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We describe a quantitative processing method which gives ac-
ess to the longitudinal and transverse cross-relaxation rates from
ff-resonance ROESY intensities. This method takes advantage of
he dependence of the off-resonance ROESY experiments at any
ixing time and any spin-lock angle u on two relaxation matrices,

he longitudinal and the transverse ones. This allows one to take
nto account multistep magnetization transfers even if the mea-
urements are performed only at one or two mixing times. The
atio of the longitudinal to transverse cross-relaxation rates can
hen be used as a local indicator of the internal dynamics, without
ssuming a structure or a model of motion. After validation of this
rocessing method by numerical simulations, it is applied to the
nalysis of the dynamics of the peptide ranalexin dissolved in pure
ater and in water/TFE. © 1999 Academic Press

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

1. INTRODUCTION

Determination of molecular structures by NMR is essent
ased on the measurement of dipolar cross-relaxation
etween protons, which allows the estimation of the inte
lear distances (1). The accuracy of the solution structu
trongly depends on the accuracy of the distance estima
2), which is mainly limited by two different reasons. First,
OE intensity between two spinsI i andI j depends not only o

he mutual cross-relaxation, but also on the self-relaxatio
ach spin and on the cross-relaxation between the spinI i (I j)
nd the other spins through spin diffusion. Second, the c
elaxation rate is function of the internuclear distance as we
f the dynamics of the interproton vector. This last point ma

he structure characterization of flexible molecules diffic
e present below a processing method which solves thes

ifficulties simultaneously without assuming a motion mo
n initial set of distances, or the absence of spin diffusio
Three kinds of methods exist for the processing of N

ntensities. (i) The most widely used is to estimate lower
pper distance bounds from the intensities. Although this

roach is robust, it does not provide quantitative estimatese
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he relaxation rates. By using pulse sequences design
emove spin diffusion (3, 4), the distance intervals are reduc
ut the number of observable cross-peaks and then the a
f experimental information decrease. (ii) The matrix of l
itudinal relaxation rates can be derived from the matri
easured intensities (5–10). The efficiency of these metho
epends on the number of missing elements in the inte
atrices (due to peak overlap, noise, or artifacts) and o

hoice of a motion model and initial distances. (iii) The l
itudinal cross-relaxation rates can also be determined wi
ssuming a motional model by the quantitative analysis of
uildup curve using a multiexponential function (11), or using
polynomial interpolation of the Taylor development of

ensities (12). The precision on the relaxation rates is t
imited by the accuracy of the intensity measurements an
y the number of missing elements in the intensity matr
he approach presented here belongs to this last kind of m
ds: the cross-relaxation rates between two protons are
ined by the analysis of the variation of the correspon

ross-peak intensities acquired in different conditions.
A solution suggested to overcome the simultaneous de

ence of the cross-relaxation rate on the internuclear dis
nd on the local dynamics consists of measuring the lon
inal Rij and transversePij cross-relaxation rates betweenI i

nd I j (13–15), as these two rates present different dep
ences on the internal motion. The transverse cross-relax
ate Pij , which should in principle be monitored by the o
esonance ROESY experiment (16, 17), is experimentally in
ccessible (18). But the off-resonance ROESY experim
llows one to indirectly determineRij and Pij (19–21). This
xperiment is designed to monitor the relaxation of the
omponentI Z

i aligned with the effective field in the rotatin
rame obtained by applying an RF irradiation of amplitudev1

t an offset D. The effective field makes an angleu 5
rctan(v1/D) with the static magnetic field. In well-defin
xperimental conditions (22), the off-resonance ROESY e
eriment is free of distortions due to Hartmann–Hahn co
ofnce transfers; it is also unaffected by the offset effects due to
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190 MALLIAVIN ET AL.
he angular dispersion between the effective and the
agnetic field directions, which results from the sprea
roton resonance frequencies. The associated relaxation
u is related to the longitudinalR and transverseP matrices

Q u 5 R cos2u 1 P sin2u. [1]

Usually the study of internal dynamics of biomolecu
hrough off-resonance ROESY is performed by measu
nitial slopes of the buildup curves (see, for instance, R
3–25) or by calculating iteratively the relaxation matricesQu

rom the intensity matrices (26). However, the measurement
nitial slope does not take into account magnetization tran
nduced by spin diffusion. On the other hand, the itera
alculation of the relaxation matrix requires the choice
otion model and of an initial structure. Moreover these
ethods do not completely make use of the relations bet

he buildup curves at various anglesu, since the processing
erformed in two separate steps, first alongtm, then, alongu
see Ref.27 for a review). In the present work, we propose
imultaneously analyze the off-resonance ROESY inten
s a function of severalu values and few (one or two) mixin

imes. This approach allows a model-free determinatio
ongitudinal and transverse cross-relaxation rates, while ta
pin diffusion into account. The method is validated on si
ated data and is shown to be robust even on a par
tructured peptide of 20 amino acids, which conseque
xhibits a large distribution of internal motion timescales.

