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We describe a quantitative processing method which gives ac-
cess to the longitudinal and transverse cross-relaxation rates from
off-resonance ROESY intensities. This method takes advantage of
the dependence of the off-resonance ROESY experiments at any
mixing time and any spin-lock angle 6 on two relaxation matrices,
the longitudinal and the transverse ones. This allows one to take
into account multistep magnetization transfers even if the mea-
surements are performed only at one or two mixing times. The
ratio of the longitudinal to transverse cross-relaxation rates can
then be used as a local indicator of the internal dynamics, without
assuming a structure or a model of motion. After validation of this
processing method by numerical simulations, it is applied to the
analysis of the dynamics of the peptide ranalexin dissolved in pure
water and in water/TFE. © 1999 Academic Press

Key Words: internal dynamics; off-resonance ROESY; rana-
lexin; relaxation; spin diffusion.

1. INTRODUCTION

the relaxation rates. By using pulse sequences designed
remove spin diffusiond, 4), the distance intervals are reduced,
but the number of observable cross-peaks and then the amo
of experimental information decrease. (ii) The matrix of lon-
gitudinal relaxation rates can be derived from the matrix o
measured intensitied€10. The efficiency of these methods
depends on the number of missing elements in the intensi
matrices (due to peak overlap, noise, or artifacts) and on tt
choice of a motion model and initial distances. (iii) The lon-
gitudinal cross-relaxation rates can also be determined witho
assuming a motional model by the quantitative analysis of ea
buildup curve using a multiexponential functiohl, or using

a polynomial interpolation of the Taylor development of in-
tensities {2). The precision on the relaxation rates is ther
limited by the accuracy of the intensity measurements and n
by the number of missing elements in the intensity matrice:
The approach presented here belongs to this last kind of me
ods: the cross-relaxation rates between two protons are det

Determination of molecular structures by NMR is essentialfffined by the analysis of the variation of the correspondin

based on the measurement of dipolar cross-relaxation ratEeSS-Peak intensities acquired in different conditions.

between protons, which allows the estimation of the internu-” Solution suggested to overcome the simultaneous depe
clear distances1j. The accuracy of the solution structure§l€nce of the cross-relaxation rate on the internuclear distan
strongly depends on the accuracy of the distance estimati@f! on the local dynamics consists of measuring the longitt
(2), which is mainly limited by two different reasons. First, thélinal R; and transvers®; cross-relaxation rates betweén
NOE intensity between two spisand!’ depends not only on and I' (13-15, as these two rates present different deper
the mutual cross-relaxation, but also on the self-relaxation @gnces on the internal motion. The transverse cross-relaxati
each spin and on the cross-relaxation between thel$ggi) rate Py, which should in principle be monitored by the on-
and the other spins through spin diffusion. Second, the cro§gsonance ROESY experimerit§( 17, is experimentally in-
relaxation rate is function of the internuclear distance as well agcessible 18). But the off-resonance ROESY experiment
of the dynamics of the interproton vector. This last point maké@ows one to indirectly determing; and P; (19-2J). This
the structure characterization of flexible molecules difficulexperiment is designed to monitor the relaxation of the spi
We present below a processing method which solves these @@mponent ; aligned with the effective field in the rotating
difficulties simultaneously without assuming a motion modeftame obtained by applying an RF irradiation of amplituse
an initial set of distances, or the absence of spin diffusion. at an offsetA. The effective field makes an angle =
Three kinds of methods exist for the processing of NO&ctan(,/A) with the static magnetic field. In well-defined
intensities. (i) The most widely used is to estimate lower arekperimental conditions2@), the off-resonance ROESY ex-
upper distance bounds from the intensities. Although this aperiment is free of distortions due to Hartmann—Hahn cohe
proach is robust, it does not provide quantitative estimateseaice transfers; it is also unaffected by the offset effects due
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the angular dispersion between the effective and the static gL ©)
magnetic field directions, which results from the spread of 035_3
proton resonance frequencies. The associated relaxation matrix 33

Q' is related to the longitudina® and transvers® matrices: 30
Q%= R cos’0 + P sin?0. [1]
Usually the study of internal dynamics of biomolecules 20

through off-resonance ROESY is performed by measuring
initial slopes of the buildup curves (see, for instance, Refs.
23-25 or by calculating iteratively the relaxation matric@$
from the intensity matrice26). However, the measurement of
initial slope does not take into account magnetization transfers ( [ ) A
induced by spin diffusion. On the other hand, the iterative 9 3 4 5 word
calculation of the relaxation matrix requires the choice of a ¢

motion model and of an initial structure. Moreover these twoFIG. 1. Variation of 65 as a function ofw,re where ¢ is the local
methods do not completely make use of the relations betwe@ffelation time.

