromol-
interactions used for the motions at the corresponding ecule, accuracy has to be put apart since the use of models
frequencies. They represent the highest level of information for motions based on more or less simple assumptions has
that can be obtained about motions from the measurementso be done. The Lipari and Szabo “model-free” approach
of relaxation rate constants. Therefore, the first goal should (8, 9) is today the most widely used model for the analysis
be to extract them from the experimental data. However, of the 15N relaxation NMR data. It has the advantage of
since the direct calculation of the five spectral densities from peing simple and is possibly one of the most suitable for
NMR data leads to untrustworthy resul8 4), we used the  the analysis of the only three experimental data usually
more reliable reduced matrix approagh-(/) to evaluate the  measuredRy(N,), Ru(Nxy), and heteronucleattl — 5N
three spectral densitieX0), J(wn), andJ(wn + wn), and  nOes. However, it cannot take into account the diversity of
the protor-proton relaxation termpuy from the four  internal motion time scales. Its physical relevance is thus
relaxation NMR constant&(N), Ru(Nxy), Ran(2HN), and — jimited to fully structured macromolecules for which internal
heteronuclear i — *N) nOes. A first straightforward  motions are very fast and highly restricted. Moreover, to
correctly reproduce experimental data, it is usually necessary
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icsn.cnrs-gif.fr; Fax 33-1-69077247. to consider an extra so-called “exchange contribution” term
* |nstitut de Chimie des Substances Naturelles. whose physical meaning is vague. To take into account the
¥ Institut de Biologie et Chimie des Prates. deviation from the simple model-free approach, an extended

1 Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CPMG, : -
Carr—Purcel-Meiboom-Gill; CSA, chemical shift anisotropy; DBD, form of the model has been developed using two time scales

DNA binding domain; DD, dipole-dipole; FID, free induction decay; ~ for the internal motions10, 1J). However, this extended

FruR(1-57)* 57 N-terminal residues of FruR in fusion with a model has the disadvantage of introducing a supplementary
LQHHHHHH C-terminal sequence extension; GARP, globally opti- - harameter without additional experimental data. The physi-
mized alternating phase rectangular pulse; GIFA, general fixed point .
algorithm; HSQC, heteronuclear single quantum correlation spectros- Cal relevance of the results of the fits can then become

copy; nOe, nuclear Overhauser effect; rms, root-mean-square. guestionable. 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, Lefere et al. ) showed that a linear correlation
usually exits betweed(0) on one hand and{wy) andJ(wy)

on the other hand for most of the backbone NH bonds. They
analyzed more specifically the linear correlation between
J(wyn) 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 betweed(0) andJ(wn) on one hand and between
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J(0) andJ(wH) on the other hgnd was examin_ed in order to I — L —
ascertain their relevance. Since most of the issues made on

H H H H 40 50
proteins dynamics are today drawn from Lipari and Szabo S DKTVEKVMAVVREHNYHPN Lo

analysis of relaxation parameters, we also investigated the

) A : n
simple and extended Lipari and Szabo approaches in OrderF|GURE 1: Sequence, secondary structure, and superimposition of

to confron_t the results _of the three approaches. The resultSyo 34 final calculated conformers of FruR(a7)*, showing the
on dynamics thus obtained were then related to the structuralyell-structured N-terminal subdomain and the flexibility of the
characteristics of the FruR DBD. C-terminal regionT). White and black boxes indicatehelix and

The f in Frur. bel he L Iturn, respectively. Grey box indicates the putative helix IV, which
_e ructose r_epressor ProFe'”’ u N e ongs_ to the Lac is unfolded in the absence of complexation with DNA operator.
family of bacterial DNA-binding proteins that bind DNA  The reader is looking down helix Il (residues-122) on the left,
via a highly conserved N-terminal helisturn—helix motif helix Il (residues 32-45) is nearly vertical, and helix | (residues
(12). It has been shown that its isolated DNA binding 3_1f0) is tilted by about 45 Th(;? ?'Carbon.gha'“sl " t2$ 34

: : : e o conformers were superimposed from residues 0 using
dorngln FrgR(i—S?)* retains a high specificity and binding ANTHEPROT software tools29). Arginine residues are labeled
affinity for its DNA operator {3). The 3D structure of the 5 indicated. For clarity, R57 is not indicated.
FruR DBD has been obtained frotdl and*N NMR data
(14) and is shown in Figure 1. The hetixurn—helix motif,

MATERIALS AND METHODS
stabilized by a third helix, constitutes a well-defined core  NvR Sample. FruR DBD [FruR(+-57)*] was cloned

from residues 2 to 45. The connecting segment betweengyerproduced as a uniformiN labeled sample, and purified
helices Il and Il is highly structured and stabilized by & 45 previously describedld, 14. All experiments were
hydrogen-bond network extending from residues 24 to 31 harformed at 20C on a 2 mMN-labeled protein sample
and by the aromatic ring stacking of tyrosines 19 and 28. It j solution in a 20 mM phosphate buffer (pH 5.9)
has been proposed that residues protruding at the surface iontaining 0.1 M NaCl, 70 mM NkCI, 5% D,O, and 0.05%
this region are likely to be involved in DNA binding and  sodium azide. NMR spectra were acquired on a Bruker
recognition specificity 14). Especially, comparison withthe  AMX-600 spectrometer equipped Wita 5 mm triple-
known structures of Lacl and PurR bound to their operators resonance gradient probe with an actively shieligdhdient.
(15, 16 suggests that the side chains of tyrosine 28 and  sequences and Parameters for thealfation of Relax-
arginine 29 are good candidates for direct contact with the ation Rate ConstantsThe pulse sequences used to determine
major groove of DNA upon binding. The 3D structures of 15\ Ry(N,), Ry(Nyy), andR,(H,N,) values were similar to those
the purine repressor dimer, PurR, bound to to its DNA described 2, 18. To minimize artifacts, gradients were
operator 15) and of thelac repressor DBD dimer bound to  inserted during the intervals when the spin system is in the
a 22 base pair DNA operatorl§, 17 highlighted the  H,N, state, for which Hand N denote the components of
formation of a fourth so-called “hinge” helix upon binding the IHN and ®N magnetizations, respectively. A recycle
in the DNA minor groove. In contrast, the hinge helix is delay d 4 s was employed andN decoupling during

