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Abstract: This study deals with the exploitation of the three classSiirelaxation parameters (the longitudinal
relaxation rateRy, the transverse relaxation raf, and the'H—15N cross-relaxation ratemy) measured at
several magnetic fields in uniformBpN-labeled proteins. Spectral densities involvedRin R, and ony are
analyzed according to the functional foln+ B/(1 + wzri), whererts is the correlation time associated with

slow motions sensed by tiNH vector at the level of the residue to which it belongs. The coeffidgmovides

a realistic view of the backbone dynamics, wherAds associated with fast local motions. According to the
“model free approach’B can be identified with &5 whereSis the generalized order parameter. The correlation
time 75 is determined from the field dependency of the relaxation parameters aitel B are determined
through linear equations. This simple data processing is needed for obtaining realistic error bars based on a
statistical approach. This proved to be the key point for validating an extended analysis aiming at the
determination of nitrogen chemical shift anisotropy. The proteinAG3@8BMTCP! has been chosen as a model

for this study. It will be shown that all data (obtained at five magnetic field strengths corresponding to proton
resonance of 400, 500, 600, 700, and 800 MHz) are very consistently fitted provided that a sffsufie
correlation time associated with slow motions is defined for each residue. This is assessed by small deviations
between experimental and recalculated values, which, in all cases, remain within experimental uncertainty.
This strategy makes needless elaborate approaches based on the combination of several slow motions or their
possible anisotropy. Within the core of the proteinfluctuates in a relatively narrow range (with a mean
value of 6.15 ns and a root-mean-square deviation of 0.36 ns) while it is considerably reduced at the protein
extremities (down to~3 ns). To a certain extent, these fluctuations are correlated with the protein structure.
A is not obtained with sufficient accuracy to be valuably discussed. Conversely, order parameters derived
from B exhibit a significant correlation with the protein structure. Finally, the multi-field analysis of the evolution

of longitudinal and transverse relaxation rates has been refined by allowidg\tebemical shift anisotropy

(csg to vary residue by residue. Within uncertainties (derived here on a statistical basis) an almost constant
value is obtained. This strongly indicates an absence of correlation between the experimental value of this
parameter obtained for a given residue in the protein, the nature of this residue, and the possible involvement
of this residue in a structured area of the protein.

Introduction Such studies are aimed at characterizing (i) the protein overall
tumbling, (ii) local fast motions, (iii) restrictions of these local
motions defined by a generalized order param®téw) possibly
more complicated slow motions, which would be substituted
to an isotropic overall tumbling. Moreover, the so-called chem-
ical shift anisotropy ¢sg at the >N nucleus is in principle
accessible through measurements of relaxation parameters at
several magnetic field strengths, and should possibly provide
further information. It is indeed well-known that multi-field data
has been extensively used in the past for studying complex
systems (such as surfactant aggregatasd made it possible

an accurate description of the different types of motion involved.
This is of course also appropriate for proteinghe goal of

Heteronuclear spin relaxation is being used increasingly to
study the dynamics of proteidsAn incentive to these studies
is the search for correlation between structure, dynamics, and
function?3 A large number of such heteronuclear relaxation
studies have focused on amithN—'H spin system in isoto-
pically enriched protein samplés$,thereby allowing the local
dynamics along the protein backbone to be explored residue
by residue. Typically, dynamical information is derived from
the longitudinal and transverse relaxation ratBg,and R,
respectively, and also from the cross-relaxatit-15N) rate
(denoted byony in the following).
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sample of C12—p8MTCPL The 3D solution structure of this  (spectral density mappiAdg'd. This procedure is model-
small 68-residue protein has been sofvadd recently refined independent but provides only a qualitative interpretation of
in our laboratory It turns out that defining areffectve backbone dynamics. Moreover it generally implies some as-
correlation time for each residue provides a remarkably con- sumptions; for examplé(wh + wn) ~ J(w — wn).1%2°Rather,
sistent analysis ofll data, supported by the evaluation of we shall directly exploit these relaxation rates according to the
realistic confidence intervals. In addition to the above-mentioned following functional form
correlation times and order parameters, we focus here on the
determination of thé®N chemical shift anisotropy which, in 3(w) = B

- . s (w)=A+——= (6)
principle, can be accessed through multifield determinations. 14 0’
In contrast with recent publicatiod8,the value of thel®N s
chemical shift anisotropy obtained through our analysis for a 75 1S an effective correlation time associated with slow motions.

giver_1 residue appears not to be correlated either with the naturery,q parameteA includes the extreme narrowing contribution,
of t.h's r esidue or with an element of the secondary structure to associated with local fast motions. As a matter of fact, the two
which it belongs. terms of eq 6 can be identified with the spectral density function
of the model-free approach:

Theory

The three relaxation parameters will be expressed by assum- A=(1- 82)(2r9) @)
ing that the following relaxation mechanisms are dominant: the
dipolar’>N—H interaction ), the>N chemical shift anisotropy B=(21) ®)

