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Summary

The advantages of using off-resonance rf fields in heteronuclear self-relaxation experiments are explored
on a fully 15N-enriched protein. It is firstly shown that in the absence of slow motions the longitudinal
and transverse 15N self-relaxation rate values derived with this method are in agreement with the ones
measured by the classical inversion-recovery and Carr–Purcell–Meiboom–Gill (CPMG) sequences,
respectively. Secondly, by comparing the 15N transverse self-relaxation rates obtained by the proposed
off-resonance sequence and by the CPMG sequence, 11 residues out of the 61 of toxin α are shown to
exhibit a chemical exchange phenomenon in water on a time scale ranging from 1 µs to 100 ms. By
varying the effective field amplitude, chemical exchange processes involving these residues are measured
and the corresponding correlation times are evaluated without having assumed any motion model.
Similar, though less precise, results are given by the analysis of the 15N off-resonance self-relaxation rates
on the basis of the Lipari–Szabo model to describe the fast internal dynamics of toxin α.

Introduction

NMR provides information on the molecular dynamics
over a wide time range, from picoseconds to days (Wagner
and Wüthrich, 1982; Wagner, 1993). In particular, 15N or
13C relaxation times depend essentially on the reorienta-
tional dynamics of the 15NH or 13CH vectors in the nano-
second time scale. However, much slower motions (with
characteristic times ranging from microseconds to milli-
seconds) may have a non-vanishing contribution to the
transverse self-relaxation. The characterization of these
motions, often referred to as fast chemical exchange pro-
cesses, is still a difficult task, although different methods
have been proposed. The first method consists in measur-
ing the 15N transverse self-relaxation rate R2 using a Carr-
Purcell-Meiboom-Gill (CPMG) sequence (Carr and Pur-
cell, 1954; Meiboom and Gill, 1958; see Fig. 1a). The
dependence of R2 on the CPMG delay makes it possible

to evaluate chemical exchange rates in the range 103–104

Hz (Gutowsky et al., 1965; Orekhov et al., 1994,1995).
The drawbacks of this method are (i) probehead over-
heating inherent to CPMG measurements; and (ii) diffi-
culties in suppressing the contribution to relaxation of the
antiphase coherences created by scalar coupling, which
shortens the measured transverse relaxation rates (Peng et
al., 1991a,b). The CPMG delays which can safely be used
find their inferior limit in (i) and their superior limit in
(ii) (Vold and Vold, 1976). Thus, the accessible range of
detectable exchange rates is considerably reduced. The
second method is based on measurements of the 15N spin-
lattice relaxation in the presence of an on-resonance rf field
(R1ρ) as a function of its amplitude (Deverell et al., 1970;
Brüschweiler and Ernst, 1992; Peng and Wagner, 1992;
Szyperski et al., 1993). The drawbacks of this method are
(i) again a limited range of rf field strengths due to over-
heating problems; and (ii) offset dependence of the relax-
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ation parameter (Peng et al., 1991b). In both methods,
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Fig. 1. Pulse schemes used for the measurement of (a) R2
CPMG and (b) R1ρ(θ,ω1). The narrow and wide solid bars represent 90° and 180° hard pulses,

respectively. The hard pulses are centered in the 1H and 15N spectra. The value of τ is set to 2.75 ms. Water suppression is achieved with the 3-9-19
WATERGATE sequence. In order to increase sensitivity by minimizing the period during which magnetization is in the transverse plane, the
WATERGATE pulse train replaces the last 180° proton pulse. (a) The 1H decoupling during the relaxation delay is either a 180° centered between
the fourth and the fifth CPMG 15N 180° pulses, or a WALTZ-4 synchronized on a cycle (CPMG delay – 15N 180° pulse – CPMG delay); a
supercycle was added to obtain a WALTZ-16 decoupling scheme. The minimum CPMG cycle is 8 times (CPMG delay – 15N 180° pulse – CPMG
delay), i.e, about 8 ms. The mixing time was equal to k times the minimum CPMG cycle. The gradient strengths are 3.5, 12.5 and 12.5 G/cm,
respectively. The phase cycling employed is Φ1 = y,−y; Φ2 = x,x,−x,−x; Φ3 = 4(x),4(−x); Φ4 = 8(x),8(−x); Φ5 = x,−x,−x,x,−x,x,x,−x,−x,x,x,−x,x,−x,−x,x.
After 16 scans, the phase of the first 15N 180° pulse after the evolution period t1 is inverted without changing the receiver phase. This pulse and
the pulse at the center of the evolution period are composite pulses. Quadrature in the F1 dimension is achieved via TPPI on Φ4. (b) The first
arrow corresponds to the change of 15N frequency from on-resonance to off-resonance and the second corresponds to the opposite switch. The
gradient strengths are 3.5, 4.5, 12.5 and 12.5 G/cm, respectively. A composite 180° pulse (90°x180°y90°x) is applied at the center of the t1 evolution
period. The phase cycling 1 is Φ1 = y,y,−y,−y; Φ2 = x,−x; Φ3 = y,−y,−y,y; Φ4 = 8(x),8(−x),8(y),8(−y); Φ5 = x,−x; Φ6 = 4(x),4(−x); Φ7 = y,y,−y,−y; Φ8 = x,−x,
−x,x,−x,x,x,−x. The phase cycling 2 is Φ1 = y,y,−y,−y; Φ2 = x,−x; Φ3 = 2(y,−y,−y,y),2(−y,y,y,−y); Φ4 = 8(x),8(−x),8(y),8(−y); Φ5 = x,−x; Φ6 = 4(x),4(−x);
Φ7 = y,y,−y,−y; Φ8 = (x,−x,−x,x),2(−x,x,x,−x),(x,−x,-x,x). Quadrature in the F1 dimension is achieved via States-TPPI on Φ5.