unfolded in free PurR and Lacl 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

acquisition was performed using a GARP sequerk®. (
Ri(N,) 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 Ry(N,y) experiments, a CPMG pulse train with 908
between pulses was used during the relaxation delay as
previously describedl®). The N pulse duration was 42

operators, we have undertaken the analysis of the dynamicsus. Ten experiments were acquired, with relaxation delays
of FruR DBD. We report here the dynamic analysis of FruR- T of 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 2, and 3s. The
(1—57)* free in solution. delay between the 18(roton pulses used to suppress the
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DD—CSA cross-relaxation effects was 2.5 and 3.92 ms for RN(H’Z\‘ < N,), using the reduced matriM q 3 (4—7):

the Ri(N;) andRx(N,y) experiments, respectivelyR(HN,)

were obtained from 10 experiments with relaxation delays Jred 3= Mied s X Regs 2)
T of 5, 10, 25, 50, 80, 130, 200, 300, 500, and 750 ms. In . o

the three sets of experiments, the points corresponding tothat is, explicitly,

different relaxation delays were acquired in an interleaved | _3 3 9 !
manner to avoid any bias that could arise from the progres-
sive shim degradation. J(0) 4(3d+¢) 2(3d+0) 10(d +c)
For heteronucleatH—">N nOes, special care was taken |J(wy) |= _1 0 __—r x
to avoid large errors that can occur when dealing with protons | 3, ) (3d+0) 5(3d +¢)
in fast exchange with the solvent. To achieve that goal, a 0 0 1
carefully optimized water flip-back puls€@) was added | 5d |
before the last proton 9Qulse in the experiment without Ru(N)
saturation. A relaxation delay equa 4 s between each Ru(Nxy) 3)
scan was sufficient to obtain a complete relaxation of water RN(H'; —N,)

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 the F1 dimension ¥*N) and 7.3 ppm in th&2 dimension 2%2,2 2 2 §2
(at the center of théHN resonances). Spectral widths were = (@) i i c= @i Ocsa 4)
67 ppm in theF1 (*N) dimension and 6.7 ppm in th€2 4r 4FE|NN 3

(*HY) dimension. A Watergate off-resonance sequence was

used just prior to acquisition to suppress the solvent Whereuo is the permeability of vacuundi is the Planck’s
resonancel). Each 2D data set consisted of 1024 complex constant divided by 2, andy is the gyromagnetic ratio/

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

data points irt, and 128 complex points ifi. = 2.6752 x 10° rads T~ and yn = —2.711 x 10
Data Processing and Ana|ysis NMR Spectra were rad'Sil‘Til). For a magnetic field of 14.1 T, an internuclear
processed using the GIFA softwa®]. A pure cosine bell  distance®®N—'H vy of 0.102 nm, and a chemical shift

and a matched 6 Hz exponential filter were applied algng ~ @nisotropydcsa of —160 ppm,d = 1.2986x 10° rac-s2
andt,, respectively. The data were zero-filled twice along andc = 1.246x 10° racs™.

t, and once alongy prior to Fourier transform. Finally, a The additional measurement &(2HN,) allows the
baseline correction was applied in both dimensions using evaluation of the longitudinal cross-relaxation rate of amide
the corresponding GIFA automatic baseline routine. Cross- Proton to other neighboring protoms via (7)

peak intensities were determined from peak heights using

the GIFA peak-picking routine2@). The relaxation_rate P = —Ry(N,) + g RN(H’Z\I — N, + R;y(2HN,)
constantsRy(N,), Rn(Nxy), and Rin(2HN,) were obtained (5)
from nonlinear fits to monoexponential functions using the

Levenburg-Marquardt algorithmZ4). Analytical calcula- This approach leads to a value fd(wy)Overy close to the

tion of derivatives were used. The uncertainties, due to true value ofJ(wn + wu). Indeed, J(wn)dis directly
random errors in the measured heights, were determined fromobtained from the!H—5N cross-relaxation rate constant,
500 Monte Carlo simulations. The width of the Gaussian whose dominant contribution Hwn + wn). The value for
distribution of height errors was set to 5 times the rms base [J(wn)Oalso corresponds to thEwy + wy) of Ishima and
plane noise levelQ3). It was in good agreement with the NagayamaZ5) and theJ(0.87wy) of Farrow et al. 26).
standard deviation in the peak heights obtained by comparing Random Gaussian noise was added to the relaxation rate
the results from two duplicate spectra acquired for each setconstants for the evaluation of the uncertainties. The width
of measurements. nOe enhancements were obtained as thef the Gaussian distribution around each relaxation rate
ratio of the peak heights in the spectra recorded with and constant was set to the uncertainty obtained as described
without saturation of protons during the relaxation delay. The above. One hundred values were extracted independently
uncertainties of these nOes were the sum of the uncertain-for each relaxation rate constant, leading to a set of 100
ties in the peak intensities of each experiment. The rate quartets J(0), J(wn), [(wn)Ll puyi) for each NH bond. The
RN(HZN < N,) for cross relaxation between the amide proton results retained were the mean values, with uncertainties