(csa, and possible other contributions (e.g., exchange) prone
to affect the transverse relaxation rate. We denotéi(by a
spectral density function which involves only dynamical pa-
rameters and whose simplest form would bg@ + w?72), 7c
being an effective correlation time. As explained below, more
elaborate forms will be needed, whilly and Je.sa may be
different. These spectral density functions are multiplied by
factors defining the amplitude of the considered mechanism.
One has for the dipolar armsamechanisms, respectively (the
various symbols having their usual meaningnf2): 15N
resonancegiyy: N—H bond lengthAon: 15N shielding anisot-

Heret, is the effective correlation time describing the fast local
motions (in fact 1. = 1/t; + 1l/ts wheret; is associated with
fast local motions, in practice very close#g), whereasSis an
order parameter specifying the restriction of these motions with
respect to a local director, reorienting itself accordingst@®ne
should note that the concept of a local director is reminiscent
of organized systems (e.qg., liquid crystals) and that, as far as a
spherical object is concerned, the local director would be along
the direction passing through the sphere center and the atom
involved in the relaxation study. Clearly, in the case if a protein

opy) having approximately a spherical shapgwyould be the overall
1 [11o\2[yyafi\2 tumbling correlatipn time. Of course, .the order parameter
= Z_O(Er) (T) Q) depends on the orientation of the relaxation vector with respect
O to the local director. This relaxation vector is the-N bond
for dipolar spectral densities, or the symmetry axis of the
(Kg = 0.25957x 10° assumingd = 1.02 A) nitrogen shielding tensor (supposed to be of axial symmetry)
for csaspectral densities. As a consequence, because these two
Kesa= %(AON)Zwﬁ ) vectors are not collined?;>>we should have one order parameter

for the dipolar interaction and another one for tsamecha-
nism. This means that the paramet@msndB are not only site-
Idependent but also, in principle, mechanism-dependent. Nev-
ertheless, the angle between the Ml vector and the shielding
tensor symmetry axis is sm#l(~13—16°) so that considering
that order parameters for the-N dipolar interaction and the

(when not extracted from experimental dakay may be taken
as—170 ppm; this average value has emerged from experimenta
measurements of°N amide shielding tensor using various
method$!~15),

According to those conventions, we can wifte

(9) Barthe, P.; Chiche, L.; Declerck, N.; Delsuc, M.-A.; Lefe, J.-F.;

R, = Kd[do(a)H + wy) + 3J4(wy) + jd(a)H —oW] + Malliavin, T.; Mispelter, J.; Stern, M.-H.; Lhoste, J.-M.; Roumestand, C.
< J. Biomol. NMR1999 15, 271.
Kcsa]csa{wN) (3) (10) Fushman, D.; Tjandra, N.; Cowburn, D.Am. Chem. Sod.999

121, 8577-8582.
. 3 N 1~ (11) Oas, T. G.; Hartzell, C. J.; Dahlquist, F. W.; Drobny, GJPAm.
R =K[3J oy + o) + Sy + 3wy + Syw, — Chenm, Soci987, 109, 5966,
2 d d( H N) 2 d( N) d( H) 2 d( H (12) Hiyama, Y.; Niu, C. H.; Silverton, J. V.; Ravoso, A.; Torchia, D.

~ 1~ 2~ A. J. Am. Chem. S0d.988 110, 2378.
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~ ~ (14) Ottiger, M.; Tjandra, N.; Bax, AJ. Am. Chem. Sod997, 119
onn = Kyl6Jy(wy + o) — Iy — wp)] (5) 9825. _
(15) Fushman, D.; Tjandra, N.; Cowburn, D.Am. Chem. So0d.998

. . 120, 10947.
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different values of the magnetic field consists of inverting egs and MethodsWiley: Chichester, 1996.
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(18) Peng, J. W.; Wagner, Q. Magn. Reson1992 98, 308.
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15N csamechanism are identical may constitute a reasonablein spectral densities at low frequencies (zero frequency or
assumption (see below). On the other hand, owing to their fairly nitrogen frequency), the constant tedn(relating to fast mo-
high values, order parameters should not change by a significanttions) in eq 6 is negligible with respect to the second t&/th
amount. + wt?? (relating to slow motions). Assuming that the shielding

It appears that a unique correlation time may not be sufficient tensor is axially symmetric and that its symmetry axis possesses
for describing the slow motions undergone by tid vector. the same dynamical properties as Mi¢ vector, we can express
This leads, for instance, to an extension of the model-free u., from Kesq as follows:
approackimplying the introduction of an additional correlation
time and of an additional order parameter.