the range of detectable exchange rates depends on the
relative proportions of the conformational populations
and on their difference in resonance frequency. Since it
may be possible, by using another static magnetic field
strength, to change the contribution due to this difference
of resonance frequencies, the last two terms may be deter-
mined separately (Barchi et al., 1994; Desvaux et al.,
1995b; Peng and Wagner, 1995).

We have recently reported a 1H NMR method designed
to explore fast chemical exchange processes with charac-
teristic times in the microsecond to millisecond range
(Desvaux et al., 1995b). This method is based on the
measurement of relaxation rates along an effective field
axis OZ tilted by an angle θ away from the static magnet-

ic field axis Oz. The magnetization vectors are experimen-
tally aligned with OZ by the use of an off-resonance rf
irradiation (Jacquinot and Goldman, 1973; James et al.,
1977). The angle θ can be varied by choosing the frequen-
cy offset ∆ and/or the rf field strength ω1:

θ = arctan(ω1/∆) (1)

the effective field amplitude Ω in the rotating frame being
given by

Ω2 = ∆2 + ω1
2 (2)

Our approach enables the measurement of 1H dipolar and
CSA longitudinal and transverse relaxation rates as well
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as the determination of the parameters characterizing the
fast chemical exchange processes. The limitations of the
on-resonance methods (very fast motions and angular
dispersion) are avoided. Indeed, increasing the offset ∆
has two main effects: (i) it gives access to large effective
field amplitudes Ω and consequently to large values of
exchange rates 1/τe without any overheating problem; and
(ii) it reduces the range of effective angles θ. However, the
contribution to relaxation of fast chemical exchange de-
creases. Recently, Akke and Palmer (1996) have suggested
a similar experiment. Their method is based on the sole
variation of the angle θ through variation of the offset ∆
at constant rf field amplitude ω1. It results that, at the
same time, the transverse contribution to relaxation due
to motions in the picosecond–nanosecond time scale and
the fast chemical exchange contribution varies. To allow
a separation, the authors fix the dipolar and CSA contri-
bution by assuming a model for the motion of the 15NH
vector. The only remaining unknown is then the fast
chemical exchange contribution whose parameters can be
fitted. In fact, this assumption has been shown to be
useless since variation of the rf field strength at constant
angle θ makes it possible to distinguish the two kinds of
contribution (Desvaux et al., 1995b). It seems,
consequently, relevant to explore the extension to the
heteronuclear case of the method developed for character-
izing fast chemical exchange by 1H NMR.

In this article, we report the measurement (on a fully
15N-enriched protein) of heteronuclear off-resonance re-
laxation rates at different angles θ and different effective
field amplitudes Ω, obtained by varying either the fre-
quency offset ∆ and/or the rf field strength ω1. We thus
determine the 15N longitudinal and transverse self-relax-
ation rates. By comparing them to the ones obtained by
the usual sequences measuring the longitudinal and trans-
verse self-relaxation rates, assessment of the procedure
consisting in using an off-resonance rf field in heteronu-
clear relaxation studies is achieved. This method also
allows us to explore the possible presence of fast chemical
exchange processes without using any motion model. A
complementary investigation based on the Lipari–Szabo
model is presented.

Materials and Methods

NMR experimental conditions
Spectra were acquired at 35 °C on a 5 mM sample of

15N-labelled toxin α at pH 3.5. Toxin α is a 61 amino
acid protein which has originally been extracted from the
venom of Naja nigricollis (Fryklund and Eaker, 1975) and
which adopts the ‘three-finger’ fold (Zinn-Justin et al.,
1992); 15N labelling of the sample was carried out as
described by Drevet et al. (in press). Assignment of the
15N resonances was performed on the basis of the 1H
assignment (Zinn-Justin et al., 1992) by analyzing HSQC

(Bodenhausen and Ruben, 1980), HSQC-TOCSY (Otting
and Wüthrich, 1988) and HSQC-NOESY experiments
(Bax et al., 1990; Norwood et al., 1990). Relaxation meas-
urements were performed at 11.7 T on Bruker AMX and
DRX spectrometers equipped with inverse broadband
probeheads with either Z or three axes pulsed field gradi-
ents. Water suppression was achieved using the WATER-
GATE sequence (Piotto et al., 1992). The 2D matrices
were composed of 1024 × 256 data points with 32 scans
per t1 value. The spectral widths were 2790 and 2000 Hz
in the proton and nitrogen dimensions, respectively. All
data sets were Fourier-transformed after application of
90° shifted sine-bell apodization and zero-filling in both
dimensions to yield matrices of 1024 × 1024 points, using
the program FELIX 95.0 (MSI/Biosym, San Diego, CA,
U.S.A.). Peak heights were measured on each 2D spec-
trum using FELIX macros written by Mikael Akke.