and nitrogen was then calculated according to equal to the standard deviations of the distributions obtained.
Spectral Density AnalysisThe three spectral densities
i RN(HZN <N) J(0), J(wn), andlJ(wy) Crepresent the proportion of the total
nle=1+————— Q) energy used for motions at each corresponding frequency.
'n Ru(N) A comparative analysis of the spectral densities along the

sequence thus gives a straightforward idea of the different
Spectral Density Mapping Using the Reduced Matrix distribution of the frequencies of NH bond motions along
Approach. The three spectral densitiek0), J(wn), and the backbone and in the arginine side chains. uefet al.
DJ(wn)Owere calculated from the three most reliably mea- (7) analyzed several relaxation data obtained on various
sured relaxation rate constan®y(N;), Rn(Nyy), and proteins and found often the existence of a linear correlation
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between)(0) andJ(wn) and betweerd(0) and J(ww)[ 7. is the global rotational correlation time of the protein. A
set of 100 tripletsx,, &, te) Was obtained for each NH vector
J(wy) = ayJ(0) + By (6) of the backbone and arginine side chain by a least-squares
fit of eq 11 to the experimental set)[0), J(wn), D(wr).
(o) a,J(0) + By (7 A Levenburg-Marquardt minimization procedure was used.

. . ) i The disparity ofr; along the sequence is usually rationalized
To go further into the interpretation of this observed |, e existence of slow exchange processes, in the micro-

correla‘uonﬁ a rr]mnlme}l Eumber Ofl assur_np?ons.have to Ee to millisecond time scale. These processes are responsible
made on the shape of the spectral density function, and thus,; jine proadening. They contribute to an adiabatic relax-

on the different motions of the NH bonds in prOteinS. The ation pathway Ieading to an increase W(NX ) which is
first usual assumption is that the global reorientation of the entirely transferred to the value 30). By uséyof eq 3, the
whole protein in the nanosecond range is not correlated with, o e of J(0) can then be decomposed as the sunlw of an

the internal motions. These motions can themselves Co”SiStexchange ternde(0) and a “Lipari and Szabo” ter (0):
of several uncorrelated motion87d. The spectral density

function is then decomposed as a weighted sum of indepen- J(0) = J,,(0) + J,5(0) (12a)
dent contributionsk(w) in which the first componentk(=
0) corresponds to the overall motion: 3 N
J(0) = = 12b
M ex( ) 2(&1 + C)REX ( )
¥w) = 2X(0) + 3 ad) 8)
= 3,50) = é o+ g 1-Dr, (12¢)

ax is the scaling factor of the spectral density functifaw)
characterizing each independent motion ahe = 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 uniqgue global correlation time. This hypothesis seems
reasonable in the case of the monodomain FruR DBD. The
corresponding correlation function is then a simple decaying
exponential {):

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 givenfor all
the NH vectors. Seven different valueswf3, 3.2, 3.5, 4,
45, 5, and 5.5 nsad™?) were tested. Sets of triplets
[Jex(0), &, 7] 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, 11nternal
motions are here supposed to take place on two distinct time
scales. The spectral density function is then split into three

G() :%exr(— rl) ) terms.
i _2 St 280-9n 20-Fy
The corresponding spectral density function is Jw) = 5 1+ w2 + 5 1+ (wr,s)z T 5 1+ (w1)?
c f
T (13a)
o) =E— (10)
S1+w T, The effective correlation times for the sloweg, and faster,

71, time scale internal motions are obtained from the relations
All the data extracted from this analysis have been evaluated(;y) = 7-* + ¢[* and ¢f) = 7' + 7; %, respectively. The
from the set of a hundred values a(0), J(wn), [J(ww)d order paramete® for internal motions is the product of two
obtained as already described. As previously, the meangrder parameters, one for the slower time scale motions,
values were retained, with an uncertainty equal to the i and one for the faster time scale motioazs with € =
standard deviation of the resultant distribution. < To fit this model with only three experimental
Then, we considered the two most currently used mOdEIS'values, the contribution of the fastest motion to the spectral

(B) Lipari and Szabo AnalysisIn this approach, an  gensiry function has to be assumed to be negligible. The
additional assumption is made on the shape of the correlatlonspectral density function then takes the form

function, and thus of the spectral density function. The initial

fast decay of the correlation function, connected with fast 5 - 5 (§ _ §)r'
internal motions, is approximated by a decaying monoex- Jw)=2 °2 s+E 25 (13b)
ponential function. Fast internal motions are characterized S1+w T, S1+ (wty

by the square of a generalized order param&teaind an . . . .
internal correlation timer,, sometimes called “effective  Using the procedure described above, different tripl8ts (
correlation time” for the internal motions. The expression § 75) were obtained using fixed values of

for the spectral density function i8,(9
RESULTS AND DISCUSSION
2 Szrc 2 (l - Sz)Ti

Jw)=% ith Measured Rates and Reduced Spectral Densitiégure
51+ wZTg 514+ wZTiZ 2A shows the three relaxation rate constants and the
1 1 1 heteronuclear nOes at stationary state that were measured
T =T T (11) on FruR(1-57)*. The location of the secondary structures
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Ficure 2: (A) Relaxation rates as a function of the primary sequence obtained for FréR).at 20°C. (B) Corresponding values of the
three spectral densitie¥0), J(wy), and L(wy)Ocalculated from eq 10 and of the longitudinal cross-relaxation rate constant of amide
protons to other neighboring protongyy, 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 boxeaxf. aMginine residues are presented in the following order: R8, R14, R29, R43,
and R54.

are shown on the top of the figure. The results obtained for ratesRun(2H:N;) are faster than all the others and indicate a
the Ne of the arginine side chains are shown on the right of large contribution of dipolar relaxation processes between
the figure, according to their order along the primary amide protons and other neighboring protons. This result
sequence: R8-R14-R29-R43-R57. NMR relaxation param- legitimizes the use of the reduced matrix approach for a
eters were obtained on 56 out of the'88Hs of the protein. reliable evaluation of the spectral densities that is only based
The N-terminal residue (Metl) and the six C-terminal on the relaxation rate constants, that do not depend on the
histidines were not assigned. The six remaining unmeasuredarge proton relaxation termyng (7).