2. RESULTS AND DISCUSSION

.1. Evaluation of Internal Mobility

In the case of homonuclear dipolar relaxation, the long
inal and transverse cross-relaxation rates betweenI i andI j are

Rij 5 2 1
3 Jij~0! 1 2Jij~2v0! [2]

Pij 5 2
3 Jij~0! 1 Jij~v0!, [3]

hereJij is the dipolar spectral density function of the pro
air (I i , I j) andv0 is the proton Larmor frequency (28). In our
otation,Jij is function of the distance variation as well as

he angular mobility of the vector connecting the two proto
For large molecules (v0tc . 1), longitudinal and transver

ross-relaxation rates have opposite signs (Eqs. [2] and
here is thus a unique value of the angleu, denoted asu 0

ij , for
hich the off-resonance ROESY cross-relaxation rateQij

u van-
shes. According to Eq. [1],u 0

ij is related to the ratio betwe
he longitudinal and transverse cross-relaxation rates:

Rij
5

2Jij~0! 1 6Jij~2v0!
5 2tan2u 0

ij . [4]

Pij 2Jij~0! 1 3Jij~v0! t
tic
f
trix

g
s.

rs
e
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f
g
-
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ly

-

.

]);

he absolute value of this ratio is always smaller than 0.5
0
ij is consequently smaller than 35.3°. An examination of

4] reveals thatu 0
ij is an increasing function of the loc

orrelation timetc
ij as defined in the model of Ref.29 (Fig. 1).

or motions of proton pairs with a correlation timetc
ij such tha

0tc
ij . 5, the termJij (0) prevails andu 0

ij is very close to
5.3°.
A qualitative examination of Eq. [4] shows that, whate

he motion model,u 0
ij is a decreasing function of the intern

obility. Let us express tan2u 0
ij as

tan2u 0
ij 5

1 2 6z 2
ij

2 1 3z 1
ij , [5]

herez 1
ij andz 2

ij are positive parameters defined as

z 1
ij 5

Jij~v0!

Jij~0!
[6]

z 2
ij 5

Jij~2v0!

Jij~0!
. [7]

n increase ofz 1
ij or z 2

ij leads to a decrease ofu 0
ij (Eq. [5]).

eciprocally, for a givenu 0
ij value, z 1

ij and z 2
ij are linearly

elated, and all the lines obtained for differentu 0
ij values

ntersect at one point (Fig. 2). A decrease ofu 0
ij leads to an

ncrease of the absolute value of the line slope, and the
ndergoes a clockwise rotation. This implies an increasez 1

ij

r z 2
ij , which corresponds to an increase ofJij (v 0) and/or of

ij (2v 0), and finally to an increase of internal mobility.
A direct characterization of the relative mobility of t

roton pairs is thus provided byu 0
ij . The simplest idea fo

eterminingu 0
ij consists of noting that, in a good approxim

u
0
ij

FIG. 1. Variation of u 0
ij as a function ofv0tc

ij where tc
ij is the loca

orrelation time.
ion, if the cross-relaxation rateQij vanishes then the associ-
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191QUANTIFICATION OF CROSS-RELAXATION RATES
ted cross-peak intensity does for short mixing time. Thu 0
ij

alue can thus be determined as the angleu for which the
ntensity cancels out. This simple solution is, however,
lways suitable. Indeed, the multistep transfers are stro
ffected by the choice of the angleu since the magnitude an

he sign of the cross-relaxation ratesQij
u and the magnitude o

he self-relaxation rateQii
u change withu (27). As a conse

uence, the intensity of the spin-diffusion cross-peaks o
lmost vanishes for a range ofu larger than 10°: an example
uch an effect can be seen in Fig. 3. Moreover, when
nternal mobility is present (v 0t c

ij , 1), Rij andPij have the
ame sign, andu 0

ij is not defined (Eq. [4]), although th
ynamic information is still contained in the ratioRij /Pij .
inally, if the correlation times of the proton pairs surround

he studied ones are very different, due to multistep tran
or nonvanishingly small mixing time, the angle for which
ross-peak vanishes is not necessarily equal tou 0

ij . We conse
uently suggest first to determine the cross-relaxation ratePij

ndRij and then to calculateu 0
ij from their ratio.