Reference experiments
Measurement of the 15N longitudinal self-relaxation

rate by inversion-recovery (R1
Inv-Rec), of the 15N transverse

self-relaxation rate by CPMG (R2
CPMG) and of the 1H→15N

NOE was carried out using the pulse schemes published
by Kay et al. (1992). In the case of R2

CPMG measurement,
two experiments were performed (Fig. 1a). In the first one,
1H decoupling was obtained by the application of π pulses
on the 1H channel (Boyd et al., 1990; Kay et al., 1992;
Palmer et al., 1992). In the second one, it was achieved
through a synchronized WALTZ-16 sequence centered on
the amide frequency domain (Shaka et al., 1983; Shaka
and Keeler, 1987; Palmer et al., 1992). The equivalence of
the two decoupling schemes relative to cross relaxation
arising from interference effects between CSA and dipolar
interaction was firstly checked in longitudinal relaxation
measurements (the average relative standard deviation
calculated between the two data sets was 4%) and then in
transverse relaxation measurements (an equivalent calcu-
lation yielded 5%). In the following, the used R2

CPMG values
are the average values of the two measures. The R1

Inv-Rec

experiments were recorded with relaxation delays of 20,
50, 100, 200, 500, 1000 and 1500 ms. The R2

CPMG experi-
ments were carried out with relaxation delays of 9, 18, 28,
46, 74, 92, 184, 368, 552 and 768 ms. The heteronuclear
1H→15N NOE values were obtained on the basis of spec-
tra recorded with proton presaturation during 4 s and
spectra recorded without presaturation. Quadrature detec-
tion in the indirect dimension used the TPPI scheme for
the R2

CPMG experiments and the States-TPPI phase scheme
for the R1

Inv-Rec and heteronuclear 1H→15N NOE experi-
ments (Marion et al., 1989).

Off-resonance self-relaxation measurements
The R1ρ(θ,ω1) experiments were performed with the

pulse sequence displayed in Fig. 1b. This sequence direct-
ly derives from the 15N longitudinal self-relaxation rate
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measurement sequence. The major modification consists

Fig. 2. Contour plot of a 15N-1H experiment recorded with the off-
resonance R1ρ(θ,ω1) sequence on a 15N-enriched sample of toxin α. For
this particular spectrum, the angle θ was 5°, the rf field strength ω1

was 1.9 kHz and the mixing time was 30 ms. The experiment time was
about 4 h. One can notice the good dispersion of the 15N-1H correla-
tions. The three boxed peaks are folded-back in the indirect dimension
F1 and correspond to arginine side-chain (NεHε) correlations.

in applying an rf spin-lock of strength ω1 at an offset ∆
from the center of the nitrogen spectrum during the mix-
ing time. The magnetization is then locked along an axis
OZ making an angle θ with the static field direction.
Progressive increase of the rf amplitude at the beginning
of the spin-lock (and progressive decrease at its end)
ensures adiabatic rotation of the magnetization from the
Oz axis to the effective field axis OZ (and back to Oz at
the end of the mixing time) (Desvaux et al., 1995a). This
is obtained by using a trapeze-shaped pulse composed of
2048 complex points. The typical value of the adiabatic
rotation duration is about 3 ms. As magnetization is
aligned with Oz, the use of adiabatic rotations suppresses
the requirement of adjusting the phase shift between on-re-
sonance and off-resonance rf pulses when only hard pulses
are used (Akke and Palmer, 1996). A typical spectrum
acquired by this sequence on toxin α is shown in Fig. 2.

In order to assess the relevance of studying a variation
of the 15N self-relaxation rates as a function of the angle
θ and the effective field amplitude Ω, we have determined
the 15N B1 field inhomogeneity in amplitude principally
inherent to the coil design on our probehead. The B1 field
inhomogeneity, defined as the ratio of the width at Pmax/2
over the amplitude B1 at Pmax, where Pmax is the maximum
of probability, is found to be equal to 5%. The distribu-
tion of angle θ due to B1 inhomogeneity is then negligible
relatively to other errors. The distribution of B1 amplitude
is provided as supplementary material.

As suggested in the case of proton, we have considered
the sequence with irradiation at one offset (either upfield
or downfield) or at two offsets (successive scans recorded
with opposite offset shift). This last solution has been
shown to decrease the effective angular dispersion but no
exact analytical solution can be calculated for long mixing
times (Schleucher et al., 1995; Desvaux and Goldman,
1996). It results (in the heteronuclear case) in a simpler
treatment for determination of the longitudinal and trans-
verse self-relaxation rates, and also in a loss of precision
when the study deals with characterization of the exchange
processes since the effective angle cannot further be exact-
ly determined for each 15N nucleus.