5NHs, K24, T34, K37, E44, N46, and N50 correspond to  The spectral densities for the NH bonds of the backbone
superposed correlation peaks in the HSQC spectra. The threelearly show a different behavior in the structured core
reduced spectral densitidf0), J(wn), and LJ(wy)Hand the (residues 3-48) and in the unfolded 5659 segment of the
proton relaxation rateoNy obtained from the reduced protein. In the core of the protein, mean values are 1.88
relaxation matrix are shown in Figure 2B. The relaxation nsrad™?, 0.345 nsrad ™!, and 10.8 psad with standard
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deviations equal to 0.22 mad, 0.015 nsrad™?, and 1.8 0.5 : ' ' L ‘
psrad?, respectively, forJ(0), J(wn), andD(wy) In the
50—-59 segment of the protein, mean values in the same order
are 0.66 ngad™?, 0.26 nsrad™?, and 23.5 psad with
standard deviations equal to 0.08-nast™%, 0.01 nsrad,

and 1.7 psad®. NH vectors of the backbone of five
residues, V12, Y28, M39, R43, and H45, show significantly
higher J(0) values than the mean, whildwy) and (wy)0

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 5659 segment indicates a dominant 0
contribution of motions at higher frequencies than in the core.

In contrast to that observed for GAL4 at 50 MH2),(the

values of)(wy) in the 50-59 segment are here significantly 25
shorter than in the folded part. Since variationsJ@by)

are quite small in the nanosecond range, this droji{®f))
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 0 . . . . .
the reorientation of the unfolded C-terminal end relative to 0 0.5 1 L5 2 25 3

the globular structured core. The evaluation of a global J(0) (ns.rd"1)

correlation time for the whole protein using local models as FIGURE 3: Plots ofJ(wn) (A) and J(ww + wn) (B) as a function of

in the Lipar and Szabo approach seems thus not sutable;J() " Do el e rkhen o e ore s ensented o oer
since the correIaFlon function of.a NH bqnd in the nanosec- diamoﬁds, and NHbonds of arginines as open gquares. Tr?e fits
ond time scale will be a composite function of the reorienta- for set A (solid line), set B (dotted line), and set C (dashed line) as
tion of the whole protein and of each segment. The other described in the text were obtained by linear regression. The five
question raised is whether these different dynamic behaviorsresidues with high)(0) that have been excluded for the fits are

in the two parts of the protein are due to the existence of famed (i.e., V12, Y28, M39, R43, and H45). The circled plus
many motions at various time scales, or to a different symbols represent the points corresponding to the meaningful

L2 - ) . solutions of egs 15 for set A.
distribution of a limited number of motions at the same time

J(oN) (ns.xd"1)

20

15

10

J(wg+on)(ps.rd-1)

scales. The search for correlations betw@@) andJ(wn) in this region. The case of R29 is more interesting, since
and between)(0) and [)(wy)Callowed us to answer this  no special behavior of its NH vector backbone can be
guestion (see below). evidenced. It means that its side chain itself must have an

NHe vectors of arginine side chains also show a specific independent, almost unconstrained mobility. This can indeed
behavior (Figure 2B).J(0) andJ(wy)Ovalues are compa-  be understood through the analysis of the structure: the side
rable to those of backbone NH vectors in the flexible-50 chain of R29 is completely exposed to the solvent and is
59 segment, bul(wy) values are significantly smaller. This not stabilized by any ionic bridge. On the contrary, the side
indicates that the density of frequencies of motions in the chains of R8, R14, and R43 are involved in ionic bridges
nanosecond time scale is lower but that the density of with side chains of acidic residues: D4 for R8 and R14, E44
motions at frequencies around; + wy (i.e., 540 MHz) is for R43. This is in agreement with the fact that the exchange
about the same as for the NH in the unfolded segment. Thisrate of R29 R with water is much higher than those of the
suggests that side chains undergo complex motions at timethree others (unpublished results).
scales different from those of the NH bonds of the-50 Analysis of the Correlations betweenudf, J(wH)[) and
segment. The comparison of the spectral densities of theseJ(0). Figure 3 shows experimental values dfvn) and
five arginine side chains shows that R29 and R57 exhibit [J(wy)Oplotted against the corresponding values(@) for
significantly different behavior than the three others, R8, R14, each availablé®NH bond. Three different groups can be
and R43. They have large negative heteronuclear nOes andlistinguished: NH bonds of the backbone of the capg, (
much smallerJ(0) andJ(wn) values. This is easily under-  NH bonds of the backbone of the unfolded-389 segment
stood for the side chain of R57, whose intrinsic fast dynamics (<), and NH bonds of the arginine side chaifg.( Three
is combined with the already fast dynamics of the backbone different data sets were thus analyzed separately and their
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Table 1: Linear Regression Parameters in the Correlation betdeg) and J(0) and betweeld(wn + wn) and J(0) for the Three Data Sets
A, B,and @

(A/BIC)

set linear equation e dafiiey” B (nsrad) OpR, (nsrad?)
A Jon) = aAI0) + B2 0.06 0.01 0.23 0.02