Another approach comes from the LipaBzabo equatior’
in the case of an anisotropic overall motion. Tjandra eéPal. . . o )
inserted, in place of the simple exponential describing the slow @nd thus hope to determirey, the nitrogen-shielding anisot-
motion, a correlation function of the Woessner Bfpeelated ropy. _ _
to the whole protein. A computer program based on the above considerations has

However, none of these approaches was found adequate foloeen written. Ifrs is known (for instance from the proce.dure
treating the whole set of data (results not shown). We therefore described below)a, B, and possiblycsa are found by solving
turned to another concept involving the definitionakingle @ System of linear equations, (this capability can be recognized
correlation timers per residue 7s thus becomes an effective Py €xamining egs 36), thus avoiding the unnecessary use of
correlation time describing the slow motions sensed by the @ general search algorithm with the risk of divergence. Such a
relevantNH vector. Of course, these motions are certainly very {reatment does not proceed from a new model but represents a
complicated and not limited to the overall tumbling for which, New strategy which of course is consistent with the usual
anyway, some anisotropy should be taken into account. In fact, Procedures. It possesses the unique capability of calculating
that the superimposition of different motions leggproximately ~ this set of linear equations can be written as
to an exponential correlation functiowhich may be different m

aj =R

can recall that the sum of two exponential functions with Z %
relatively close time constants does not differ significantly from .
In fact, the concept of an effective correlation time for each that m = 2 or 3), R”® being one of then experimental
residue is not new. It has been invoked in several instances butre|axation parameters used in the fit (so that the subsiaripts
diffusion..27*30 It is taken her.e' ina brpader sense as itincludes gqr example, ifR®® is a longitudinal relaxation rate, one has
pragmatically the superposition of different motions as well as

u (12)

csa

1 2

(12)

relying on an effective correlation time amounts to consider ealistic errors through a statistical approach. More explicitely,
from one residue to another. To further assess this point, we

a single-exponential function with an effective time constant. with the unknownsq = A, X, = B, and possiblyxs = Ucsa (SO
always limited to the characterization of anisotropic rotational from 1 ton). The coefficientss; are calculated from eqs—5.
any anisotropy of the overall tumbling.

Data Analysis

If the three parametersy{, R,, andony) are available at a
single frequency, onl, B, andzs can be extracted by assuming
that Ry othersiS Negligibly small (this could actually be achieved
by correcting theR, values from exchange contributions
implying that multifield data are available) and thigt= Jcsa

As soon as data at two frequencies are at hand, it can bea1.3=
envisaged to extract some further information concerning (i)

the exchange contribution to tH® values (see below) or (ii)

a; = 10Ky
6 3
d1+(wH+a)N)zr§ 1+ w72

1
1+ (04— o)’ s

2
Wy

2 2
1+ wy 75

the csa mechanism, in addition to the parameters discussed Whenever it is decided not to determing, thej subscript

above. Owing to the low frequencies involveddsaspectral
densities (see 3 and 4), we can approximateiaeontributions
in Ry andR; as

2
N

R RS
' l+w,2\,r§

9)

csa Ucsa

1 oy 2,

R = —w
2 21402 3N

(10)

csa ucsa

The simplified form of eqs 9 and 10 comes from the fact that,

takes only the values 1 and 2 aeg has to be appended by
Kesd(1 + f 72). Because the number of linear eq 12 is
generally larger than the number of unknowns, one has to
recourse to the general regression proceduwich is briefly
summarized below. Equation 12 can be recast in a matricial
form

AX =R (13)
A being the rectangular matrix of coefficients (of dimension
x m), X and R the columns representing respectively the
unknowns and the experimental relaxation parameters (of
dimensionsnandn, respectively). The least-squares condition

(24) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C;
Gronenborn, A. MJ. Am. Chem. S0d.990 112, 4989.

(25) Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax, A.Am. Chem.
Soc.1995 117, 12562.

(26) Woesnner, D. TJ. Chem. Physl962 252, 7740.

(27) Barbato, G.; lkura, M.; Kay, L. E.; Pastor, R. W.; Bax, A.
Biochemistry1992 31, 5269.

(28) Schurr, J. M.; Babcock, H. P.; Fujimoto, B. &. Magn. Reson.
1994 B105 211.

(29) Brischweiler, R.; Liao, X.; Wright, P. ESciencel995 268 886.

(30) Andrec, M.; Inman, K. G.; Weber D. J.; Levy, R. M.; Montelione,
G. T.J. Magn. Reson200Q 146, 66.

(31) Draper, N. R.; Smith, HApplied Regression Analysid/iley: New
York, 1998.
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amounts to multiply eq 13 on the left b4, the transpose of
A.

A'AX = AR
or

CX=Zz (14)
whereC = A'A is a square matrix of dimensian x mandZ

= AR a column of dimensiom. Thus, eq 14 represents a set
of m equations form unknowns, easily solved by standard
numerical procedures. This treatment yields also statistical
uncertaintie¥t

-1
G

ij=ta —m

(15)

tis related to the confidence interval and can be extracted fro
Student-Fisher tables; is the standard deviation

m

n (Riexp_ Rcalc)z

= n
ande]f1 is thejth diagonal element of the inverse of matfix
Besides the obvious advantages of linear calculations, the
interest of this treatment arises from the fact thas determined
solely from the frequency dependence of the available relaxation
parameters.