the buildup curves at various angléssince the processing is

performed in two separate steps, first alang then, alongd

(See Ref27 for a review)' In the present Work, we propose ta-he absolute value of this ratio is aIWayS smaller than 05, ar
simultaneously analyze the off-resonance ROESY intensitiés iS consequently smaller than 35.3°. An examination of Ec
as a function of several values and few (one or two) mixing [4] reveals thatfg is an increasing function of the local
times. This approach allows a model-free determination 6rrelation timer! as defined in the model of Red9 (Fig. 1).
longitudinal and transverse cross-relaxation rates, while tak|FiQr motions of proton pairs with a correlation timesuch that
spin diffusion into account. The method is validated on sim@7 > 5, the termJ;(0) prevails andd; is very close to
lated data and is shown to be robust even on a partiaffy-3°-

structured peptide of 20 amino acids, which consequentlyA qualitative examination of Eq. [4] shows that, whateve

exhibits a large distribution of internal motion timescales. the motion modelg; is a decreasing function of the internal
mobility. Let us express tdAg as

2. RESULTS AND DISCUSSION )
— 64"
. . ij —
2.1. Evaluation of Internal Mobility tan‘dg 2430 (5]
In the case of homonuclear dipolar relaxation, the longitu-

dinal and transverse cross-relaxation rates betwesmnd!’ are Where! and{; are positive parameters defined as

_ 1 - Ji'(wo)
Ri' = 3 ‘Ji' O + 2J| 2(1)0 2 I = |
, 1(0) + 23;(2w) [2] =30 [6]

whereJ; is the dipolar spectral density function of the proton
pair (', I') andw, is the proton Larmor frequencg). In our oo oo of¢! or £§ leads to a decrease 6f (Eq. [5])
notation,J; is function of the distance variation as well as Oﬁeci rocall foi a ii/ene” value, ¢! and ¢! are lineark
the angular mobility of the vector connecting the two protons 5| tpd nlc/i’ I th glm btained for differedy val y

For large molecules«,7. > 1), longitudinal and transverse. tgrgectaat or?e 0|ent (Fels 02) aA zecrce):aseagf Ieeads iéjzsn
cross-relaxation rates have opposite signs (Egs. [2] and [é P 9.
there is thus a unique value of the anglalenoted a®!, for trease of the absolute value of the line slope, and the lir
which the off-resonance ROESY cross-relaxation @Te;/an- undergoes a clockwise rotation. This implies an increasd of
. . i . or {3, which corresponds to an increaseX{w,) and/or of
ishes. According to Eq. [1]§g is related to the ratio between ) . . o

S : . Ji(2w,), and finally to an increase of internal mobility.
the longitudinal and transverse cross-relaxation rates: ; o : .
A direct characterization of the relative mobility of the

proton pairs is thus provided bgs. The simplest idea for
Rj —J;(0) + 63;(2wo) = —tan?oll. [4] determining6g consists of noting that, in a good approxima-

Pj  23;(0) + 3J;(wo) tion, if the cross-relaxation ra@{¢ vanishes then the associ-




QUANTIFICATION OF CROSS-RELAXATION RATES 191
¢ $(6, 1) = exp(—Q"1y) I, (8]

where $, is the intensity diagonal matrix for a vanishingly
small mixing time. It will be taken equal tbin the following.
The development at the ordpralong T, of the off-resonance
ROESY cross-peak intensity betweErand|’ can be written
as (fori # j)

2

9406, 7) = ~Qralo + [(Q")7]y 3 —

(-1
+ [(Q"P]; Tl [9]

Using the expression of matri®’ (Eq. [1]), Eq. [9] becomes

', (1)

958, ) = X ——— 2 (cos’)(sinp) "7
q=1 a4 s=0
FIG. 2. Representation ofj and ¢; for different 63. The physically X [Tg—S(R' P)]ija [10]

accessible range ot{, ¢1) is located in the upper right quadrant of the plane.
1 andZ} are linearly related through t4% (Eq. [5]). The corresponding line 4—s . . .
has a negative slope of2/(tarf8}) and crosses thg] and{} axes at positive where [Tq (R’ P)] ij 1S the G* ]) element of the matrix

values of (1— 2 tarf!)/(3 tarfe3) and(1 — 2 tarfg}). The different lines [Tq (R, P)], which is a polynomial of matriceR andP. The
obtained for different values of tag form a bundle, and they all cross at thepolynomial degree isin Randq — sin P. The list of Ty *(R,
same point{3 = 4, {1 = —). For decreasing values 6f, the line undergoes P) matrices is given in Table 1 fay = 1, q = 2, andq = 3.
the rotation shown by the arrow. Considering the particular cross-peak betwteand!!, Eq.
[10] defines a linear relation between the vectqrcomposed

] ) . ) . of all intensity values measured at different mixing times
ated cross-peak intensity does for short mixing time. fhe and anglesd, and the vectord, composed of thei( j)

value can thus be determined as the amglfor which the elements of theT® *(R, P) matrices. Among all these ele-

intensity cancels out. This simple solution is, however, Nlanes our principal interest will be in the cross-relaxatior
always suitable. Indeed, the multistep transfers are strongly..p — [TXR, P)]; and P, = [T%(R, P)],. Indeed
1 1 ij ij ’ ij* ’

affected by the choice of the angfesince the magnitude and o, |5itation of the other coefficients requires the knowledge

the sign of the cross-relaxation ra®3 and the magnitude of almost all elements which is experimentally prevented by nois