B Jwn) = o8I(0) + B2 0.096 0.007 0.17 0.01

c Jon) = aSI0) + S 0.116 0.013 0.13 0.02

A D(ww) = oa83(0) + B4 —0.0099 0.0007 0.029 0.001

B Do) T= aBI(0) + B ~0.0095 0.0008 0.028 0.001

c D(wn) 0= o5d(0) + S —0.006 0.001 0.022 0.002

aSet A, NH bonds of the backbone; set B, all NH bonds (#HNHe); set C, NH bonds of the core, including NH

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

set TWEC) (nsrad ) 7850 (nsrad?) 8B (nsrad?) 780 (nsrad) 750 (nsrad?)
A 6.0+ 0.2 0.67+ 0.05 5.9+ 0.2 1.42+ 0.07 0.0774 0.003
B 58+0.1 0.49+ 0.03 6.0+ 0.2 1.46+ 0.09 0.075+ 0.004
C 57+0.1 0.38+ 0.06 6.9+ 0.7 1.98+ 0.21 0.056+ 0.006

aValues of the correlation times obtained from resolution of eq 23a,b for the three sets A, B, and C as described in thesteit=Fpt, 2,
values come from the linear correlation betwdény) andJ(0). Forzy, i = {1, 2, 3, values come from the linear correlation betwdgoy + wn)
and J(0).

correlation lines are represented in Figure 3 [note that V12, combination of egs 10 and 14 leads to two third-degree
Y28, M39, R43, and H45 with high(0) have been excluded equations inc:

for the calculation of the parameters since they would have

biased the results]. In the first set (set A), only the NH | 2003 75, + 5803 74 + 2(0y — 1)z + 58, = 0 (15a)
vectors of the backb_one were considered (solid lines). The 20, (wy + wN)Zr‘Z + 58, (wy + wN)ZTﬁ. +

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 i o
arginine side chains of the core of the protein (residue4sl The roots of thesg equations are correlation times connected
dashed line). The mean values and standard deviations of© the various motions contributing to the low-frequency (eq
linear correlations are given in Table 1. The linear correla- 158) and high-frequency (eq 15b) part of the spectral density
tions are quite good for the three sets, with regression factorsfunction. Using the distribution of{§%" and B 5" ob-
around 0.9. The discrepancies between the parameterdained, the resolution of egs 15 leads for each set (A, B, C)
obtained for each set can be explained by the distinct to six distributions of values of correlation timesy;®®,
dynamic behavior of NH vectors of the backbone of the core, ;&5 7&B0) 7ABC) ABC (AB.C)  The first three

v INE O THL t'fﬂ ) andrH3.
NH vectors of the backbone of the 589 segment, and NH  ones come from the linear correlation betwekmy) and

vectors of the arginine side chains. To go further into the J(0) and the last three ones come from the linear correlation
interpretation of these results, an analytical expression of thepetweeriJ(wy)CandJ(0). %2 is always negative and is

. . 4 N3
spectral density is required (see Materials and Methods). The ot considered since it cannot have any physical meaning.

combination of eqs 68 leads to {) Mean values and standard deviations are given in Table 2.
On the basis of their magnitudesy®® and %% can be
Dk,{ }

interpreted as global correlation times for the overall
tumbling of the protein. The three other timeg)®©),
(A,B,C) (A,B,C) in-
The existence of a linear correlation indicates that the 2 I’ aanHe’ éarﬁ\,g',@?”e;a&%ghou'd be r%Iateg t(r)] n
componentsJ(w) are the same for all residues. Each thernahmo_tlor;s_,. oleb andry, -~ we CO”T.'def the d
componentl(w) is related to specific motions that can be ypothesis of isotropic brownian motion as valid. As state

2(ay — 1)z + 58,y = 0 (15b)

Jk(a)N) - (INJk(O) + ﬂN

Ion + on) = andd0) + B, (14)

defined by a time scale. The dynamics of each NH bond is
differentiated through the different weights of each motion,
i.e., the differentys in eq 8. These differences are brought
to light through the position of the experimental poifit§0),
J(wn)} or {J(0), J(wn + wn)}, along the correlation lines.

before, if all the NH bonds experience the same isotropic
brownian motion at this time scale, the two distributions
7B and 7% should be compatible. This condition is
better fulfilled for set A for which the side chains were not

considered. The slightly poorer compatibility q'ﬁl and

To get a better idea about the number of contributions that 7f;, as compared to set A can easily be explained by the in-
should be taken into account, and their corresponding time fluence of the side-chain data. When only the NH bonds of
scales, analytical expressions have to be used for eactthe core are considered (backbone NH andNs¢t C), the
Jdw). These expressions can then be inserted in eq 14. Iftwo distributions do not overlap. The discrepancy between
the models are correct, the corresponding correlation timesz$, andz<, indicates that motions of the side-chain vectors
and other possible motion parameters obtained from thesecannot be simply related to the dynamics of the backbone.
two equations should be the same. In a first approach, theMoreover, the largely dominant contribution of high-fre-
simpler case of brownian motions is considered. The quency internal motions to the spectral densities for these
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Ficure 4: (A) Plots of the internal motion parameters obtained from eq 24 versus the protein sequence. From top toagottom:

si,aJ(0) in nanoseconds/radian, adg,aJ(wn + wy) in picoseconds/radian. An overall tumbling correlation time of 5.9%aus?
was used for the calculation. (B) Distribution of the energy used for the overall tumkdidg()] (M) and for the internal motion

[sv.aJ(w)] (O) for the three available frequencies: tap,= 0; middle, » = wy; and bottom,w = wy + wy. In the three cases,
experimental spectral densities, which correspond to the sum of the two contributions, are represented as gray bars.