However the determination af must be dealt with by non
linear methods (in this computer program, the Simplex algorithm
was used in order to minimize th@ quantity defined as

n Riexp_R_cal 2

e

R being one of the relaxation parameter used in the fitaRd

its experimental uncertainty); this implies however, at each step
of the search algorithm, the calculation &f B (and possibly
Ucsd by the linear procedures just mentioned. The uncertainty
on 75 is obtained by considering that it is proportional to the
standard deviation’ defined above. The proportionality factor
is deduced from the variation @f with zs.

1

n

2

Results and Discussion

Experimental data for most residues of #f-labeledC12A-
p8MTCPL have been obtained at 9.4 T, 11.75 T, 14.1, 16.45, and
18.8 T. The human proteip8MTCF! is a 68-residue protein
encoded by the MTCP-1 oncogene. Its biological function is

Canet et al.

NS

Figure 1. Ribbon diagram (MOLSCRIP*¥) of the structure op8MTc™
showing the backbone and disulfide bonds.

of the protein. In the recombinant C1248VTCPl mutant
protein, the “free” cysteine residue at position 12 in the native
sequence has been replaced by an alanine residue, to improve
the expression yields iEscherichia coli

Experimental Section

The protein, at a final concentration of 0.4 mM, was prepared with
a 50 mM phosphate buffer (pH adjusted at 6.5) and a 25 mM NaCl
solution; ?H,0 is present in a proportion of 10% for field-frequency
stabilization purposes. Temperature was carefully adjusted 4C20
using a calibration sample (80% glycol itd-DMSO). Complete
assignment ofH—15N cross-peaks can be found in a previous work.
In all experiments, théH carrier was centered on the water resonance
in order to use the WATERGATE sequeft® for suppressing the
solvent resonance. Quadrature detection in the indirect dimension was
achieved using the States-TPPI schéfnide initial t; (t1: evolution
period) was set at exactly half the chosen dwell time in order to remove
baseline distortions and to optimize aliasing characteristics in the
resulting two-dimensional spectfa.The pulse sequences used to
determineRy, R, andony (derived from the corresponding NOE factor)
were similar to those described in the litterattf&¢To minimize
artifacts, pulse field gradients were inserted during the intervals where
the spin system is in a longitudinal spin-order stt®; data sets are
recorded in such a way that the signal intensity decays exponentially
to zero as a function of the relaxation delay, thus enabling a simple
two-parameter fit. A recycle timefo4 s was employed, ané’N
decoupling during proton acquisition was performed using a WALTZ
sequenceR; experiments were performed with 13 relaxation delays
(18, 54, 102, 150, 210, 258, 306, 402, 498, 606, 810, 1002, and 1506
ms) during which a train of 180H pulses (separated by 3ms) is applied
s0 as to remove dipolat®N—'H)—csa*°N) cross-correlation effects.
R, experiments were performed employing a €aturcel-Meiboom—
Gill (CPMG) pulse traif®3® with an interval of 1 ms between two
consecutive'>N 180 pulses;'H decoupling 180 pulses are applied
between two'>N pulses every 4 ms. Thirteen experiments were run
with the following duration of the CPMG train: 16, 32, 48, 80, 112,
128, 160, 192, 256, 320, 384, 512, 768 ms.RllandR, experiments

unknown, but its 3D solution structure has been recently sdived. were performed with relaxation delays arbitrarily chosen in the relevant
As shown in Figure 1, it revealed an original scaffold consisting list (and not in an increasing or decreasing order) so as to prevent any
of threea-helices, associated with a new cysteine motif. The bias that could arise from possible degradation of the main magnetic

core of the protein mainly consists of two helices (helix I:
residues 720, and helix Il: residues 2940) which are
covalently paired by two disulfide bridges (Cys38-Cys7 and
Cys17-Cys28), forming aa-hairpin. A relatively well-defined
loop (residues 4147) connects helix Il to helix 11, which spans
residues 4863. The third disulfide bridge (Cys39-Cys50) links
the top of helix Il to the tip of helix II. Helix 11l is oriented
roughly parallel to the plane defined by theantiparallel motif
and appears less defined. Except for the first N-terminal turns,
few nOe contacts were found between the third helix and the
o-hairpin, suggesting that helix 11l is loosely bound to the core

field homogeneity. The noise level was estimated through duplicate
experiments for relaxation delays of 18 ms and 150 Risifeasure-