the self-relaxation rat@; change with6 (27). As a conse- 4 neak overlaps. Equation [10] can be expressed analytica
quence, the intensity of the spin-diffusion cross-peaks oftg@ a polynomial of ordep in cogo:

almost vanishes for a range @farger than 10°: an example of
such an effect can be seen in Fig. 3. Moreover, when large
internal mobility is presentd,r! < 1), R; andP; have the
same sign, andy is not defined (Eq. [4]), although the
dynamic information is still contained in the ratig;/P;.
Finally, if the correlation times of the proton pairs surroundin - i . o
the studied ones are very different, due to multistep transf & coefflClentqu.(rm) ilj)emg polynijomlals iy, of prderp.
for nonvanishingly small mixing time, the angle for which th%nly the polynomialsGe(7n) andGi(rm) depend directly on
cross-peak vanishes is not necessarily equalitoNVe conse- ' andP;.

quently suggest first to determine the cross-relaxation Rfes i i 2 i o

andR; and then to calculaté} from their ratio. Go(tm) = —PyTm + agorin + - - -+ agyrh [12]
Gijlj_(Tm) = _(Rij - Pij)Tm + angzm"‘ e '+ai1jp7ﬁ1v [13]

P
940, 7o) = >, Gl(7y)(cos0) Y, [11]

q=0

2.2. Determination of the Longitudinal and Transverse

Cross-Relaxation Rates wherea, are (, j) elements of matrices polynomials Rand

The peak intensities measured by off-resonance ROESY & .alf the processing is performed in two steps alghgnd 7,
given angled and a mixing timer,, can be expressed as arseparatelyn = p + 1 angles6 are required to determine
intensity matrix$(6, ) (30, 31): Gi(7m) andG{(7,), andn = p mixing times are then required
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FIG. 3. Subspectra of the HN—ddregion of off-resonance ROESY acquired on ranalexin in 30% THEaatgles of 5° (a), 30° (b), 35° (c), 40° (d), 45°
(e), and 55° (f). All spectra are plotted at the same level. The cross-peak between HNB arfidysine 19, which cancels out for a large interval@¥alues,
is indicated by a star. The positive contours (same sign as the diagonal peaks) are drawn with solid lines and the negative contours in dotted lines.

to determineR; and P;. Thus a total number gb(p + 1)
measurements are needed. But, sinceGheér,,) polynomials [TI (R, P)]; elements is 5 (resp., 9), while(p + 1) = 6
are related through Eq. [10], working simultaneously aléng (resp.,12). Moreover the simultaneous processing offj( 6,
and r,, allows one to reduce the number of measurements Q) values takes advantage of particular properties of rela;
p(p + 3)/2, which is the number ofT[§ *(R, P)]; elements. ation to improve the accuracy of the determination of the

TABLE 1

Expressions of the T{°(R, P) Matrices with s Varying
from 0 to g, and g Varying from 1 to 3

S

o

Ti°(R, P)

WWWWNNN PR
WNPFPFONFORFRO

R
P
RZ
RP + PR
PZ
R3
R?P + RPR+ PR
RP’ + PRP + P?R
P3

As instance fop = 2 (respectivelyp = 3), the number of

cross-relaxation rates. Indeed the development of Eq. [9] at
given orderp is more valid: (i) for large6, since the self-
relaxation is more efficient (transverse relaxation is known t
be less sensitive to spin diffusion than the longitudinal one
and (i) for 6 close to6¢, since the cross-relaxation is less
efficient. To profit from these remarks, it seems reasonable
deal with a set of experiments,{, 6) such that the number of
different angle9 is at its largest.

The processing of off-resonance ROESY intensities he
been performed up to nowt ) using a first-order development
of Eg. [10] (p = 1). A priori the largerp is, the better
multistep transfers are taken into account. However, if w
consider the third-order development, the(0, T.,) depends
on nine parameters, and at least three mixing times are requir
(see above). Considering only thregvalues leads to unstable
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numerical procedure in the presence of noise. This case will TABLE 2
consequently not be discussed further, and we here considgmparison of the P; — Ry, Py + R; (1) and the [P?]; — [R];,
the second-order development & 2): [Py + [R’]; (I1) Pairs
) Te Correlation Correlation
. T (ns) Slope (1) coefficient (l) Slope (I1) coefficient (Il)
ﬁij(ﬂ, ’Tm) = _TmCOSZGR” - TmSII’IZ@Pij + %COéO[RZ]”
1 1.95 0.94 1.37 0.99
T2 2 2.67 0.99 1.41 0.99
o cos’0 sin’0[RP + PR]; 3 2.86 1.00 1.41 0.99
4 2.91 1.00 1.41 0.99
r2 5 2.95 1.00 1.42 0.99
m .
2 Note. The slopes and correlation coefficients obtained by linear regres

sion analysis are given for different values of the overall correlation time
alpternal motions are simulated through local order parameters (se

For each cross-peak, the complete set of intensities measure@(penmemal)

all the mixing timesr,,, and 6, values considered, the corre-
sponding Eqg. [14] can be put together to form

where

]

where$; is a set of intensity measured at seveddlf,, 1 = @y = (af, @, ai, B4, BY, BY [21]
k = n) and mixing times £,,, 1 =< | < m) values, andJ; is
Ty = (Ry, Py, [R%];, [RP+ PRy, [P?];).  [16] and

ij 1

The matrixsl is a (hm, 5) matrix in which each row is

0 -r, 0 052 0
2 —Tm Tm 0 —72 0.572
—7.00820,, —7,SiN%0,, — cos,, _ 0 0 h T —Th
( m . m o2 “ %B = —8r, —8r, 373 373 33 |- [22]
T2 T2, 27, 21, T3 -1 0
- €0526,Sin%6,, - sin“ek) . [17] 0 0 72 73 =272

| varying from 1 tom andk from 1 ton.