side-chain vectors could mask the contribution of the slower known ay, Z’l"zlak\]k(O), andza"zlaka(a)N + wy), can then be
global correlation time and thus perturb the reliability of the evaluated for each NH vector of the backbone from the three
results. We thus restricted the analysis to data set A of theexperimental spectral densities. A Lorentzian form was used
backbone NH vectors. for Jo(0) with az. equal to 5.95+ 0.1 nsrad™* as determined
Considering set A, it appears that coherent coupled above. The results are shown in Figure 4. In the core of
motions of the NH vectors along the whole backbone of the the protein (residues-346, the five residues V12, Y28, M39,
protein exist with a correlation time equal to 5.950.1 R43, and H45 being excluded), the mean values fpr a
nsrad! compatible with both distributions afy; and zy;. ZIEA:laka(O)’ and z'llA:lak‘]k(wH + wy) are respectively 0.75
This correlation time can be sensibly considered as the globalt g og, 57+ 35 psrad-!, and 6.0+ 1.6 psrad’. In the
correlation time of the protein. From eq 8, a system of three 5g_g5g segment, mean values given in the same order are
equations is obtained for the three spectral densities thatg 204+ .04, 184+ 20 psrad’, and 22+ 2 psrad’. Figure
allows the evaluation of the contribution of global and 4p nighlights for each frequency (@, andwy + wy) the

internal motions: weight of the two contributionsaeJo(w) and 3,8 (w),
M associated with the overall tumbling and the internal motions,
J(0) = ady(0) + ¥ 83,(0) respectively. As expected from the experimental spectral
k; densities, smaller values af in the 50-59 segment concur

with higher values oy} ,a,J,(0) and 3\ ;aJ(wn + wn).
M In this part of the protein, the contribution of high-frequency
JHwy) = aglp(wy) + Zlawlk(wN) (16)  motions toJ(wn) andJ(ww + wy) is higher than that of the
k= 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
oy + op) = apdy(on T o) + k;aka(wN + o) vectors of the turn and of the third helix have globally higher
ao than the mean, associated with lovigf ,a,J,(0). How-
As the second term of the spectral density function is ever, theiry} aJ(wn + wy) are not significantly lower
supposed to concern internal fast motions, it can be consid-than the others. In particular, residue V12 in the turn and
ered to be very flat from zero ton. It is thus reasonable  residues M39, R43, and H45 in the third helix give rise to
to equalizeza"zlak\]k(O) and zl'l":laka(wN). The three un- negative, unphysicalz,':"zlaka(O) components. As stated

M
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before, this is in favor of the hypothesis that, for these = tw{ }—— NgR)
residues (and more generally in the turn and the third Tt

helix), there must exist some slow processes in the micro- 6 1 }ﬂ

to millisecond range. In this case, the assumption that 5.5 4 ﬁ

SH.ad(0) and ¥ ,ad(w) are equal is not achieved and .

yields erroneous values fdr, ,a,J,(0). The NH bond of B 45

tyrosine 28, located in the turn between the second and the g

third helix, shows the same behavior. In the structure, the & 41

aromatic rings of Y28 and Y19 are tightly packed and 354

maintain the loop and the second helix close togethéy. 3 4

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 0.8
correlation timesry,, 7y, andzp,, were obtained from eqgs s2
15 for set A. The first one, around 0.7-rexd™?, comes from
the linear correlation betweekiwy) andJ(0); the two others,
around 1.4 nsad™ and 77 pgad, come from the linear
correlation betweed(wy + wyn) andJ(0). The pointg J(0),
J(wn)} associated withry, and 75, and the points{J(0),
J(wn + wn)} associated withrS,, 70, and 7y, are repre- L
sented in Figure 3 by the circled marks on the solid lines AAARAASRALSRARERALERRLLRALLS
related to set A. They represent the case of a single isotropic
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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 timesy, and i, 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 betwe#mwy) andJ(0) can e
be explained by the very small contribution of such fast 10 20 30 40 50 60
motions to the value of(wy). nAA

PR : Ficure 5: Plots of the relaxation parameters obtained using the
Lipari and Szabo ParametersThe results of the fit of Lipari and Szabo model with variable overall correlation times

the three parameters,( &, z.) to the experimental spectral  yersus protein sequence. From top to bottom: overall correlation
densities J(0), J(wn), andJ(ww)d using eq 11 are shown  time . in nanoseconds/radian, order paramé&fgand internal fast-

in Figure 5. The global correlation time evaluated indepen- motion correlation timere in picoseconds/radian.