(32) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661.
(33) Sklenar, VJ. Magn. Reson1995 A114 132.
(34) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resor1989
85, 393.
(35) Bax, A.; lkura, M.; Kay, L. E.; Zhu, GJ. Magn. Resonl991, 91,
174.
(36) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.
Magn. Reson1992 97, 359.
(37) Bax, A.; Pochapsky, S. S. Magn. Reson1992 99, 638.
(38) Carr, H. Y.; Purcell, E. MPhys. Re. 1954 94, 630.
(39) Meilboom, S.; Gill, GRev. Sci. Instrum.1958 29, 688.
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ments) and of 16 ms and 112 ni&; (measurements). All experiments  according to the procedures described above (this approach will be

were recorded with a time domait,{;) data size of 96« 2K complex denoted as “mode 1” in the following). The result (yieldingsavalue
points and 416 transients pert; increment, depending on the of 6.26 ns, consistent with a previous wdrkvas rather disappointing
spectrometer sensitivity. with regard to recalculated values when compared to the experimental

The NOE factor, leading to the cross-relaxation ratgs is deduced ones; this is quantified by the standard deviation (denoted as sd in the
from the comparison of'5N intensities without and with proton following) equal here to 0.241°% The situation is much improved by
saturation. The latter is achieved with a train of 1p0Ise4° separated ignoring all transverse relaxation rates (this will be denoted as “mode
by 20 ms and of a total duration of 3 s. In the experiment without 2" in the following) and under these circumstances we arrive at a
saturation a carefully optimized water flip-back pulse was added before tumbling correlation timezs, equal to 4.90 nssl= 0.071 s, obtained
the last'H 90° pulse in order to avoid undesirable effects related to from experimental and calculated values of oRlyandony). However,
exchange between water and amide protons. A recycle time of 6 sthe agreement between recalculated and experimental values remained
between scans was used for obtaining a complete recovery of waterrather poor for residues 1, 3, 4, 5 (2 and 6 are proline residtibag)
magnetization and for reducing exchange effects. Moreover, the two disordered N-terminus of the protetiand from residue 54ending the
experiments (with and without proton saturation) were acquired in an very first turn of helix Il=down to the C-terminal end of the protein.
interleaved manner for eathincrement with a waiting time of 30 s Therefore, at this stage, only data between residue 7 and residue 53
between them. These NOE experiments were carried out with the sameyere considered, still keeping a global description of slow motions
data size as for thB, and theR; experiments: 32128 transients were  (the samers for all residues) while fitting the coefficients andB for
accumulated pet; increment, again depending on the spectrometer each residue. From the 3D structure, it can be seen that these residues

sensibility. belong to the core of the protein, including thehairpin and the first

NMR spectra were processed with the Gifa (version 4'22)itware. N-terminal turn of helix I1l. None of these residues can accommodate
Cross-peak intensities were determined from peak hefghsing the spectral densities involving two correlation times associated with slow
Gifa peak-picking routine. The relaxation rate constditand theR, motion, that is, with a spectral density more complicated than eq 6; in
were obtained from nonlinear fits to monoexponential functins. that case, unrealistic or unacceptable results are obtained. Nevertheless

comparative study of decays characterized by both peak heights andye observed severe inconsistencies between cross-relaxation and
peak volumes was found to yield essentially the same results. The transverse relaxation rates. This is illustrated in Figure 2 where relative
uncertainties due to random errors in the measured heights were deduceg@eviations between experimental and recalculated values are displayed
from 500 Monte Carlo simulations. The root-mean-square (rms) values for R;, R,, andony. When transverse relaxation rates are used in the
of noise was evaluated in free-peak regions and used to estimate theitting procedure (mode 1), a value of 6.28 ns is found fofsd =
standard deviation of the peak intensities. The duplicate Spectra,olzs); differences between experimenta| and recalculatged are

mentioned above, assess the validity of this estimate. considerably scattered and can be very important (relative deviations
Transverse Relaxation Rates and Chemical Exchang®&; values appear quite large due to the fact that; is around zero). By contrast,

have been corrected of exchange effects, by considering that thewhen transverse relaxation rates are not used (mode 2), we artiye at

exchange contributiori, depends on the nitrogen Larmor frequency, = 4.98 ns, and the agreement between experimental and recalculated

oy, and can be written &Rex = @wn?. The factord is dependenton  values §d = 0.042 calculated again from onB: andowy) is greatly

the intrinsic rate constant of the exchange process, on the chemicalimproved forow, whereas recalculatd®s undergo a shift toward lower
shift differences, on the population of participating sites, and on the yajues. It can be noted that Lee and Wand reached recently similar
applied®*N spin—echo period in the CPMG pulse train. The presence conclusions® The correlation time is seen to be significantly lower
of chemical exchange for a residue may be noted by a transversethan the one obtained with a, values (mode 1), and this can be
relaxation rate that is high compared to that of nearby residues. ascribed to the spectral densities at zero frequency which are involved
However, if the relevanNH bond vector experiences both fast local  only in theR, data. Finally, interpreting, andony experimental values
motions, which reduce the value & and, simultaneously, slow  of the protein extremities necessitated to append the spectral density
conformational exchange, the interference of these two opposite (eq 6) with a term of the forn€/1 + w?r22; the relevant residues are
contributions tdR, may hamper the identification of possible exchange |gcated either in the disordered N(residues}- and C(residues 64
processes. With relaxation data sets available from more than one field,g8)-termini of the protein or below the first turn of helix Il (residues
Rex can be obtained from they” linear dependency of the quantity of ~ 54—63). However asR, values were still excluded and owing to the
(2R — Ry) according t¢° difficulty in interpretingC and %, this analysis was not pursued.