.2. Determination of the Longitudinal and Transverse
Cross-Relaxation Rates

The peak intensities measured by off-resonance ROESY
iven angleu and a mixing timetm can be expressed as

FIG. 2. Representation ofz ij
1 and z ij

2 for different u 0
ij . The physically

ccessible range of (z 1
ij , z 2

ij ) is located in the upper right quadrant of the pla

1
ij andz 2

ij are linearly related through tan2u 0
ij (Eq. [5]). The corresponding lin

as a negative slope of22/(tan2u 0
ij ) and crosses thez 1

ij andz 2
ij axes at positiv

alues of (12 2 tan2u 0
ij )/(3 tan2u 0

ij ) and1
6(1 2 2 tan2u 0

ij ). The different lines
btained for different values of tan2u 0

ij form a bundle, and they all cross at
ame point (z 2

ij 5 1
6, z 1

ij 5 22
3). For decreasing values ofu 0

ij , the line undergoe
he rotation shown by the arrow.
ntensity matrix((u, tm) (30, 31): G
t
ly

n

e

rs

t a

(~u, tm! 5 exp~2Q utm!(0, [8]

here (0 is the intensity diagonal matrix for a vanishing
mall mixing time. It will be taken equal to1 in the following.
he development at the orderp alongtm of the off-resonanc
OESY cross-peak intensity betweenI i and I j can be written
s (for i Þ j )

( ij~u, tm! > 2Qij
utmI 0 1 @~Q u! 2# ij

t m
2

2
2 · · ·

1 @~Q u! p# ij

~21! pt m
p

p!
. [9]

sing the expression of matrixQu (Eq. [1]), Eq. [9] become

( ij~u, tm! > O
q51

p ~21! qt m
q

q! O
s50

q

~cos2u ! s~sin2u ! ~q2s!

3 @Tq
q2s~R, P!# ij , [10]

here [Tq
q2s(R, P)] ij is the (i , j ) element of the matri

Tq
q2s(R, P)], which is a polynomial of matricesR andP. The

olynomial degree iss in R andq 2 s in P. The list ofTq
q2s(R,

) matrices is given in Table 1 forq 5 1, q 5 2, andq 5 3.
Considering the particular cross-peak betweenI i andI j , Eq.

10] defines a linear relation between the vector( ij composed
f all intensity values measured at different mixing timestm

nd anglesu, and the vector7 ij composed of the (i , j )
lements of theTq

q2s(R, P) matrices. Among all these el
ents, our principal interest will be in the cross-relaxa

ates Rij 5 [T1
1(R, P)] ij and Pij 5 [T1

0(R, P)] ij . Indeed
xploitation of the other coefficients requires the knowledg
lmost all elements which is experimentally prevented by n
nd peak overlaps. Equation [10] can be expressed analy
s a polynomial of orderp in cos2u:

( ij~u, tm! > O
q50

p

Gq
ij~tm!~cos2u ! q, [11]

he coefficientsGq
ij (tm) being polynomials intm of order p.

nly the polynomialsG0
ij (tm) andG1

ij (tm) depend directly o
ij andPij .

G0
ij~tm! 5 2Pijtm 1 a 02

ij t m
2 1 · · ·1 a 0p

ij t m
p [12]

G1
ij~tm! 5 2~Rij 2 Pij!tm 1 a 12

ij t m
2 1 · · ·1a1p

ij t m
p , [13]

herea uv
ij are (i , j ) elements of matrices polynomials inR and

. If the processing is performed in two steps alongu andtm

eparately,n $ p 1 1 anglesu are required to determin
ij ij

0 (tm) andG1 (tm), andn $ p mixing times are then required
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192 MALLIAVIN ET AL.
o determineRij and Pij . Thus a total number ofp( p 1 1)
easurements are needed. But, since theGq

ij (tm) polynomials
re related through Eq. [10], working simultaneously alonu
nd tm allows one to reduce the number of measuremen
( p 1 3)/ 2, which is the number of [Tq

q2s(R, P)] ij elements

FIG. 3. Subspectra of the HN–Ha region of off-resonance ROESY ac
e), and 55° (f). All spectra are plotted at the same level. The cross-pea
s indicated by a star. The positive contours (same sign as the diagona

TABLE 1
Expressions of the T q

q2s(R, P) Matrices with s Varying
from 0 to q, and q Varying from 1 to 3

q s Tq
q2s(R, P)

1 0 R
1 1 P
2 0 R2

2 1 RP 1 PR
2 2 P2

3 0 R3

3 1 R2P 1 RPR1 PR2

3 2 RP2 1 PRP1 P2R
3 3 P3
(

to

s instance forp 5 2 (respectively,p 5 3), the number o
Tq

q2s(R, P)] ij elements is 5 (resp., 9), whilep( p 1 1) 5 6
resp.,12). Moreover the simultaneous processing of all( ij (u,
m) values takes advantage of particular properties of re
tion to improve the accuracy of the determination of
ross-relaxation rates. Indeed the development of Eq. [9
iven orderp is more valid: (i) for largeu, since the self
elaxation is more efficient (transverse relaxation is know
e less sensitive to spin diffusion than the longitudinal o
nd (ii) for u close tou 0

ij , since the cross-relaxation is le
fficient. To profit from these remarks, it seems reasonab
eal with a set of experiments (tm, u) such that the numbern of
ifferent anglesu is at its largest.
The processing of off-resonance ROESY intensities

een performed up to now (15) using a first-order developme
f Eq. [10] (p 5 1). A priori the largerp is, the bette
ultistep transfers are taken into account. However, if

onsider the third-order development, the( ij (u, tm) depend
n nine parameters, and at least three mixing times are req

ed on ranalexin in 30% TFE atu angles of 5° (a), 30° (b), 35° (c), 40° (d), 4
etween HN and Hb of lysine 19, which cancels out for a large interval ofu values
aks) are drawn with solid lines and the negative contours in dotted lin
quir
k b
l pe
see above). Considering only threetm values leads to unstable
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193QUANTIFICATION OF CROSS-RELAXATION RATES
umerical procedure in the presence of noise. This case
onsequently not be discussed further, and we here con
he second-order development (p 5 2):