dently for each NH vector fluctuates significantly along the

sequence, around an average value off3@.3 nsrad ™! in nsrad?! in the core of the protein are in agreement with
the 50-59 segment and between 4.6nasi? (K2) and 6.6 those generally found in globular proteins, wittSagoing
nsrad?! (V12) in the core with a mean value of 560.5  from 0.72 (Y28) to 0.84 (T16), and in average equal to 0.79
nsrad . The usual procedure using the mean valud(oy/ + 0.03 over the core of the structure. Order parameters
\]((UN) over the residues in the Secondary Structu@ﬁ)ﬂeads hlgher than 0.82 are all located in the second helix (T15,
to a correlation time equal to 555 0.2 nsrad ™t in the core ~ T16, A17, S18, V19, V20, and G23), order parameters lower
of the protein. The paramete® 7., andJe, obtained from than 0.76 in the core are all found in the second loop (K26,
the seven minimizations with seven differepzalues taken ~ Q27, and Y28) and in the third helix (V38, V41, V42, and
between 3 and 5.5 rmd™! are shown in Figure 6A. These H45). Uncertainties on the two other parametdgsandze.
results show that the different valuesmfdo not affect the ~ are quite high. Thus, no specific behavior can be outlined
relative variation of the parameters along the sequence. Theffom the values of.. However, for the exchange parameter,
highestz. leading to values compatible with the experimental G11, V12, Y28, and most of the NH backbone vectors of
data in the core of the protein is equal to 5.6rad™%. This the third helix (E36, V38, M39, V41, V42, R43, and H45)
value, however, still gives significantly negative values of exhibit significantly higher values than the average value
Jex for the NH vectors of the 5659 segment and of arginine ~ corresponding to an additional contributionRa(Nyy) going
side chains. It thus cannot be considered as a real globaffom 3.5 to 6.5 s*. Finally, it should be underlined that
correlation time but rather as a correlation time for the the use of a global correlation time equal to Srad™ in
backbone of the core of the protein. A shorter correlation the core of the protein does not allow us to obtain correct
time of 3.2 nsrad! has to be considered to correctly Parameters compatible with the experimental data for the
represent the experimental data in the-59 segment of ~ Side chains of arginines 8, 14, 29, and 43 (see Figure 6A).
the protein (Figure 6B). The generalized order parameters Equation 13 (extended Lipari and Szabo approach) was
obtained using an overall correlation time equal to 5.0 fitted to the experimental spectral densities using a global
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Ficure 6: Summary of relaxation parameters fitting for FruRE7)* using the simple Lipari and Szabo model with a fixed overall
correlation timez.. From top to bottom: order paramet®t, supplementary contributiode to J(0) (eq 12) in nanoseconds/radian and
internal fast-motion correlation time: in picoseconds/radian. (A) Evolution of these three parameters for different values of the overall
correlation timez,: 5.5 nsrad™ (d), 5.0 nsrad™! (W), 4.5 nsrad™® (), 4.0 nsrad™? (O), 3.5 nsrad™! (v), and 3.2 ngad! (@). (B)
Retained parameters with uncertainty bars. An overall correlation time equal to-Eahsvas retained in the core of the protein (white
region), whereas another one equal to 3.2ats?! had to be considered in the 569 segment (framed region).

correlation timez, equal to 5.95 nsad™t. The results are  obtained with the simple Lipari and Szabo approach (Figure
shown in Figure 7. The most interesting result is the large 8). Moreover, the use of a global correlation time shorter
contribution of slow internal motions t& in the 50-59 than 5.5 ngad ! yields unphysical values & higher than
segment of the protein as compared to the faster motions.1 (data not shown).

The loss of coherence of NH bond motions due to internal ~ Comparison of the Lipari and Szabo Parameters with the
dynamics is thus here largely due to intermediate time-scale“Linear” Parameters. S obtained from the extended Lipari
motions. On the contrar)a2 is much lower for the arginine  and Szabo approach are identical within experimental errors
side chains, showing that the motions of NH bonds in the to the a;, obtained from the linear correlation approach
picosecond time scale are less spatially restricted in arginine(Figure 8). This result is in favor of the existence of
side chains than in the 569 segment of FruR@57)*. It intermediate time-scale internal motions that cannot be
should be noted that the data obtained on the arginine siderevealed in the simple Lipari and Szabo approach. To go
chains can be well reproduced by this model. The order further in the comparison, we assumed that the spectral
parameter§’ obtained here are not compatible with the ones density of internal motions can be approximated to a pure
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FicUrRE 8: Comparison of the order parametassand & 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 ap: 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.

7}, and 7, are obtained from the value &} ,aJ(wn +

wy) for each residue.rﬁ values (not shown) are all greater
than the global correlation time and cannot be considered
as internal correlation times. It can be noted thatt,),
andr; are directly related to the internal correlation times
R er, andrHS, respectively, extracted from eq 15. How-
ever, Ty, Ti, and 7o, correspond to internal correlation

Ficure 7: Plots versus the protein sequence of the relaxation tlmes for the whole set of NH bonds of the backbone and

parameters obtained using the extended Lipari and Szabo model

with an overall correlation time. equal to 5.95 nsad™. From
top to bottom: generalized order parame®y order parameter
§ for fast internal motions, and order parame&r for slow
internal motions, and correlation timefor slow internal motions
in nanoseconds/radian.

Lorentzian. From eqgs 8 and 10, one obtains

Zjaka(wN) = —(1 ag)———— (17a)

1+ wﬁrz

S J + 2 1 ) 17b
kZlak oy + oy) = 5( ) (17b)

1+ (0 + o)

From these two equations, two possible internal correlation T

times, 7, and 7, are obtained from the value of

can be considered as some kind of average values; here,
Ty T, and 7, are calculated independently for each
residue. Comparisons af;, 7;;, andz,, with the internal
effective correlation time. and the slow internal correlation
time 75 are shown in Figure 9. Considering the rather high
uncertainties for these parameters, we can conclude that, on
one hand;r, and . correlate quite well, and on another
hand, 7, 7;;, and 7s 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 frequenciesoy and wy + wn corresponds to
s ad(on) and 3 ad(wn + wy), respectively. Since
7, andt. are comparable, it appears that the simple Lipari
and Szabo approach leads us to select the fastest internal
correlation timer,, between the two possibilities; and
If slower internal movements are indeed present, the
contribution of internal motions at frequenayy obtained

Zkzlaka(wN), and two possible internal correlation times using this smaller internal correlation time becomes largely
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& as was the case for the simple Lipari and Szabo model.
This can be explained by the indeed small contribution of
very fast motions td(wy). The effective internal correlation
time z5 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,
guantitative conclusions should thus be drawn. However,
the evaluation of a correlation time compatible with the three
spectral densitie}(0), J(wn), andJ(wn + wy) 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 wmad™.