B ~ 4 y A radical change occurred, making questionable the above analyses,

2R, — R, = K [6J(wy) + 4J(0)] + 4—5(A0N)2J(0) + 20|wh (16) when, still using a spectral density such as egs6yas allowed to be
different from one residue to the other (this type of analysis will be

denoted as “mode 3”). The whole set of data was used in the fitting
procedure (including all of thB, values and residues outside the protein
core). The remarkable quality of the results can be appreciated from
the right column of Figure 2, confirmed bysal value of 0.068 s
Relative deviations (between experimental and recalculated values) are
now similarly scattered for the three parameters, lying in a very
reasonable range and without any bias. These observations suggest that
the concept of effective correlation times seems perfectly adequate and
allows for a realistic analysis 8fN relaxation parameters in proteins.
Raw parameters involved in eq 6 are displayed in Figure 3 for the
whole protein.A, as already mentioned, is associated with fast local
motions and is consequently very small. Owing to the large uncertainties
which affect this parameter, any discussion about its variations would
be illusory; the only point worth noting is an increase toward the protein

where the notations of eqs—% have been used and wheke= J.sa=

J has been assumed. Assuming further tiaty) is negligible with
respect toJ(0), we notice thafl(0) is obtained from the intercept of
the linear representation of 2 — R;) as a function oiuﬁ, while the
slope providesb if Aoy is known (taken here as170 ppm). From
this determination ofP for each residueRR, can be corrected for the
exchange contribution (see Supporting Information). Obviously, such
a correction which will proves essential requires multifield measure-
ments.

Analysis without Considering Possiblecsa Variations. A first
global fit (assuminglssa= Jg) involving all relaxation parameters was
attempted with a single (common to all residues) correlation time for
describing the slow motiong, andB being determined for each residue

(40) Greziek, S.: Bax, AJ. Am. Chem. Sod.993 115 12593. extremities (from residue 7 to the N-terminal on one hand, and from

(41) Pons, J. L.; Malliavin, T. E.; Delsuc, M. Al. Biomol. NMR1996 the beginning of helix Il to the C-terminal on the other hand).
8, 445. ] ConverselyB andzs seem to be good indicators of protein backbone
Ca(h422i21 S\vaelti?, ,\Nﬂa‘;n Psggﬁﬁggé '1'(') ZAIZ(E% M.;Kdel, J.; Rance, M., gynamics and appear to be related to the secondary struetiseas

(43) 'Pre'ss, W, H. #Iannery, B.P. Teulkoléky, S. A Vetterling, W. T expected: smaller at the pro_teln_ ex_tremltles (where a s!ow motion yet
Numerical RecipiesCambridge University Press: Cambridge, 1986. faster than the overall tumbling is likely to occur) and, in the protein

(44) Peng, J. W.; Wagner, @iochemistry1l995 34, 16733.
(45) Habazettl, J.; Wagner, @. Magn. Reson1995 B109 100. (46) Lee, A. L.; Wand, A. JJ. Biomol. NMR1999 13, 101.
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Figure 2. Relative deviations between experimental and recalculated valuRg &, andonn. (Left) 7 fitted from all relaxation parameters

(mode 1 and residues belonging to the protein core only; extremities not used in the fit). (Migdfiied without the transverse relaxation rates

(mode 2 and residues belonging to the protein core only; extremities not used in the fit). Rifitted residue-by-residuérom all relaxation

parameters (mode 3). (Diamonds) 9.4 T data; (squares) 11.75 T; (triangles) 14.1 T data; (crosses) 16.45 T; (stars) 18.8 T. In this figure and in the
following figures, 2, 6, and 43 do not appear as they are proline residues whereas data are not available for residues 55, 56, 61, 67 because of peak
overlaps.

core, fluctuating in a narrow range corresponding tb 6.36 ns (these rely on the order parameter derived fr@ifeq 8). The relevant profile
fluctuations presumably reflect the different orientationslbifvectors is shown in Figure 4 (top) and is globally sound. Despite large
with respect to the overall rotation-diffusion tensor). The way in which uncertainties at the two protein extremities, the square of the order
slow motions affect each residue can therefore be quantified. Ratherparameters, is seen to decrease sharply in these two regions while it
than discussing the paramet@ritself, it may be more judicious to remains at a high level within the protein core (residues 7 to 53). Its
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Figure 3. The raw parameters extracted from the analysis, residue-
by-residue, of all the dataA, B, andzs (see eq 6).

variations in this region, albeit weak, are significant. The horizontal
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Figure 4. (Top) Profile of the order paramete® determined from

eg 8. The horizontal line corresponds to the mean value calculated over
the protein core results. (BottorfdN chemical shift anisotropy values
determined fronk.saandB (both quantities being derived directly from
experimental data; see eq 11). The horizontal line corresponds to the
mean value calculated over the protein core.