( ij~u, tm! > 2tmcos2uRij 2 tmsin2uPij 1
t m

2

2
cos4u@R2# ij

1
t m

2

2
cos2u sin2u@RP1 PR# ij

1
t m

2

2
sin4u@P2# ij . [14]

or each cross-peak, the complete set of intensities measu
ll the mixing timestml and u k values considered, the cor
ponding Eq. [14] can be put together to form

( ij 5 !7 ij , [15]

here( ij is a set of intensity measured at severalu (u k, 1 #
# n) and mixing times (tml, 1 # l # m) values, and7 ij is

7 ij 5 ~Rij , Pij , @R2# ij , @RP1 PR# ij , @P2# ij!. [16]

he matrix! is a (nm, 5) matrix in which each row is

S2tml
cos2uk, 2tml

sin2uk,
t ml

2

2
cos4uk,

t ml

2

2
cos2uksin2uk,

t ml

2

2
sin4ukD , [17]

varying from 1 tom andk from 1 to n.
If the intensities have been measured at two mixing timetm1

nd tm2, the rank of the matrix! is 5, and Eq. [15] can b
olved by a linear least-squares fitting method.
If the intensities have been measured only at one m

ime tm, it is no longer possible to invert Eq. [15]. There
owever, an empirical way to take into account a second-
evelopment intm. Using trigonometric relations, Eq. [14] c
e written as

( ij~u, tm! > a 0
ij 1 a 1

ijcos2u 1 a 2
ijcos4u [18]

( ij~u, tm! > b 0
ij 1 b 1

ijcos~2u ! 1 b 2
ijcos~4u !. [19]

he a’s andb’s coefficients can be computed from the se
ij (u, tm) by using a linear least-squares fitting method. U
q. [14], these coefficients can be expressed as a functi

Tq
q2s(R, P)] ij :
# ij 5 @7 ij , [20] 1
ill
der

d at

g

er

f
g
of

here

# ij 5 ~a 0
ij , a 1

ij , a 2
ij , b 0

ij , b 1
ij , b 2

ij! [21]

nd

@ 5 1
0 2tm 0 0.5tm

2 0
2tm tm 0 2tm

2 0.5tm
2

0 0 tm
2 tm

2 2tm
2

28tm 28tm 3tm
2 3tm

2 3tm
2

22tm 2tm tm
2 2tm

2 0
0 0 tm

2 tm
2 22tm

2

2 . [22]

The rank of the matrix@ is 4, whereas the size of the vec
ij is 5: one needs a supplementary linear equation in ord

nvert the system of Eq. [20]. The self- and cross-relaxa
ates have opposite signs in the matrixR, whereas they hav
he same signs in the matrixP. Thus, the [R2] ij terms should
e small with respect to the [P2] ij terms, and the [P2] ij 2
R2] ij and [P2] ij 1 [R2] ij terms should be of the same orde
agnitude. Moreover, as shown by numerical simulati

hey are proportional, which provides the fifth linear equa
equired to solve the system of Eq. [20].

Indeed, the parametersPij 2 Rij , Pij 1 Rij , [P2] ij 1 [R2] ij ,
nd [P2] ij 2 [R2] ij were simulated as described under Ex

mental, using values from 1 to 5 ns for the overall correla
imetc. By linear regression analysis, simulated [P2] ij 2 [R2] ij

nd [P2] ij 1 [R2] ij are found to be proportional (Table 2). T
roportionality coefficient is 1.41 and is very weakly dep
ent on the local correlation time in the range 0.36–5 ns, s

t exhibits a variation inferior to 0.05 (3.6%). In contrast
ariation of the coefficient betweenPij 2 Rij andPij 1 Rij is

TABLE 2
Comparison of the Pij 2 Rij, Pij 1 Rij (I) and the [P2] ij 2 [R2] ij,

[P2] ij 1 [R2] ij (II) Pairs

tc

(ns) Slope (I)
Correlation

coefficient (I) Slope (II)
Correlation

coefficient (II)

1 1.95 0.94 1.37 0.99
2 2.67 0.99 1.41 0.99
3 2.86 1.00 1.41 0.99
4 2.91 1.00 1.41 0.99
5 2.95 1.00 1.42 0.99