Correlation between the Results of the Dynamics and the
3D Structure of FruR(*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
the various approaches described in the text. (A) Slow internal ong on the nanosecond t_'me Scale', The NH bonds of .the
correlation times, in nanoseconds/radian: (blue diamonds) and ~ residues in the second helix show a slightly higher proportion
4" (red squares) obtained from the linear correlation approach andof nanosecond time-scale motions. This helix being the
75 obtained from the extended Lipari and Szabo approach (black DNA recognition helix, speculations can be made about the

C|r£:Ies). (B) Fast internal correlation times, in picoseconds/radian: implication of such motions in DNA interaction. Residues
4~ (open squares) obtained from the linear correlation approach

andr, obtained from the simple Lipari and Szabo approach (green N the turns and in the third helix appear to experience
circles). additional slow exchange processes. The role of these

underestimated. This effect is compensated by an overes-rnOtlonS does not clearly appear. As no difference in the

timation of the order paramet&® and an underestimation relative orientation of secondary structures was observed

of the global correlation time, thus allowing a good fit of between the free and bound forms of DBD in this protein

. : . family, these motions could allow a local reorientation of
the experimental data. This phenomenon appears clearly in

. . : . the residues implicated in the DNA binding. It can be noted
Figure 7. The highest discrepancies betweenS$healues . . : ;
obtained from the simple Lipari and Szabo approach and that the third helix appears less well defined than helices |

the & or a obtained from the two other approaches are and Il i.n the regonstructed strucpures of FruRGIN)*. The .
located in the second helix and in the-580 segment of dynamic behavior of the connecting segment between helices

the protein. The corresponding residues indeed have either” and Ill is homogeneous with that observed in the rest of

higherzs in the case of the second helix or low&f in the the globular domam. B segment is
e . . highly structured in FruR14). On the contrary, in Lacl
case of the 5659 segment, indicative of a high proportion DBD. this looo is poorly defined and shows increased
of internal motions in the nanosecond time scale. The global P poorly .
L : mobility when compared to the rest of the DBBOJ while
correlation times obtained correspond to an average between ; . :
; . : it gains a stable conformation when bound to its DNA
the real global correlation time and the slower time-scale R e
. X . . . . .~ operator. This discrepancy was related to the specificity of
internal motions. This explains the necessity of considering . .
: o : Lacl for only one known DNA operator, while FruR is able
two different correlation times for the core and the C-terminal

segment. In the case of the extended form of the Lipari and to recognize specifically geveral operatqr siteg)( Our .
: ) i results are in agreement with the assumption that the mobility
Szabo model, the slower internal correlation timjg is

. . of side chains is essential to ensure selective and specific
selected. In this model, however, due to the influence of

. i . DNA base recognition.
the faster internal motion taken into account through the

i The second region is the C-terminal end of the protein
§factor (eq 13b), the second term of the spectral density at(5o_59 segment). Its dynamic is characterized by a very
the frequenciesoy and wy + wy is not supposed to be

low order parameter, lower than 0.2, and by a high amount
exactly equal toS) ,aJ(wn) and SV ad(wn + on) : ot ti : : o i
y €q k=18 ON k=1%H PH N of intermediate time-scale internal motions. This is fully

Moreover, the fact that,; andry are not equal shows that  compatible with the fact that this segment is completely
the spectral density for internal motions in the nanosecond unfolded. The two regions are linked by proline 49, which
time scale cannot be described by a unique Lorentzianthat could play the role of a hinge. From the analysis of the
function. Nevertheless, the order parame®mbtained with  spectral densities of arginine side chains, it appears that the
this model stay compatible with tha values. The good  predominant contribution of very fast motions fdtH bonds
results obtained for the fits o, &, 7o) seems thus due to  does not allow us to obtain reliable results from the analysis
a balance betweeﬁ2 andzs rather than a compensation of of linear correlations betweel{0), J(wn), andJ(wy + wn).

Ficure 9: Comparison of internal correlation times obtained using
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Ficure 10: (A) Schematic representation of the autocorrelation functions of the NH bonds of the core (residGesedl line), the NH

bonds of the 5659 segment (black line), the NHbonds of R8, R14, and R43 (green line), and thesNidnds of R29 and R57 (blue line)

of FruR(1-57)*. These functions outline the different contributions of fast and intermediate time-scale internal motions along the protein.
(B) Schematic representation of FruR@&7)* illustrating the problem of the evaluation of a global correlation time when several segments
in the protein have their own dynamic behavior.

Actually, it mainly shows that the dynamics of the side-chain density shape for the internal motions are compatible. This
bonds that are far from the backbone cannot be directly indicates that the spectral density function for internal
connected to the overall tumbling of the protein. However, motions can be nearly represented as the sum of two
a direct inspection of their spectral densities remains very Lorentzian functions, one related to fast motions on the
informative. It shows that theNH bond of arginine 29 is  picosecond time scale and the other related to slower motions
much more flexible on the picosecond time scale than the around 1 ns. On the contrary, the simple Lipari and Szabo
eNH bond of the three other arginines located in the globular expression for the spectral density function is not appropriate
subdomain. This is obviously related to the fact that the here and yields erroneous values for the global correlation
side chain of this arginine is completely exposed to the time and the order parameter. The extensive analysis of the
solvent and is not involved in a ionic bridge whereas the three spectral densitidg0), J(wn), andJ(wy + wn) allowed
three others are. This also supports the suggestion that argithe description of the dynamics of FruR{%7)* over a large
nine 29 likely plays a major role in the specific recognition range of time scales, from picoseconds to milliseconds. This
of FruR—DNA operators and FruR-DNA complex formation permitted us to precisely detail structural features of this
(14). Finally, most of the results obtained on the dynamics DNA binding domain in the free state. The next step will
of FruR(1-57)* can be visualized on a schematic represen- be to analyze the evolution of the dynamics of the protein
tation of the correlation functions for the different types of when bound to its operator, to understand better the role of
NH bonds of the protein (Figure 10). the motions in the binding processes.
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