Itis easy to see that a 1% modificationdyf; entails a 3% modification
of csavalues. Thus, assuming for instance 1.04 Adgy instead 1.02

line in Figure 4 (top) represents its mean value over all of the residues A decreases thesamean value te~-—170 ppm. Variations of thesa

in the protein core. It can be recognized tBais systematically above
this mean value for helices | and Il, confirming their high degree of

value can also be ascribed to the hypothesis made about the order
parameter (which has been assumed to be identical to the one of the

organizationS? decreases between residues 20 and 29, a region which NH direction). To a rough approximation, these variations can be

corresponds to the loop which links the two helices. This occurs again
between residues 41 and 47 for the link between helices Il and Ill. It
can also be observed that that a small part of helix Ill is well organized
(up to residue 53) and th& drops rapidly for the rest of helix IlI.

accounted for by a factor equal to (3 &g — 1)/2 wheref is the
angle between thiH direction and the symmetry axis of the shielding
tensor. Asf cannot exceed 20the error on thesavalue associated
with the order parameter is less than 7%.

These results are quite consistent with the protein structure and therefore For the sake of completeness, one may wonder if the determination

support the present analysis.
Analysis Including PossiblecsaVariations . As explained in the

of csain addition toA, B, andzs would not improve the quality of the
fit when one relies on a single correlation time for describing the slow

Data Analysis section, the abundance of experimentally determined motion. Calculations were thus repeated for the other two modes of

parameters makes possible the determinatidfNo€savalues provided

analysis (restricted to the core of the protein): mode 1 (a glebal

that some simplifying assumptions are made, that is, that an axially with all of the relaxation data used in the fitting process), and mode 2
symmetric shielding tensor is assumed and that we postulate similar (a globalzs without theR; relaxation rates in the fitting process). Again,

dynamical properties for theH vector and the symmetry axis of the
shielding tensor. It turns out that the values found for the other
parameters, namelf, B, andts, are only marginally modified when
the csa is allowed to vary, even though the agreement between
recalculated and experimental relaxation rates is slightly improsed (
= 0.058 s?). Thecsavalues obtained through the analysis based on
effective correlation times are shown in Figure 4 (bottom). lts
examination reveals that no significant variation of tf¢ csacan be

the parameters, B, and7s are almost unchangeds(= 6.26 ns for
mode 1 and 4.79 ns for mode 2), whereas standard deviations drop
significantly (0.08 and 0.0367% for modes 1 and 2, respectively).
However, relative deviations between experimental and recalculated
values exhibit the same trends as before (see Figure 2). This is shown
in Figure 5: for mode lgny relative deviations are badly scattered
whereas, for mode R, relative deviations are not only scattered but
also displaced from the zero mean value. The only satisfactory fit

detected within the displayed uncertainties (calculated according to the corresponds again to the treatment based on an effective correlation
statistical treatment explained above; eq 15). It can be especially notedtime for each residue (mode 3; Figure 5, right).

that large uncertainties occur for those residues presenting an unusual

csavalue. Still in Figure 4 (bottom), the horizontal line stands for the
mean value calculated over the protein corel80 ppm). It can be
appreciated that this line virtually interseet$ of the error bars. Now,
this value of—180 ppm may appear too large. It can however be borne
in mind thatcsavalues are derived by dividings, (directly determined
from the fit) by B (see eq 11), the actual value of which depends on
the chosen NH distance through the constanfsee eqs 36 and 1).

Csa values deduced from these three modes are displayed in Figure
6 left (the bottom of which is identical to the bottom of Figure 4,
restricted to the protein core). It can be observed that modes 1 and 3
(all data used, including transverse relaxation rates) yield virtually the
same results yet with larger error bars for mode 1. For mode 2,
important variations otsavalues, seemingly related to the protein
secondary structure, are observed in agreement with the conclusions
of Fushman et al® who recently performed a similar study (using only
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Figure 5. Same as Figure 2 whersais allowed to vary for each residue. The representation is limited to the protein core.

the longitudinal relaxation rates for determining ttsavalue, ranging
from —166 ppm to—231 ppm) on human ubiquitin. However, if we

take into account the error bars (it can be reminded that they are derived
here on a statiscal basis), results of mode 2 are seen to agree to a large