Two phase cyclings were also considered. For the two-
offset R1ρ(θ,ω1) experiment, the classical phase cycling
(cycle 1) for 15N heteronuclear longitudinal self-relaxation
measurement has been used. Under such conditions,
magnetization relaxes towards its steady-state value which
depends on θ and Ω (Desvaux et al., 1995b). This sequence
consequently requires long irradiation times for a precise
determination of the three parameters which have to be
fitted: initial magnetization, relaxation rate and steady-
state magnetization. In order to limit probehead overheat-
ing when long irradiations are applied, we have used a
modified phase cycling (cycle 2) for the ‘one-offset’ R1ρ(θ,
ω1) experiment. This phase cycling is twice longer than
the precedent, but magnetization then relaxes towards 0.
It has experimentally been checked (data not shown) that
the signal effectively vanishes at long mixing times. Al-
though short irradiations are used, the precision on the
determined self-relaxation rate values is still good since
only two parameters (initial intensity and self-relaxation
rate) have to be fitted (Sklenář et al., 1987). Seven mixing
times were used in the R1ρ(θ,ω1) experiments: 30, 60, 150,
300, 500, 800 and 1200 ms for cycle 1 and 30, 50, 70, 100,
150, 300 and 500 ms for cycle 2. Some experiments among
all the acquired ones, however, exhibit strong baseline
distortions (in a reduced frequency domain) arising from
the residual water signal. When a cross peak is affected,
the precision of the self-relaxation rate determination
decreases and we have consequently disregarded the com-
plete curve. This explains the non-constant number of
points of Fig. 5.

In the sequence of Fig. 1b, relaxation induced by cross-
correlation between DD and CSA interaction (Boyd et
al., 1990) is suppressed by using the same WALTZ-16
decoupling scheme as in longitudinal R1

Inv-Rec and trans-
verse R2

CPMG relaxation experiments. From a theoretical
point of view, in the laboratory frame, as soon as the
proton spins are spin-locked in the transverse plane, the
two coherences NZ and 2NZHZ do not precess at the same
frequency (Z being the effective field axis in the 1H and
15N rotating frames). Thus, cross relaxation through cross-
correlation is no longer secular (Goldman, 1993), and the
CSA/DD cross-correlation rate NZ→2NZHZ vanishes.
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Fitting procedure
Evolution of the magnetization in the R1

Inv-Rec and
R2

CPMG experiments was fitted by three- and two-parame-
ter exponentials, respectively. For the R1

Inv-Rec, R2
CPMG and

1H→15N NOE data, the errors were taken as the root-
mean-square deviation of two separate sets of measure
and were found to be in agreement with the error com-
puted by Monte Carlo simulation. The one- and two-
offset R1ρ(θ,ω1) experimental decays were fitted to a two-
and three-parameter exponential, respectively. Errors on
the R1ρ(θ,ω1) relaxation rates were computed by Monte
Carlo simulation.

The self-relaxation rate R1ρ(θ,ω1) of the 15N magnetiza-
tion aligned with the effective field axis OZ can easily be
deduced from the proton case (Davis et al., 1994; Des-
vaux et al., 1995b):

R1ρ(θ,ω1) = cos2 θ R1 + sin2 θ R2 + Rex(θ,ω1) (3)

where R1 and R2 are the longitudinal and transverse
self-relaxation rates for the fast motions contribution
(correlation time inferior to 1 µs, prevailing mechan-
isms: DD and CSA interactions) and Rex(θ,ω1) is the
relaxation rate associated with the slow motion pro-
cesses (chemical exchange contribution). Assuming a
two-site model with populations pa and pb, a resonance
frequency difference δν between the two conformations
and an exchange rate 1/τe, Rex(θ,ω1) can be expressed as
(Davis et al., 1994; Desvaux et al., 1995b; Akke and
Palmer, 1996)

Rex(θ,ω1) = 4π2 papb sin2 θ δν2 τe/(1+Ω2τe
2) (4)

Since only one static magnetic field has been employed
for the measurements, the two parameters papb and δν
cannot be separated. We have chosen to consider in the
following two equally populated families. This induces an
underestimation of the derived resonance frequency differ-
ence values.

The two-offset R1ρ(θ,ω1) values were used to determine
the longitudinal R1 and transverse R2 self-relaxation rates
and to identify the 15NH vectors exhibiting fast chemical
exchange processes. This procedure was based on a least-
squares fitting of Eq. 3 using the Marquard algorithm
(Press et al., 1992). Errors on R1 and R2 were computed
by Monte Carlo simulation. Thus, normalized χ2 values
were determined and statistical tests on the fit quality
could be carried out. Comparisons of the fit quality with
and without taking into account the experimental values
R1

Inv-Rec and R2
CPMG or with and without assuming a chemi-

cal exchange contribution Rex(θ,ω1) were performed using
the determined χ2 values through an F-test. The results of
this F-test are given through the probability P that the fit
improvement is not due to chance (Mack, 1967; Press et
al., 1992).