; - L The rank of the matri®B is 4, whereas the size of the vector
If the intensities have been measured at two mixing times

e g is 5: one needs a supplementary linear equation in order
and 7, the rank of the matrixd is 5, and Eq. [15] can be j et the system of Eq. [20]. The self- and cross-relaxatio
solved by a linear least-squares fitting method. __rates have opposite signs in the matfixwhereas they have
If the intensities have been measured only at one MiXige same signs in the matri Thus, the R?]; terms should
time 7, it is no longer possible to invert Eq. [15]. There isbe small with respect to thePf], terms, aan the R, —

however, an gmpirica}l way to take in_to accc_)unt a second-orqg{z] , and [P, + [R¥], terms should be of the same order of
development inr,,. Using trigonometric relations, Eq. [14] Canmagnitude. Moreover, as shown by numerical simulation

be written as they are proportional, which provides the fifth linear equatior
i} ) ) required to solve the system of Eq. [20].

(0, 7) = af + alcos’d + alcos'6 [18] Indeed, the parametePs; — R;, P + Ry, [P?]; + [R%],
i i i and [P’]; — [R]; were simulated as described under Exper
956, Tm) = B¢ + 1C0Y20) + Bzc0440). [19] imental, Jusing vaiues from 1 to 5 ns for the overall correlatior

N time 7.. By linear regression analysis, simulat&f];, — [R?];
The o’s and 's coefficients can be computed from the set ofng [p?], "+ [R?], are found to be proportional (Table 2). The
$(6, Tv) Dy using a linear least-squares fitting method. Usingoportionality coefficient is 1.41 and is very weakly depen
Eq. [14], these coefficients can be expressed as a functiongght on the local correlation time in the range 0.36-5 ns, sinc
[Tq (R, P)]y: it exhibits a variation inferior to 0.05 (3.6%). In contrast the

variation of the coefficient betwed?;, — R; andP; + R; is

G = BTy, [20] 1.0 which represents 40%.
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TABLE 3
Test of the Processing Methods on Simulated Intensities
Method e Number of rates Slope Correlation coefficient € (%)
100-200 ms 0.0 1272 0.98 1.00 1.0
0.0005 812 0.98 1.00 1.0
0.001 444 0.99 0.99 11.9
0.002 178 1.00 0.99 14.0
200-300 ms 0.0 1272 0.95 1.00 2.8
0.0005 964 0.95 1.00 10.5
0.001 698 0.96 0.99 14.2
0.002 344 0.96 0.99 16.2
100-300 ms 0.0 1272 0.97 1.00 15
0.0005 906 0.98 1.00 8.9
0.001 560 0.98 1.00 10.6
0.002 250 0.99 0.99 13.0
100 ms 0.0 1272 1.02 1.00 13.3
0.0005 636 1.02 0.99 20.2
0.001 284 1.03 0.97 24.9
0.002 104 1.06 0.95 28.6
200 ms 0.0 1272 1.02 1.00 23.2
0.0005 906 1.02 0.99 18.4
0.001 584 1.02 0.99 18.9
0.002 262 1.03 0.98 22.7
300 ms 0.0 1272 1.01 0.99 30.6
0.0005 1036 1.01 0.99 22.7
0.001 782 1.01 0.99 21.0
0.002 390 1.01 0.99 19.0
100-200 ms 0.0 1272 0.98 1.00 1.3
(8 6 values) 0.0005 820 0.99 1.00 12.0
0.001 426 0.99 0.99 13.9
0.002 180 0.99 0.99 17.5
100-200 ms 0.0 1272 0.98 1.00 1.0
(5 6 values) 0.0005 788 0.98 0.99 16.3
0.001 404 0.98 0.99 19.5
0.002 158 0.96 0.97 22.2

Note.The mixing time values, the erre; added to intensities, and the number of simulated cross-peaks kept for regression analysis are given. The calc
and theoretical longitudind®; and transversP; cross-relaxation rates are compared using linear regression parameters (line slope, correlation coefficien
using the relative mean errar(Eq. [24]).