Analysis of!®N CSA in Proteins J. Am. Chem. Soc., Vol. 123, No. 19, 2@&75

Statistical Monte Carlo

0y 0
£ wf T s s e
Q. ] : : ] : ; i
::/ -100 1 : -100 - e
. : | |
QO 01 .150- ----------------- S S
] ] *Q“,Mﬂcfoff P&;@% 22 S RIR ) M«’B
-200 Y70 E— e R e
: |
-250 e IRASEZEEs i 1 L AR -250 T ey e
0 10 20 30 40 50 80 0 10 20 30 40 50 60
0
Py
g ! z ; %0
IS ‘ 5
e [ e e S S -100
R R Y
-200 I lL &&H il { ll i H -200 -

-50 1

0

-100 ] -100 ]

160 -150 ]

CSA (ppm)

-200

-200

=250 Tt T T T T Ty T T e 250 +———rrrr e T T T T T T T T T T T T T T T T

residues residues

Figure 6. (Left) csavalues (limited to the protein core) as obtained with the three mode of analysis. Error bars are deduced from a statistical
treatment (see eq 15). (Top) All data with a single correlation time for describing the slow motion (mode 1). (Ridehelony data with a single
correlation time for describing the slow motion (mode 2). (Bottom) All data with an effective correlation time for describing the slow motions at
the level of each residue (mode 3). (Right) Same as left with error bars deduced from Monte Carlo calculations.

extent with those of mode 3 and this observation makes questionableon Monte Carlo error bars. However, it must be appreciated that such

any significant variation of the nitrogecsavalue along the protein calculations ignore systematic deviations between recalculated and

backbone. experimental values as well as the number of observables used in the
To further investigate the validity of the above conclusions, all the fitting procedures, in contrast with the statistical treatment (see eq 15).

calculations were repeated according to the Monte Carlo method. In For instance, the large discrepancies between recalculated and experi-

each case, 500 data sets were generated by randomly perturbing thenental cross-relaxation rates in mode 1 (see Figure 5) are not accounted

observables within their experimental uncertainties (plus or minus). The for by the Monte Carlo method; likewise, in mode 2, tlea

mean value of the parameters of interest was then calculated alongdeterminations involve a limited number of observables (the longitudinal

with its error bar taken as the standard deviation of the corresponding relaxation rates) whereas, in mode 3, both longitudinal and transverse

(Gaussian) distribution (over the 500 data sets). First, it is reassuring relaxation rates are used. Thus, error bars derived on a statistical basis

(though not surprising) to obtain a mean value identical to the value are likely to be much more realistic and trustable than those obtained

derived from the original (not perturbed) data set and also error bars through a Monte Carlo procedure (see for instance figure 4 of ref 10).

similar to the ones derived from the statistical treatment (eq 15),

provided the latter are not too large. When this is not the case, error Conclusions

bars arising from the Monte Carlo treatment turned out to be much

weaker. This is illustrated in Figure 6, where such a comparison is ~ The main findings of the present study can be summarized

shown for thecsavalues. Of course, it would be tempting to rely rather as follows: (i) defining a specific (effective) correlation time
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for the slow motions sensed by each residue allows for a expected, the secondary structure induces only small changes
consistent interpretation @l relaxation rates (Figures 2 and  (if any) in nitrogencsavalues.

5) provided that transverse relaxation rates have been corrected

for possible exchange contributions; it is remarkable that such ~ Acknowledgment. We are grateful to Dominique Marion
an agreement is obtained for as many as five values of the (IBS, Grenoble) for the use of the 800 MHz Varian spectrometer
magnetic field (although two values would be sufficient, and to Jean-Pierre Simorre and Bernhard Brutscher for their
exchange corrections ®; are better evaluated with additional help in running this machine. 700 MHz and 500 MHz data were
measurements. It can be remembered that, as explained abovegbtained by Michael Salzmann (Bruker;lleaden) and by

an effective correlation time is not in contradiction with other Philippe Sizun (Sanofi-Synthelabo, Montpellier), respectively.
models such as the extended Lipa&izabo modéf or a We gratefully appreciate their cooperation.

treatment involving anisotropic overall reorientatir(ji) the

order parameter, determined in accordance with the “effective ~ Supporting Information Available: Table containing mea-
correlation time” concept, is well correlated with the protein sured and exchange correctegvalues, diagram showing the
structure; (iii) still relying on this concept, we were able to @ values involved in the exchange correction procedure, Table
determine nitrogen chemical shift anisotropies which, in contrast containing all experimental (exchange-corred®yland recal-
with previous workg%15do not show up any significant change culated relaxation parameters for each residue and quantities
along the protein backbone. It can be noted that such aof interest (correlation times, order parameters, nitrogen shield-
conclusion is reached regardless of the mode of data analysisjng anisotropy) derived according to mode 3 (see text) (PDF).
provided that errors are properly evaluated (that is, according This material is available free of charge via the Internet at
to a realistic statistical approach). This result can be related to http://pubs.acs.org.

recent theoretical studi€sand would tend to indicate that, as JA0038676
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