The one-offset R1ρ(θ,ω1) values were used to determine
the exchange correlation time τe and the chemical shift
difference δν. In this procedure, the numerical treatment
consisted of the computation for each R1ρ(θ,ω1) of a rate
R1ρ(90°,ω1/sin θ), using Eqs. 3 and 4 and the value R1 of
the longitudinal relaxation rate previously determined
(Akke and Palmer, 1996):

R1ρ(90°,ω1/sin θ) − R1 = (R1ρ(θ,ω1) − R1)/sin2 θ
= (R2 − R1) + Rex/sin2θ (5)

Then, the variations of R1ρ(90°,ω1/sin θ) − R1 as a func-
tion of θ and ω1 were used to determine τe and δν. The
data were completed with the R2

CPMG values, which also
depend on τe and δν. Indeed, for this experiment, as the
duration τπ of the π pulse (143 µs) was not negligible
relative to the free evolution time τ (1 ms), we used the
average trajectory theory (Griesinger and Ernst, 1988) to
estimate the apparent effective field ωapp:

R1ρ(90°,ωapp)(τ + τπ) = τπ R1ρ(90°,1/2τπ) + τ R1ρ(90°,0) (6)

This treatment is justified by the fact that the magneti-
zation decay is slow relative to R2

CPMG. As the apparent
field ωapp depends on the exchange correlation time, both
parameters have iteratively been refined. We have
checked that the value of ωapp has a small influence on
the derived exchange correlation time value.

The transverse relaxation rate R2 was not directly used
in the fit; instead the R2 − R1 value was randomly varied
in a range defined by the values of the surrounding resi-
dues (Palmer et al., 1991; Tjandra et al., 1996). Typically
20% of variation was admitted, and the value correspon-
ding to the lowest χ2 was kept.

Modelfree analysis
The Modelfree 3.1 program based on the Lipari–Szabo

model (Palmer et al., 1991) was used to extract for each
15NH vector an exchange term Rex

LS from R1
Inv-Rec, an aver-

age <R1ρ(90°,ω1/sin θ)> computed from the two-offset set
of measured R1ρ(θ,ω1), and 1H→15N NOE data. There-
fore, we assumed an isotropic motion model for toxin α
where the global and internal motions are not correlated;
the angular part of the spectral density J(ω) is (Lipari and
Szabo, 1982)

J(ω) = 2/5 [S2τc/(1+ω2τc
2) + (1−S2)τi/(1+ω2τi

2)] (7)

τc being the overall isotropic correlation time, τm the
internal correlation time with τi = (1/τc+1/τm)−1 and S2 the
generalized order parameter. Errors on the average
<R1ρ(90°,ω1/sin θ)> values were taken as standard errors
calculated on the basis of the two-offset R1ρ(90°,ω1/sin θ)
values. Errors made on Rex

LS were calculated on the basis
of the errors estimated on R1

Inv-Rec, the ‘two-offset’ average
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<R1ρ(90°,ω1/sin θ)> and 1H→15N NOE rates, and 500

Fig. 3. Experimental 15N self-relaxation rates as a function of the
angle θ for the residues Gly41 and Asn52. The best-fit theoretical curve
using Eq. 3 and assuming no chemical exchange is superimposed. For
this fitting procedure, the nine two-offset off-resonance self-relaxation
rates R1ρ(θ,ω1), the longitudinal one R1

Inv-Rec and the transverse one
R2

CPMG have been used. The reduced χ2 values are 1.02 and 0.92,
respectively. The presence of several points at the same θ value is due
to the use of different effective field amplitudes Ω.

TABLE 1
15N TRANSVERSE SELF-RELAXATION RATES AND EXCHANGE CORRELATION TIMES OF THE RESIDUES EXHIBITING
CHEMICAL EXCHANGE

Residue R2
CPMG

(Hz)
R2

a

(Hz)
<R1ρ(90,ω1/sinθ)>b

(Hz)
Rex

LS c

(Hz)
Discrepancy
R2

CPMG,R2
d

Variation
with Ωe

τe
f

Cys3 08.31 06.74 06.68 1.55 99.1 + 120 µs
Asn5 07.16 06.50 06.69 1.12 < 50 µs
Ser9 06.54 06.09 06.25 1.55 < 50 µs
Cys17 13.02 10.12 10.06 5.27 99.6 + 20–200 µs
Glu20 07.90 06.28 06.38 1.77 98.6 + 135 µs
Thr21 11.40 09.23 09.22 4.46 97.7 + 75 µs
Lys26 07.91 04.99 05.00 0.− 99.8 + 240 µs
Ile35 07.36 05.29 05.22 0.25 99.8 + 150 µs
Thr44 06.86 04.81 04.75 0.− 99.2 > 1 ms
Gly48 07.77 05.25 05.21 0.75 99.9 > 1 ms
Lys50 10.30 05.83 05.84 0.78 99.9 > 1 ms
Leu51 06.50 04.95 04.95 0.− 98.4 + 290 µs
Lys58 06.05 05.22 05.29 0.− 98.3 > 1 ms

a The R2 values correspond to those obtained without using R2
CPMG in the fitting procedure.

b <R1ρ(90,ω1/sin θ)> is the value used in the Modelfree software; c Rex
LS is the exchange contribution obtained by this computation.

d Residues exhibiting a significant improvement in the fit when R2
CPMG is not considered. The value is the probability P (in %) of the F-test that

the discrepancy between R2 and R2
CPMG is not due to chance (see text). For Asn5 and Ser9, P is 84% and 67%, respectively.

e Residues for which, in the one-offset experiment, a variation of R1ρ(90,ω1/sin θ) as a function of Ω is observed.
f Range of exchange correlation time τe determined by combining all measurements.