Note. The slopes and correlation coefficients obtained by linear re
ion analysis are given for different values of the overall correlation

c. Internal motions are simulated through local order parameters
xperimental).
.0 which represents 40%.
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194 MALLIAVIN ET AL.
.3. Validation of the Processing Method on Simulated
Intensities

Two processing protocols were tested by numerical sim
ions: the “one-mixing-time” method based on Eqs. [18–
nd the “two-mixing-time” method based on Eqs. [15–
imulated intensity values were calculated at mixing tim
00, 200, and 300 ms and atu values 5, 10, 15, 20, 25, 30, 3
0, 45, 50, and 55°. Different sets oftm values (100–200 m
00–300 ms, 100–300 ms, 100 ms, 200 ms, and 300 ms
ifferent thermal noiseseij (0.0, 0.0005, 0.001, and 0.00
ere used. The set of intensities of each hydrogen pairi , j )
onsidered was processed independently of the other hyd
airs, to extract the (i , j ) longitudinal and transverse cro
elaxation rates. OnlyPij and Rij values were kept after th
rocessing. Indeed, the [P2] ij , [R2] ij and [RP 1 PR] ij terms
re used to take into account all the multistep transfers of

arger than 2, resulting in poor correlation between these t

TAB
Test of the Processing Meth

Method eij Number of rates

100–200 ms 0.0 1272
0.0005 812
0.001 444
0.002 178

200–300 ms 0.0 1272
0.0005 964
0.001 698
0.002 344

100–300 ms 0.0 1272
0.0005 906
0.001 560
0.002 250

100 ms 0.0 1272
0.0005 636
0.001 284
0.002 104

200 ms 0.0 1272
0.0005 906
0.001 584
0.002 262

300 ms 0.0 1272
0.0005 1036
0.001 782
0.002 390

100–200 ms 0.0 1272
(8 u values) 0.0005 820

0.001 426
0.002 180

100–200 ms 0.0 1272
(5 u values) 0.0005 788

0.001 404
0.002 158

Note.The mixing time values, the erroreij added to intensities, and the nu
nd theoretical longitudinalRij and transversePij cross-relaxation rates are
sing the relative mean errore (Eq. [24]).
nd the corresponding theoretical ones. s
a-
],
.
f

nd

en

er
s

For each set oftm, the proton pairs included in the analy
orresponded to mean relative errors ij (Eq. [25]) smaller tha
3%. Using linear regression analysis, the slopes, the co

ion coefficients, and the relative mean errore (Eq. [24])
etween the theoretical and simulated cross-relaxation
ere determined (Table 3). The results obtained for the s
ixing times 100–200 ms are graphically displayed in Fig
In Table 3, all correlation coefficients between theoret

nd extracted cross-relaxation rates are larger than 0.95
he majority of them are equal to 1.00 or 0.99. The met
f processing based on two mixing times slightly unde

imates the cross-relaxation rates. If bothtm1 and tm2 are
arger than 100 ms, the approach induces more biase
alues of regression slopes range between 1.00 and 0.
he 100 –200 and 100 –300 ms sets, whereas they
etween 0.96 and 0.95 for the 200 –300 ms set. More

he e values are smaller for the 100 –200 and 100 –300

3
s on Simulated Intensities

Slope Correlation coefficient e (%)

0.98 1.00 1.0
0.98 1.00 1.0
0.99 0.99 11.9
1.00 0.99 14.0
0.95 1.00 2.8

0.95 1.00 10.5
0.96 0.99 14.2
0.96 0.99 16.2
0.97 1.00 1.5

0.98 1.00 8.9
0.98 1.00 10.6
0.99 0.99 13.0
1.02 1.00 13.3
1.02 0.99 20.2
1.03 0.97 24.9
1.06 0.95 28.6
1.02 1.00 23.2
1.02 0.99 18.4
1.02 0.99 18.9
1.03 0.98 22.7
1.01 0.99 30.6
1.01 0.99 22.7
1.01 0.99 21.0
1.01 0.99 19.0
0.98 1.00 1.3
0.99 1.00 12.0

0.99 0.99 13.9
0.99 0.99 17.5
0.98 1.00 1.0
0.98 0.99 16.3

0.98 0.99 19.5
0.96 0.97 22.2

er of simulated cross-peaks kept for regression analysis are given. The
pared using linear regression parameters (line slope, correlation coeffi
LE
od

mb
com
ets than for the 200 –300 ms set: as expected, the second-
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rder development is more efficient for short than for l
ixing times.
For the method using one-mixing-time sets, the regres

lopes are larger than 1, leading to overestimated rates. Ftm

qual to 200 or 300 ms, the regression slope values are be
.01 and 1.03: the bias induced at largetm by the second-orde
pproximation is thus reduced for the one-mixing-time set
espect to the 200–300 ms set. On the other hand, fortm equa
o 100 ms, the regression slope is in the range of 1.02–
lso, the bias induced on the computed rates is larger in
ase oftm 5 100 ms than fortm of 200 and 300 ms. Th
ehavior is especially obvious for large errorseij (0.002). It is