2.3. Validation of the Processing Method on Simulated For each set of,, the proton pairs included in the analysis
Intensities corresponded to mean relative eregy (Eq. [25]) smaller than
. : : 3%. Using linear regression analysis, the slopes, the correl
Two processing protocols were tested by numerical simulg= 2 .
P gp y IE‘on coefficients, and the relative mean eror(Eq. [24])

tions: the “one-mixing-time” method based on Eqgs. [18-22], X . .
and the “two-mixing-time” method based on Egs. [15-17 etween the theoretical and simulated cross-relaxation rat

Simulated intensity values were calculated at mixing time &fere determined (Table 3). The results obtained for the set
100, 200, and 300 ms and @walues 5, 10, 15, 20, 25, 30, 35,MiXing times 100—200 ms are graphically displayed in Fig. 4
40, 45, 50, and 55°. Different sets of values (100—200 ms, In Table 3, all correlation coefficients between theoretica
200-300 ms, 100—-300 ms, 100 ms, 200 ms, and 300 ms) Angl extracted cross-relaxation rates are larger than 0.95, a
different thermal noiseg; (0.0, 0.0005, 0.001, and 0.002)the majority of them are equal to 1.00 or 0.99. The metho
were used. The set of intensities of each hydrogen pajp ( Of processing based on two mixing times slightly underes
considered was processed independently of the other hydroéjgtates the cross-relaxation rates. If both and 7, are

pairs, to extract thei( j) longitudinal and transverse crosslarger than 100 ms, the approach induces more biases: t
relaxation rates. Only; and R; values were kept after the values of regression slopes range between 1.00 and 0.97
processing. Indeed, théf];, [R]; and RP + PR]; terms the 100-200 and 100-300 ms sets, whereas they ran
are used to take into account all the multistep transfers of ord@tween 0.96 and 0.95 for the 200-300 ms set. Moreove
larger than 2, resulting in poor correlation between these terthe e values are smaller for the 100—200 and 100-300 mr
and the corresponding theoretical ones. sets than for the 200—300 ms set: as expected, the secol
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mixing times which become more sensitive to the addition ¢
noise and restrict the number of proton pairs on which th
average is computed.

The mean relative errors of the cross-relaxation rates are
smaller for the two-mixing-time sets than for the one-mixing-
time sets, which certainly results from the use of the empirice
relation betweenR?’]; — [P?]; and [R?]; + [P?; in the
latter case, and from the larger number of input intensities i
the first case. The mean relative errerare smaller than 30%,
which correspond to errors of 5% on distances. This increase
precision relative to what is obtained using only NOESY
experiments 32) probably results from the dependence of the
intensities and of the magnetization transfer on the afigle

The appropriate number df values when using the two-
mixing-time method was explored on simulated intensities ¢
100 at 200 ms. Two sets of Bvalues (10, 15, 20, 30, 35, 40,
50, and 55°) and % values: (10, 20, 30, 40, and 50°) were
used. The results of simulation are given in Table 3: the line:
regression parameters and the number of proton pairs kept
the analysis are similar to those observed using the set 6f 11
values, but the relative mean erratqEq. [24]) are signifi-
cantly larger if noisy intensities are processed. The number
of 6 values close to 10 thus appears to be a good compromi
between reasonable experiment duration and quantitative pi
cessing.

The numerical stability of processing methods at 200 ms ar
100-200 ms was tested using a Monte Carlo simulation (Tab
4). Two proton pairs corresponding & values of 30.6 and
34.9° were used. The Monte Carlo simulation shows that fc
noise levelso; smaller than 15%, thégg) value is at most at

TABLE 4
Monte Carlo Simulations Pe__rformed on Four Data Sets
Corresponding to 6¢ of 30.6° and 34.9°

FIG. 4. Results of the two-mixing-time processing method on simulated
intensities. The mixing time set is 100—200 ms and the eeprare 0.0 (a),
0.0005 (b), 0.001 (c), and 0.002 (d). The computed cross-relaxation rates (Hz,
y axis) are plotted against the theoretical ones (Haxis). The longitudinal

cross-relaxation rateR; are negative; the transverse cross-relaxation Rjes 100-200 msf, = 30.6°
are positive. The results of linear regression analyzes are shown by continuous
straight lines.

order development is more efficient for short than for long
mixing times.

For the method using one-mixing-time sets, the regression
slopes are larger than 1, leading to overestimated rates:,Fo200 ms,6, = 30.6°
equal to 200 or 300 ms, the regression slope values are between
1.01 and 1.03: the bias induced at largeby the second-order
approximation is thus reduced for the one-mixing-time set witlyo ms g, = 34.9°
respect to the 200—300 ms set. On the other hand;fequal
to 100 ms, the regression slope is in the range of 1.02-1.06.
Also, the bias induced on the computed rates is larger in the