Monte Carlo simulations.

Results and Discussion

Off-resonance self-relaxation measurements
We have measured the two-offset off-resonance 15N

self-relaxation rates for nine pairs of (ω1,θ) values: three

rf field strengths (between 1.2 and 2.2 kHz) and six angles
θ between 5° and 55°. Assuming that no chemical exchange
is present, we have fitted the nine rates obtained with the
off-resonance irradiation sequence and the longitudinal
R1

Inv-Rec and transverse R2
CPMG relaxation rates obtained

with the classical sequences on the basis of Eq. 3. Figure
3 shows two examples of the corresponding least-squares
fitting curves. A good agreement is observed between the
expected and observed behavior of R1ρ(θ,ω1) as a function
of the angle θ.

To assess the procedure using off-resonance rf irradi-
ation for 15N self-relaxation rate measurements, these fits
have been compared to other fits obtained without taking
into account the reference longitudinal R1

Inv-Rec or trans-
verse R2

CPMG self-relaxation rates. Out of the 52 experi-
mental curves, 51 exhibit no significant improvement (P
< 97.5%) after removal of the longitudinal self-relaxation
rate R1

Inv-Rec. The only discrepancy concerns the nitrogen
of residue Tyr24 (P = 97.8%). When the transverse self-
relaxation rate R2

CPMG is disregarded, at the same level of
confidence, 41 cases out of the 52 do not present signifi-
cant improvement in the fitting procedure. The 11 nitro-
gen nuclei which exhibit a discrepancy between their
fitted transverse self-relaxation rate R2 and the one meas-
ured by a CPMG sequence R2

CPMG belong to residues
Cys3, Cys17, Glu20, Thr21, Lys26, Ile35, Thr44, Gly48, Lys50,
Leu51 and Lys58 (Table 1, Fig. 4). In all cases, the fitted
transverse self-relaxation rate R2 is smaller than the meas-
ured one R2

CPMG. This result is in agreement with the
theory as soon as fast chemical exchange is present (Eq.
3). Thus, we consider that the statistical tests validate the
experimental procedure using off-resonance rf irradiation
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for the determination of the 15N longitudinal R1 and

Fig. 4. Comparison of the transverse self-relaxation rates R2
CPMG

obtained by the CPMG experiment (Fig. 1a) and the fitted ones R2 as
a function of the corresponding residue number. The values of R2

were obtained by a fit with Eq. 3 without chemical exchange. The set
of self-relaxation rates was constituted by the longitudinal one R1

Inv-Rec

and the two-offset off-resonance ones R1ρ(θ,ω1). The average relative
standard deviation between the two data sets is 5%. The arrows
indicate the residues where the statistical tests (see text) have revealed
a significant difference between R2 and R2

CPMG.

Fig. 5. 15N self-relaxation rate R1ρ(90°,ω1/sin θ) − R1 for residues Thr21,
Ile35 and Leu51 as a function of the effective field amplitude Ω = ω1/sin
θ. The best-fit theoretical curve using Eqs. 4 and 5 is superimposed.
The best-fit correlation times for Thr21, Ile35 and Leu51 are 75, 150 and
290 µs and the reduced normalized χ2 values are 0.94, 0.28 and 0.68,
respectively.

transverse R2 self-relaxation rates arising from motions
with correlation times in the nanosecond time range.

Using the same set of relaxation rates constituted by
the nine R1ρ(θ,ω1), and the measured R1

Inv-Rec and R2
CPMG,

we have considered the possible improvement of the fits
if a chemical exchange contribution was added to the
expression of R1ρ(θ,ω1). The four unknowns of Eqs. 3 and
4 have then been fitted. Only the 11 previously identified
nitrogens present a significant improvement (P > 92%) of
their fit when the more complex fitting curve is used to
describe the experimental relaxation rates. We conclude
that the relaxation dynamics of these 11 nitrogen nuclei
should contain a contribution due to motions with corre-
lation times superior to 1 µs.

Measurement of the off-resonance 15N self-relaxation
rates for nine pairs of (ω1,θ) values has allowed us to
validate the heteronuclear off-resonance sequence, by
showing that the R1

Inv-Rec values and most of the R2
CPMG

values can be deduced from the R1ρ(θ, ω1) data. It has
also enabled the identification of 11 nitrogens having
significantly different R2

CPMG and R2 values, in agreement
with the presence of fast chemical exchange contributing
to their relaxation rates (Table 1, Fig. 4). However, at
this step the correlation time τe and the chemical shift
difference δν of these exchange processes cannot be deter-
mined with a high confidence.