FIG. 4. Results of the two-mixing-time processing method on simul
ntensities. The mixing time set is 100–200 ms and the errorseij are 0.0 (a)
.0005 (b), 0.001 (c), and 0.002 (d). The computed cross-relaxation rate
axis) are plotted against the theoretical ones (Hz,x axis). The longitudina

ross-relaxation ratesRij are negative; the transverse cross-relaxation ratePij

re positive. The results of linear regression analyzes are shown by cont
traight lines.
robably a consequence of small intensities simulated for shoe
n

een

h

6.
e

ixing times which become more sensitive to the additio
oise and restrict the number of proton pairs on which
verage is computed.
The mean relative errorse of the cross-relaxation rates a

maller for the two-mixing-time sets than for the one-mixi
ime sets, which certainly results from the use of the empi
elation between [R2] ij 2 [P2] ij and [R2] ij 1 [P2] ij in the
atter case, and from the larger number of input intensitie
he first case. The mean relative errorse are smaller than 30%
hich correspond to errors of 5% on distances. This increa
recision relative to what is obtained using only NOE
xperiments (32) probably results from the dependence of

ntensities and of the magnetization transfer on the angleu.
The appropriate number ofu values when using the tw
ixing-time method was explored on simulated intensitie
00 at 200 ms. Two sets of 8u values (10, 15, 20, 30, 35, 4
0, and 55°) and 5u values: (10, 20, 30, 40, and 50°) we
sed. The results of simulation are given in Table 3: the li
egression parameters and the number of proton pairs ke
he analysis are similar to those observed using the set ou
alues, but the relative mean errorse (Eq. [24]) are signifi
antly larger if noisy intensities are processed. The numbn
f u values close to 10 thus appears to be a good compro
etween reasonable experiment duration and quantitative
essing.
The numerical stability of processing methods at 200 ms

00–200 ms was tested using a Monte Carlo simulation (T
). Two proton pairs corresponding tou 0

ij values of 30.6 an
4.9° were used. The Monte Carlo simulation shows tha
oise levelss ij smaller than 15%, thêu 0

ij & value is at most a

TABLE 4
Monte Carlo Simulations Performed on Four Data Sets

Corresponding to u0
ij of 30.6° and 34.9°

Curves eij s ij

^u 0
ij &

(8)
Standard

deviation (°)

00–200 ms,u0 5 30.6° 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

00–200 ms,u0 5 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

00 ms,u0 5 30.6° 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

00 ms,u0 5 34.9° 0.0002 1.4 34.7 0.1
0.0005 3.5 34.7 0.3
0.001 7.0 34.7 0.6
0.002 14.1 35.0 1.2

Note.The processing methods at 200 ms and 100–200 ms were teste
oise is expressed as the error(eij ) and as the noise level(s ij , Eq. [25],

d

z,

ous
rtxpressed in percentages).
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196 MALLIAVIN ET AL.
.2° from its theoretical value. For the same noise levels
tandard deviation onu 0

ij in degrees is about one-tenth ofs ij

xpressed in percentages. The two processing method
onsequently stable. The stability of the one-mixing-t
ethod, which appears to be better because of smaller sta
eviations onu 0

ij , may come from the external constra
mposed through the ratio of [P2] ij 1 [R2] ij and [P2] ij 2
R2] ij .

.4. Experimental Analysis of Ranalexin Mobility

Ranalexin (FLGGLIKIVPAMICAVTKKC) is an antimicro
ial peptide extracted from the skin of the American bullf
ana catesbeiana.The two cysteines, Cys 14 and Cys 20,

inked by a disulfide bridge and form a cycle at the C-term
art of the peptide. The internal mobility of ranalexin w
nalyzed in water and 30% trifluoroethanol (TFE) by de
ining cross-relaxation rates andu 0

ij values. Ninety-four cross
eaks were analyzed for the water sample and 162 fo
ample in 30% TFE.
The intensity curves were processed using the one-mi

ime method. The error in degrees onu 0
ij was taken equal t

ne-tenth ofs ij calculated from the intensity set composed
1 u k. Only the proton pairs for which the error onu 0

ij was
maller than 1° (46 pairs in water and 89 pairs in TFE) w
ept for further analysis. The overall precision onu 0

ij was
ndependently determined by comparingu 0

ij values measure
n pairs of symmetric cross-peaks or on pairs of cross-p
orrelating one proton to two geminal protons. The m
ifference was determined using 24 pairs in 30% TFE an
qual to 0.40°. In water, this value computed on 13 pai
.46°. The meanu 0

ij is 33.3° in 30% TFE and 31.4° in wate
f we consider a Lorentzian spectral density function,
orresponding correlation time is 1.2 and 0.8 ns, respecti
alues consistent with the peptide size.
The distribution ofu 0