(6g) Standard
Curves = o ®) deviation (°)
0.00005 3.1 30.6 0.3
0.0001 6.1 30.5 0.8
0.0002 12.2 30.5 1.5
0.0005 30.6 30.0 4.3
100-200 msp, = 34.9° 0.0002 1.8 35.0 0.2
0.0005 4.6 34.9 0.5
0.001 9.2 34.9 1.0
0.002 18.4 34.8 2.2
0.00005 2.3 30.7 0.1
0.0001 4.6 30.7 0.2
0.0002 9.2 30.7 0.4
0.0005 23.0 30.7 1.1
0.0002 14 34.7 0.1
0.0005 35 34.7 0.3
0.001 7.0 34.7 0.6
0.002 141 35.0 1.2

case ofr, = 100 ms than forr,, of 200 and 300 ms. This

Note.The processing methods at 200 ms and 100—-200 ms were tested. 1

behavior is especially obvious for large erre[s(0.002). Itis noise is expressed as the en@;) and as the noise levelr;, Eq. [25],

probably a consequence of small intensities simulated for shetpressed in percentages).
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0.2° from its theoretical value. For the same noise levels, the l | . T
standard deviation ofi in degrees is about one-tenth of 3B cOXEEES *HEx®, @ . |
expressed in percentages. The two processing methods are 32 i = OF 7
30 *x e B
consequently stable. The stability of the one-mixing-time D
method, which appears to be better because of smaller standard *
deviations on#y, may come from the external constraint B
imposed through the ratio ofPf]; + [R’]; and [P?];, — o0 L i
[R];.
H a)

2.4. Experimental Analysis of Ranalexin Mobility 10 1 , , 1

Ranalexin (FLGGLIKIVPAMICAVTKKC) is an antimicro- | 1 ' :
bial peptide extracted from the skin of the American bullfrog 35 - .
Rana catesbeiand he two cysteines, Cys 14 and Cys 20, are 32 _*@ﬁ;*ggagaagmamuéga_
linked by a disulfide bridge and form a cycle at the C-terminal 30 I
part of the peptide. The internal mobility of ranalexin was
analyzed in water and 30% trifluoroethanol (TFE) by deter-
mining cross-relaxation rates aAgl values. Ninety-four cross- 20 | |
peaks were analyzed for the water sample and 162 for the
sample in 30% TFE.

The intensity curves were processed using the one-mixing- b)
time method. The error in degrees 6k was taken equal to 10 I I ! :
one-tenth ofo; calculated from the intensity set composed of 5 10 15 20

primary sequence

11 6,. Only the proton pairs for which the error atj was
smaller than 1° (46 pairs in water and 89 pairs in TFE) WEreFIG. 5. Experimentaby values measured on ranalexin in water (a) and in
kept for further analysis. The overall precision @8 was 30% TFE (b). The measurements are plotted with the smallest residue numl
independently determined by comparififj values measured involved into the analyzed cross-peak. Different kinds of cross-peaks, invol
on pairs of symmetric cross-peaks or on pairs of cross- peéc;k% ?:rftk:’;”g Emzf)”soroéntge jg”;ﬁarss'?:?()t(’aacrzb?]ﬁ;gons of two
correlating one proton to two geminal protons. The mea siauies s in protan nd
difference was determined using 24 pairs in 30% TFE and is
equal to 0.40°. In water, this value computed on 13 pairs jigoton pairs K and NH¢ of lysines (Lys 7, 18, and 19 in water
0.46°. The mear; is 33.3° in 30% TFE and 31.4° in water.and Lys 7 in 30% TFE) present both positive longitudinal an
If we consider a Lorentzian spectral density function, thgansverse cross-relaxation rates, which certainly results fro
corresponding correlation time is 1.2 and 0.8 ns, respectivelife superposition of dipolar relaxation and exchange wit
values consistent with the peptide size. water.

The distribution ofg! measured in water and in 30% TFE
(Fig. 5) reveals a larger internal mobility if one proton is 3. CONCLUSION
located in the side chains. In water, the N-terminal part of the
peptide is more mobile than in 30% TFE. This observation is We have described a processing method which gives acce
consistent with other experimental data available on ranalextothe longitudinal and transverse cross-relaxation rates fro
(33). Indeed, it was impossible, because of the peptide flexiff-resonance ROESY experiment. This approach is based
bility, to determine its solution structure in water, whereas ia second-order development as a function of the mixing time ¢
30% TFE, the structure of the N-terminal part was found to like relaxation matrix evolution combined to the equation whicl
an a-helix. Furthermore, weak NOE cross-peaks were obelates the relaxation matrix at any angléo the longitudinal
served in water between amide protons, and they are located transverse matrices. The cross-peak intensity at any mixi
into the 16—20 sequence region, in which lafgevalues are time and any anglé then only depends on five parameters, twc
observed. The measurements performed here confirm thatpirwhich are the desired cross-relaxation rates. Thanks to tl
water, the N-terminal parilc5) of the peptide is not structured,exploitation of the simultaneous dependenc&@mdr,,, even
whereas the C-terminal pa{20, which contains the cycle, using a small number af,, (one or two), the method is able to
probably has the same structure than that previously obsertakle into account spin-diffusion phenomena for mixing time:
in 30% TFE. up to 300 ms. The determination &f andP; exhibits also the

In the case of large internal mobilitywer! < 1.1), the advantage of allowing the application of the method to cross
longitudinal and transverse cross-relaxation rates have teaks mainly produced by spin diffusion for which the cross
same sign, and{ is not defined (Eq. [4]). In ranalexin, thepeak intensities almost vanish on a large rangeé pfeventing
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any direct determination of§ from the intensity curve. The The productSS, can be considered as an order parameter

processing is robust with respect to the presence of noise in the H—H vector and allows the simulation of the variation o

data set, since the standard deviation @ computed by mobility along the structure. Th§, factor was taken equal to