Determination of exchange rates
We have explored the possibility of determining ex-

change correlation time for the 11 nitrogens of toxin α

which exhibit a significant discrepancy between the meas-
ured R2

CPMG and the fitted one R2. This requires an in-
crease of precision in the determination of the self-relax-
ation rate R1ρ(θ,ω1). The advantage of the two-offset se-
quence (suppression of the problems due to angular dis-
persion) seems then poor compared to the loss of preci-
sion inherent to this experiment. The one-offset sequence
is undoubtedly more adapted to the precise characteriz-
ation of the exchange parameters τe and δν. We have
measured nine other off-resonance relaxation rates using
only the ‘one-offset’ irradiation (either upfield or down-
field). For these nine experiments, the average angle θ
was 55° and the values of the rf field strength ω1 ranged
from 1200 to 1800 Hz. The mean effective field amplitude
Ω varied from 1500 to 2200 Hz. However, as one-offset
irradiation was used, this range increased for residues on
the edges of the nitrogen spectrum. Since the distribution
of the explored angles θ was limited, we disregard the
direct fitting procedure of Eq. 3. A rate R1ρ(90°,ω1/sin θ)
was computed on the basis of each R1ρ(θ,ω1) value, and
analysis of the variations of R1ρ(90°,ω1/sin θ) as a function
of Ω allowed us to characterize τe and δν.

On the basis of this analysis, the 11 nitrogens could be
separated into three classes (Table 1). The first class con-
tains residues Thr44, Gly48, Lys50 and Lys58. The nitrogens
of these residues exhibit average R1ρ(90°,ω1/sin θ) of the
same order as the neighboring residue R2 values (Fig. 4)
and no significant variation of R1ρ(90°,ω1/sin θ) in the
range of effective field amplitudes explored. It results that
τe should be longer than about 1 ms. The second class
corresponds to residues Lys26, Ile35 and Leu51 for which
the average R1ρ(90°,ω1/sin θ) is not very different from the
surrounding residue R2 values (Fig. 4), but a variation as
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a function of ω1 is observed (Fig. 5). The fitted exchange

Fig. 6. Values of the chemical exchange contribution Rex
LS in Hz ob-

tained after the assumption of a Lipari–Szabo motion model as a
function of the corresponding residue number. These values were
calculated on the basis of the longitudinal R1

Inv-Rec self-relaxation rate,
the two-offset average transverse self-relaxation rate <R1ρ(90°,ω1/sin
θ)> and NOE values using the Modelfree 3.1 software of Palmer et al.
(1991). The error bars have been deduced from 500 Monte Carlo
simulations.

correlation time is in the range 100–400 µs. Finally, the
last class corresponds to residues Cys3, Cys17, Glu20 and
Thr21 for which the average R1ρ(90°,ω1/sin θ) is larger than
the R2 values of the surrounding amino acids (Fig. 4). By
Monte Carlo numerical simulations, we conclude that
these experimental results are compatible with motions on
a time scale of about 20–200 µs. For residues Cys3, Glu20

and Thr21, the dependence of R1ρ(90°,ω1/sin θ) on Ω was
sufficiently good (see Fig. 5) to allow a confident determi-
nation of τe (~120, ~135 and ~70 µs, respectively) and δν
(~1, ~1 and ~2 ppm, respectively) for an equally distrib-
uted two-site model.

It seems relevant to discuss the range of exchange
correlation times we have access to. For slow motions (τe

> 1 ms), the limitation relies on the obtaining of small Ω
values. This requires low rf field amplitude and small
offset values (Eq. 2). These two requirements are experi-
mentally difficult to achieve in an off-resonance measure-
ment: firstly, experimental calibration of a low-power rf ir-
radiation on an inverse probehead is not precise; secondly,
rf irradiation near resonance conditions may induce Hart-
mann–Hahn coherence transfer with proton; and, thirdly,
our underlying assumptions require Ω large relative to
1JNH scalar coupling values. On the other hand, for short
exchange correlation time determination (τe < 50 µs), large
values of Ω are required. The hardware restrains the rf
field amplitude to about 2.3 kHz on our spectrometer.
Obviously, by choosing a large offset, large effective field
amplitudes Ω are obtained, but the resulting small θ
values induce a large error on the computed R1ρ(90°,ω1/
sin θ). To avoid this trouble, a solution may be to deter-

mine a large number of R1ρ(θ,ω1) values with a high pre-
cision, and finally fit the experimental data directly using
Eq. 3. Our one-offset measurements were not sufficiently
numerous to achieve such a task, and the variation of
R1ρ(90°,ω1/sin θ) with Ω could be confidently fitted for
only six residues.