ij measured in water and in 30% T
Fig. 5) reveals a larger internal mobility if one proton
ocated in the side chains. In water, the N-terminal part o
eptide is more mobile than in 30% TFE. This observatio
onsistent with other experimental data available on rana
33). Indeed, it was impossible, because of the peptide fl
ility, to determine its solution structure in water, wherea
0% TFE, the structure of the N-terminal part was found t
n a-helix. Furthermore, weak NOE cross-peaks were
erved in water between amide protons, and they are lo
nto the 16–20 sequence region, in which largeu 0

ij values are
bserved. The measurements performed here confirm th
ater, the N-terminal part (1–5) of the peptide is not structure
hereas the C-terminal part (6–20), which contains the cycl
robably has the same structure than that previously obs

n 30% TFE.
In the case of large internal mobility (v 0t l

ij , 1.1), the
ongitudinal and transverse cross-relaxation rates have

ij
ame sign, andu 0 is not defined (Eq. [4]). In ranalexin, thep
e

are
e
ard

l

-

he

g-

f

e

ks
n
is
is

e
ly,

e
is
in
i-
n
e
-

ted

in

ed

he

roton pairs He and NH3z of lysines (Lys 7, 18, and 19 in wat
nd Lys 7 in 30% TFE) present both positive longitudinal

ransverse cross-relaxation rates, which certainly results
he superposition of dipolar relaxation and exchange
ater.

3. CONCLUSION

We have described a processing method which gives a
o the longitudinal and transverse cross-relaxation rates
ff-resonance ROESY experiment. This approach is base
second-order development as a function of the mixing tim

he relaxation matrix evolution combined to the equation w
elates the relaxation matrix at any angleu to the longitudina
nd transverse matrices. The cross-peak intensity at any m

ime and any angleu then only depends on five parameters,
f which are the desired cross-relaxation rates. Thanks t
xploitation of the simultaneous dependence onu andtm, even
sing a small number oftm (one or two), the method is able

ake into account spin-diffusion phenomena for mixing tim
p to 300 ms. The determination ofRij andPij exhibits also th
dvantage of allowing the application of the method to cr
eaks mainly produced by spin diffusion for which the cro

FIG. 5. Experimentalu 0
ij values measured on ranalexin in water (a) an

0% TFE (b). The measurements are plotted with the smallest residue n
nvolved into the analyzed cross-peak. Different kinds of cross-peaks, in
ng backbone protons of the same residue (F), backbone protons of tw
ifferent residues (*), or one side chain proton (h), are indicated.
eak intensities almost vanish on a large range ofu preventing
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197QUANTIFICATION OF CROSS-RELAXATION RATES
ny direct determination ofu 0
ij from the intensity curve. Th

rocessing is robust with respect to the presence of noise
ata set, since the standard deviation onu 0

ij , computed by
onte Carlo simulation, is smaller than 1° for noise com

able to experimental ones. For simulated intensity sufficie
arge with respect to the noise level, the analysis of( ij (u, tm)
rovides cross-relaxation rates consistent with the theor
nes for distances between 1.9 and 3.9 Å and motion
cales between 0.36 and 5 ns.
The cross-relaxation rates are obtained in arbitrary

irectly from the intensities without assuming a motion mo
r a structure for the studied molecule. A more detailed a
sis of the cross-relaxation rates can be performed in two w
ssuming a motional model, it is possible to determine a l
orrelation time and mean distances without internal refer
s is done for small molecules (23). On the other hand, theu 0

ij

arameter can be computed without assumption, and the
ive mobility of the interhydrogen vector assessed in a
hich becomes independent of the peak integration mas

s then less sensitive to systematic biases. Nevertheles
ariation of u 0

ij with the motion timescale is nonlinear. Th
uts an upper limit on the motions that can be distinguis

ypically v0tc
ij should be smaller than about 5. But, the se

ivity of the method is well-adapted to the study of inter
ynamics of mobile, partly unfolded, or nascent structure
hich the use of chemical shift indexes (34) is currently the
rincipal NMR source of information. This was experiment
bserved and confirmed on ranalexin peptide since re
onsistent with other experimental data were obtained.
roposed method has detected the formation of partia
tructures when the total 3D structure was not determine
lassical methods and when the NOE and chemical shifts
ndicated conformational equilibrium between several con

ations (33).