Monte Carlo simulation, is smaller than 1° for noise compd- for the backbone nuclei, equal to 0.8 for thé—H”, and

rable to experimental ones. For simulated intensity sufficientiqual to 0.6 for the other side chain nuclei. As an example, t

large with respect to the noise level, the analysi$ pf6, r.,) smallest scaling coefficiel8 S, applied to the overall correla-

provides cross-relaxation rates consistent with the theoretitiah time is 0.36, a value consistent with the experimental orde

ones for distances between 1.9 and 3.9 A and motion tim@arameters measured on protein side cha®% 39§. If not

scales between 0.36 and 5 ns. stated otherwise, the value of was taken equal to 3 ns, and
The cross-relaxation rates are obtained in arbitrary unitse proton Larmor frequency was 600 MHz. The diagona

directly from the intensities without assuming a motion modéérms of the matrixQ’ were multiplied by 1.25 in order to

or a structure for the studied molecule. A more detailed anaimulate external relaxation leakages.

ysis of the cross-relaxation rates can be performed in two waysThe discrepancy between the two sets of cross-relaxatic

Assuming a motional model, it is possible to determine a locadtes X{*° (used to compute simulated intensities) axg"®

correlation time and mean distances without internal referen@xtracted from the simulated intensities) wkh= P andX =

as is done for small moleculeg3). On the other hand, thé) R was numerically estimated by computing a relative mea

parameter can be computed without assumption, and the reldéference,

tive mobility of the interhydrogen vector assessed in a way

which becomes independent of the peak integration mask and |Xitjheo_ Xﬁa'

is then less sensitive to systematic biases. Nevertheless, the €= <|X“‘e>

variation of ¢ with the motion timescale is nonlinear. This L

puts an upper limit on the motions that can be distinguished,;

typically wor! should be smaller than about 5. But, the sensi- The efficiency of the proposed method was evaluated c

tivity of the method is well-adapted to the study of internadimulated noisy data, obtained by adding Gaussian noise. Als

dynamics of mobile, partly unfolded, or nascent structures fite noise level was measured on each 2D experimental data

which the use of chemical shift indexe34j is currently the N both cases, the noise level (expressed in percentages on

principal NMR source of information. This was experimentallyntensity) is estimated as

observed and confirmed on ranalexin peptide since results

consistent with other experimental data were obtained. The &

proposed method has detected the formation of partial 3D Oij = 1OOM’ (25]

structures when the total 3D structure was not determined by : J

classical methods and when the NOE and chemical shifts 0'\1/\%

indicated conformational equilibrium between several confor- eree; is the eror (thermal noise) measured on the set
mat(i::ni (3(;;) orma q experimental intensities or the standard deviation of the Gaus

ian noise added to simulated intensities, &%;(0, 7.)|); is
the average absolute intensity of tHé, (') cross-peak, com-
puted from the set of cross-peak intensities simulated or me
sured at each value 0b,(t,). The o; values encountered for
simulated intensities are always larger than 2% (resp., 4 a
Theoretical intensities were simulated using the progra8%o) for e; values of 0.005 (resp., 0.001 and 0.002).
CROWD (@35 from the hydrogen coordinates of an NMR The method of cross-relaxation rate determination is imple
conformer of toxiny (36, PDB entry: 1cxn). We have consid-mented through macro commands using the program Tela 1
ered 636 proton pairs for which NOESY intensities are largé39).
than 0.005 for a mixing time of 200 ms; the corresponding
distances are in the 1.8—3.9 A range. Local internal mobili2. Acquisition
was simulated in the frame of a local correlation time model
(29), which was chosen for the sake of simplicity. In thi%
model, the local correlation time.! betweenl' and | is
computed as

(24]

4. EXPERIMENTAL

4.1. Protocol for Numerical Simulations

The peptide ranalexin was synthesized using a protoc
escribed elsewhere83). A water sample was prepared by
dissolving 2.5 mg of peptide in 50Ql of water, to obtain a
2-mM sample, at pH 3.7. A trifluoroethanol sample of concen
. tration 1.5 mM was prepared from the water sample by add
¢ = S§7. [23]  tion of 30% of TFE.