Exploration of chemical exchange using the Lipari–Szabo
motion model

We investigated the contribution to transverse relax-
ation of fast chemical exchange processes in toxin α by
applying the Lipari and Szabo analysis (1982) to a set of
values comprising the R1

Inv-Rec, the two-offset average value
<R1ρ(90°,ω1/sin θ)> and the 1H→15N NOE data. In the
two-offset <R1ρ(90°,ω1/sin θ)> measurement, the smallest
value of the effective field amplitude Ω is about 2 kHz, so
that all chemical exchange contributions, with correlation
times longer than about 0.5 ms, vanish. Using this set of
data, we deduced that six nitrogens show an Rex

LS value
greater than 1 Hz, that is twice the maximal error calcu-
lated for Rex

LS (Table 1, Fig. 6). These six nitrogens are (i)
residues Cys3, Cys17, Glu20 and Thr21 which have already
been identified as corresponding to motions on a time
scale of about 20–200 µs; and (ii) residues Asn5 and Ser9

which do not present any significant discrepancy between
the measured R2

CPMG and the fitted one R2 . The time scale
of the Asn5 and Ser9 exchange process is then in the 1–50
µs range, since no significant transverse relaxation rate
variation between 0 and 3.3 kHz was observed. Finally,
Fig. 6 shows that an Rex

LS value smaller than 1 Hz is de-
tected for each residue exhibiting a chemical exchange
contribution whose correlation time is longer than about
200 µs in the one-offset experiment (Lys26, Ile35, Thr44,
Gly48, Lys50, Leu51 and Lys58).

The complete agreement between the one-offset experi-
ment and the Modelfree analyses shows that, for toxin α,
application of the Lipari–Szabo model is probably appro-
priate. This is substantiated by hydrodynamic computa-
tions (Garcia de la Torre and Bloomfield, 1981) which
reveal that the principal moments of the inertia tensor
have ratios 1:0.85:0.8. A similar result has already been
found by Wagner and co-workers on eglin c (Peng and
Wagner, 1995; Lefèvre et al., 1996). These authors stres-
sed that, for their protein, the spectral density mapping
and Modelfree analyses led to similar conclusions. How-
ever, this is not a general case; various proteins have
already been shown to exhibit a more complex dynamics
with, in particular, no unique global correlation time or
no isotropic behavior (Brüschweiler et al., 1995; Farrow
et al., 1995; Tjandra et al., 1995a,b,1996).

Conclusions

Measurement of the two-offset off-resonance 15N self-
relaxation rates for nine pairs of (θ,ω1) values has allowed
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the validation of the heteronuclear off-resonance sequence,
by showing that the R1

Inv-Rec values and most of the R2
CPMG

values can be deduced from the R1ρ(θ,ω1) data. The pro-
posed two-offset off-resonance R1ρ(θ,ω1) sequence is an
answer to the two main drawbacks of on-resonance R1ρ

measurements: (i) it gives access to large effective field
amplitudes and consequently to large values of exchange
rates without any overheating trouble; and (ii) it reduces
the range of effective θ angles. It thus allows the measure-
ment of transverse relaxation rates with the lowest pos-
sible exchange contribution, the data processing being
facilitated by the absence of offset corrections. The R1ρ(θ,
ω1) data can be exploited in different ways. Firstly, it can
simply be compared to R2

CPMG data. By this method, 11
nitrogens of toxin α have been shown to exhibit a signifi-
cant fast chemical exchange contribution to their relax-
ation rates. Secondly, the R1ρ(θ,ω1) data can be used in a
spectral density mapping or Modelfree analysis, in order
to characterize the exchange processes in the range 1–500
µs.

Measurement of the one-offset off-resonance 15N self-
relaxation rates for nine pairs of (θ,ω1) values has allowed
us to increase the accuracy of the self-relaxation rate
R1ρ(θ,ω1) determination. On the basis of these experiments,
the exchange parameters τe and δν of the 11 previously
identified nitrogens of toxin α were evaluated. Thus,
Thr44, Gly48, Lys50 and Lys58 nitrogens exhibit motions on
a time scale of 1–100 ms, the slow motion characteristic
time scale of Lys26, Ile35 and Leu51 is on the order of 200
µs while Cys3, Cys17, Gly20 and Thr21 are subjected to
motions on a time scale of 100 µs. For six of them, sig-
nificant and coherent variations of R1ρ(90°,ω1/sin θ) as a
function of Ω were observed allowing a better characteriz-
ation (Fig. 5).

Different chemical or conformational exchange pro-
cesses on the microsecond–millisecond time scale have
been described in proteins (Wagner, 1983; Bai et al., 1993;
Szyperski et al., 1993; Lefèvre et al., 1996). A preliminary
interpretation of our results can be suggested on the basis
of these processes. Firstly, exchange contributions to the
Lys26, Ile35 and Lys50 15N relaxation rates, which have time
scales in the millisecond range, may reflect the ring flip of
the two aromatic rings of toxin α, i.e. that of Tyr24 and
Trp28. Secondly, exchange contributions to the Thr44,
Gly48 and Leu51 15N relaxation rates, which also have time
scales in the millisecond range, may reflect the exchange
of the corresponding amide protons with water. Finally,
exchange contributions to the Cys3, Asn5, Cys17, Glu20 and
Thr21 15N relaxation rates, which have time scales of about
100 µs, may reflect motions of the (Cys3,Cys23) and (Cys17,
Cys40) disulfide bridges. Based on the three-dimensional
structure of toxin α (Zinn-Justin et al., 1992), a more
detailed analysis of these slow motions and also of the
internal fast motions will be presented in a forthcoming
article.
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