4. EXPERIMENTAL

.1. Protocol for Numerical Simulations

Theoretical intensities were simulated using the prog
ROWD (35) from the hydrogen coordinates of an NM
onformer of toxing (36, PDB entry: 1cxn). We have cons
red 636 proton pairs for which NOESY intensities are la

han 0.005 for a mixing time of 200 ms; the correspond
istances are in the 1.8–3.9 Å range. Local internal mob
as simulated in the frame of a local correlation time mo

29), which was chosen for the sake of simplicity. In t
odel, the local correlation timetc

ij between I i and I j is
omputed as

t c
ij 5 SiSjtc, [23]

here tc is the overall correlation time, andSi and Sj are
i j
orrelation time correction factors associated to spinsI andI . a
he

-
ly

al
e-

ts
l
l-
s.

al
ce

la-
y
nd
the

d;
i-
l
r

lts
e
D
by
ly

r-

m

r
g
y
l

he productSiSj can be considered as an order paramete
he H–H vector and allows the simulation of the variation
obility along the structure. TheSi factor was taken equal
for the backbone nuclei, equal to 0.8 for the Hb–Hg, and

qual to 0.6 for the other side chain nuclei. As an example
mallest scaling coefficientSiSj applied to the overall correl
ion time is 0.36, a value consistent with the experimental o
arameters measured on protein side chains (37, 38). If not
tated otherwise, the value oftc was taken equal to 3 ns, a
he proton Larmor frequency was 600 MHz. The diago
erms of the matrixQu were multiplied by 1.25 in order t
imulate external relaxation leakages.
The discrepancy between the two sets of cross-relax

ates Xij
theo (used to compute simulated intensities) andXij

calc

extracted from the simulated intensities) withX 5 P andX 5
was numerically estimated by computing a relative m

ifference,

e 5 K uXij
theo2 Xij

calcu
uXij

theou L . [24]

The efficiency of the proposed method was evaluate
imulated noisy data, obtained by adding Gaussian noise.
he noise level was measured on each 2D experimental da
n both cases, the noise level (expressed in percentages
ntensity) is estimated as

s ij 5 100
eij

^u( ij~u, tm!u& ij
, [25]

hereeij is the error (thermal noise) measured on the se
xperimental intensities or the standard deviation of the G

an noise added to simulated intensities, and^u( ij (u, tm)u& ij is
he average absolute intensity of the (I i , I j) cross-peak, com
uted from the set of cross-peak intensities simulated or
ured at each value of (u, tm). Thes ij values encountered f
imulated intensities are always larger than 2% (resp., 4
%) for eij values of 0.005 (resp., 0.001 and 0.002).
The method of cross-relaxation rate determination is im
ented through macro commands using the program Te

39).

.2. Acquisition

The peptide ranalexin was synthesized using a pro
escribed elsewhere (33). A water sample was prepared
issolving 2.5 mg of peptide in 500ml of water, to obtain a
-mM sample, at pH 3.7. A trifluoroethanol sample of conc

ration 1.5 mM was prepared from the water sample by a
ion of 30% of TFE.

Experiments were recorded on a Bruker AMX spectrom
perating at 600 MHz at a temperature of 285 K in water

t a temperature of 290 K in TFE. Eleven off-resonance
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OESY experiments were recorded with the following va
f the angleu: 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 55°.
F irradiation was alternatively shifted up or down to
arrier frequency, in order to acquire quantitative off-re
ance ROESY matrices (22, 40). A trapezoidal RF irradiatio
as used to allow adiabatic rotations of the magnetization20)
nd thus to minimize the loss of spin magnetization by d
rojection from the static to the effective field axis. In wa

he variation of the angleu was obtained by varying the offs
from 87.9 to 5.4 kHz, the RF irradiation amplitude be

ept constant at 7.7 kHz. In TFE, the amplitude was 7.6 k
nd the offset varied from 85.8 to 5.2 kHz. The spectral w

n both dimensions was 7042 Hz. According to the experim
al conditions used (offsetD kept larger than3

4 of the proton
pectral width), it was previously shown (22) that the angula
ispersion induces at most a relative error on intensities of

he associated distribution of the angleu is less than 0.6°. Th
ixing time value was 200 ms. The water suppression in
ff-resonance ROESY experiments was achieved by
ATERGATE sequence (20, 41). Thirty-two transients wer

cquired for eacht 1 experiment, and 64 dummy transients w
ecorded at the beginning of each 2D experiment. The dur
f each off-resonance ROESY experiment was about 7 h

.3. Spectral Processing

Processing and analysis of the data sets were perform
sing the Gifa NMR processing program (42). The size in F1
as increased from 512 to 1024 points by zero-filling. The
ets were apodized by 18° shifted squared sine bells on
imensions. After Fourier transformation, a polynomial b

ine correction (43) was applied in both dimensions.
Theu 5 5° experiment was used to determine a set of p

y peak-picking of amide–amide, aliphatic–aliphatic,
mide(F1)–aliphatic(F2) regions. The peak-picking was

abeled using the ranalexin assignment (33) and the assignme
odule developed in Gifa (44) for computer-aided spectr
ssignment. Peak integration masks were determined o
xperiment using a previously described method (45). Each
eak volume was then computed by summing the intensiti

he peak integration mask. The intensities of the thermal n
ij were derived from the mask size and the integration vol
f the noise on the spectra.
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