Experiments were recorded on a Bruker AMX spectromete
where 7. is the overall correlation time, an and S; are operating at 600 MHz at a temperature of 285 K in water an
correlation time correction factors associated to spimsmdl’. at a temperature of 290 K in TFE. Eleven off-resonanc
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ROESY experiments were recorded with the following values achievable improvements in the quality of NMR distance con-
of the angle: 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 55°. The straints on the accuracy of calculated protein structures, J. Mol.
. S T Biol. 258, 334-348 (1996).
RF irradiation was alternatively shifted up or down to the3 G 6. Hoodstraten. W. M. Westler. S. M 4L Mark
carrier frequency, in order to acquire quantitative off-reso> -~ > rocgstraten, 1. . Wester, 5. iacura, and 7. t. Markiey,
. _ . L Improved measurement of longer proton—proton distances in pro-
nance ROESY matrlgeQZ,' 40. A trapezoidal RF 'rr?‘d'at'on teins by relaxation network editing, J. Magn. Reson. B 102, 232
was used to allow adiabatic rotations of the magnetiza@hn ( 235 (1993).
and thus to minimize the loss of spin magnetization by direcd. c. zwanhlen, S. J. F. Vincent, L. Di Bari, M. H. Levitt, and G.
projection from the static to the effective field axis. In water, Bodenhausen, Quenching spin diffusion in selective measurements
the variation of the anglé was obtained by varying the offset of transient Overhauser effects in nuclear magnetic resonance.
A from 87.9 to 5.4 kHz. the RF irradiation amplitude being Applications to oligonucleotides, J. Am. Chem. Soc. 116, 362-368
: : ’ ) (1994).
kept ﬁonsl:[fnt at 7.'7 I;HZ' In TFE, the E\mphtt;]de was 7'|6 k.Hh. B. A. Borgias and T. L. James, MARDIGRAS: A procedure for
gnd the offset yarled rom 85.8 t0 5.2 H;. The spectra W'dt matrix analysis of relaxation for discerning geometry of an aqueous
in both dimensions was 7042 Hz. According to the experimen- structure, J. Magn. Reson. 87, 475-487 (1988).
tal conditions used (offsek kept larger thari of the proton 6. R. Boelens, T. M. G. Koning, G. A. van der Marel, J. H. van Boom,
spectral width), it was previously showB32) that the angular and R. Kaptein, Iterative procedure for structure determination from
dispersion induces at most a relative error on intensities of 3%; Proton-proton NOEs using a full relaxation matrix approach. Ap-
the associated distribution of the anglés less than 0.6°. The  Plication to a DNA octamer, J. Magn. Reson. 82, 290-308 (1989).
mixing time value was 200 ms. The water suppression in thé ©: B- Post R. P. Meadow, and D. G. Gorenstein, On the evaluation
. ROESY experiments was achieved by the of interproton distances for three-dimensional structure determina-
ori-resonance P . ) y tion by NMR using a relaxation rate matrix analysis, J. Am. Chem.
WATERGATE sequence2(Q, 47). Thirty-two transients were Soc. 112, 67966803 (1990).
acquired for each, experiment, and 64 dummy transients wereg, M. Madrid, E. Liinas, and M. Llinas, Model-independent refinement
recorded at the beginning of each 2D experiment. The duration of interproton distances generated from 1H NMR Overhauser in-

of each off-resonance ROESY experiment was about 7 h. tensities, J. Magn. Reson. 93, 329-346 (1991).

9. P.Yip and D. A. Case, A new method for refinement of macromo-
lecular structures based on nuclear Overhauser effect spectra, J.
Magn. Reson. 83, 643-648 (1989).

Processing and analysis of the data sets were performedibyP. Koehl and J. F. Lefévre, The reconstruction of the relaxation
us|ng the Gifa NMR process|ng programzl The size in F1 matrix from an incomplete set of NOEs, J. Magn. Reson. 86,
was increased from 512 to 1024 points by zero-filling. The data 565-583 (1990)
sets were apodized by 18° shifted squared sine bells on both T- E: Malliavin, M. A. Delsuc, and J. Y. Lallemand, Computation of

di . Af E ier t f . | ial b Redfield matrix element from incomplete NOESY data-sets, J. Bi-
Imensions. After Fourier transformation, a polynomial base- omol. NMR 2, 349-360 (1992).

line CorreC“?n 43) \_Nas applled in both dlmen3|ons. 12. S. G. Hyberts and G. Wagner, Taylor transformation of 2D NMR 7,
The 6 = 5° experiment was used to determine a set of peaks series from time dimension to polynomial dimension, J. Magn.

by peak-picking of amide—amide, aliphatic—aliphatic, and Reson. 81, 418-422 (1989).

amide(F1)-aliphatic(F2) regions. The peak-picking was then. D. G. Davis, A novel method for determining internuclear distances

labeled using the ranalexin assignme38)(and the assignment and correlations times from NMR cross-relaxation rates, J. Am.

module developed in Gifa4d) for computer-aided spectral ~ Chem- Soc. 109, 3471-3472 (1987).

assignment. Peak integration masks were determined on fifisB- T- Farmer I, S. Macura, and L. R. Brown, The effect of molecular
xperiment using a previously described methéﬂ) (Each motion on cross relaxation in the laboratory and rotating frames, J.

€ pk I g ; P yd N e e Magn. Reson. 80, 1-22 (1988).

peakvo u,me Was_t en CompUte, y S'“_Immmg the |nten5|t|es.ﬂ.’r.1 H. Desvaux, P. Berthault, and N. Birlirakis, Dipolar spectral density

the peak |nt'egrat|on mask. The |.nten5|t|es of the thgrmal NOIS€ from off-resonance 'H NMR relaxation measurements, Chem.

e; were derived from the mask size and the integration volume Phys. Lett. 233, 545-549 (1995).

4.3. Spectral Processing

of the noise on the spectra. 16. A. Bax and D. G. Davis, Practical aspects of two-dimensional
transverse NOE spectroscopy, J. Magn. Reson. 63, 207-213

1985).
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