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Abstract

A novel NMR experiment comprising adiabatic fast passage techniques for the measurement of heteronuclear
self-relaxation rates in fully15N-enriched proteins is described. Heteronuclear self-relaxation is monitored by
performing adiabatic fast passage (AFP) experiments at variable adiabaticity (e.g., variation of RF spin-lock field
intensity). The experiment encompasses gradient-selection and sensitivity-enhancement. It is shown that transverse
relaxation rates derived with this method are in good agreement with the ones measured by the classical Carr–
Purcell–Meiboom–Gill (CPMG) sequences. An application of this method to the study of the carboxyl-terminal
LIM domain of quail cysteine and glycine-rich protein qCRP2(LIM2) is presented.

Abbreviations:CPMG, Carr–Purcell–Meiboom–Gill; CSA, chemical shift anisotropy; DD, dipole-dipole; NOE,
nuclear Overhauser effect; HSQC, heteronuclear single-quantum correlation spectroscopy; T1, longitudinal
relaxation time; T2, transverse relaxation time; T1ρ, spin-lock relaxation time.

Introduction

Measurement of heteronuclear relaxation rates probes
molecular dynamics over a wide time range and pro-
vides important insight into the motional behavior of
proteins in solution (Peng and Wagner, 1994; Dayie
et al., 1996; Palmer et al., 1996). In particular, the
relaxation properties of protonated heteronuclei such
as15N or 13C are dominated by the dipole-dipole in-
teraction with the directly attached proton and can
be used to efficiently characterize both overall rota-
tional diffusion as well as intramolecular dynamics of
proteins and other biomolecules (Dayie et al., 1996).
Due to the developments of two-dimensional proton-
detected heteronuclear NMR spectroscopy and of effi-
cient biosynthetic methods for isotopic enrichment of
proteins, studies of protein dynamics have become a
routine method and an integral part of almost every
NMR protein structure determination effort.

∗To whom correspondence should be addressed. E-mail:
robert.konrat@uibk.ac.at.

Every pulse sequence commonly used for mea-
suring 15N or 13C relaxation rates invariably starts
with the preparation of the respective non-equilibrium
spin state, be it either inverted longitudinal Sz (T1-
measurement) or transverse Sx,y (T2-measurement)
magnetization, respectively. After evolving under an
effective Hamiltonian and relaxation superoperator
during a variable relaxation period, the final spin state
is monitored using a two-dimensional proton-detected
heteronuclear correlation experiment. Relaxation rates
are obtained from an analysis of a time series of
cross-peak intensities as a function of relaxation delay.
The effective Hamiltonian and relaxation superopera-
tor can be modified by applied radio-frequency fields
and pulse sequences have been devised for measure-
ments of spin-lattice relaxation (Kay et al., 1989;
Sklenar et al., 1987), spin-spin relaxation (Nirmala
and Wagner, 1989; Peng et al., 1991a,b; Kay et al.,
1992a; Palmer et al., 1992), heteronuclear nuclear
Overhauser effect (Kay et al., 1989), rotating frame
relaxation (Peng et al., 1991a,b; Szyperski et al., 1993)
and relaxation of two-spin order, both longitudinal and
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transverse (Peng and Wagner, 1992). It is well estab-
lished that cross-correlated cross-relaxation leads to a
multi-exponential decay of magnetization (e.g., partial
conversion of one-spin order to multi-spin order and
vice versa) and can disturb relaxation measurements.
Pulse sequences which eliminate these possible pit-
falls have been developed (Boyd et al., 1990; Palmer
et al., 1992; Kay et al., 1992b).

Dynamic processes on microsecond to millisecond
(µs–ms) time scales are probed by a variety of differ-
ent experimental schemes. The first method consists
of measuring the transverse relaxation rate R2 using a
Carr–Purcell–Meiboom–Gill (CPMG) sequence (Carr
and Purcell, 1954; Meiboom and Gill, 1958). The de-
pendence of R2 on the CPMG delay probes exchange
rates on the order of 103 − 104 Hz (Gutowsky et al.,
1965; Orekhov et al., 1994, 1995). The second method
is based on T1ρ-dispersion measurements (e.g., mea-
surement of the spin-lock relaxation rate R1ρ as a
function of the radiofrequency spin-lock amplitude)
(Deverell et al., 1970; Brüschweiler and Ernst, 1992;
Peng and Wagner, 1992; Szyperski et al., 1993). Re-
cently, the range of exchange rates detectable by this
method was extended by performing the relaxation
rate measurements along an effective field axis tilted
by an angleθ away from the static magnetic field axis
(Desvaux et al., 1995; Zinn-Justin et al., 1997; Akke
and Palmer, 1996; Mulder et al., 1998; Akke et al.,
1998).

The inevitable problem of rf inhomogeneity in
NMR has led to the introduction of adiabatic fast
passage (AFP) (Abragam, 1986) into high resolution
NMR spectroscopy (Böhlen and Bodenhausen, 1993;
Kupce and Freeman, 1995). This was largely the result
of the fact that these pulses have outstanding inversion
profiles over large frequency as well as the extremely
beneficial property that the inversion performance is
not sensitive to the exact radiofrequency level pro-
vided that the adiabatic condition is full-filled, i.e. that
the magnetization vector follows the time-dependent
effective fieldωeff(t) (Abragam, 1986) (Figure 1). The
rf amplitudes of such pulses can be apodized at the
beginning and the end so that complete inversion of
the magnetization is ensured. Recently a more so-
phisticated application of such pulses to studies of
differentially labeled molecular complexes has been
reported (Zwahlen et al., 1997). In this experiment,
use was made of the fact that the respective times of in-
version are different for spins resonating with different
chemical shifts when sweeping the rf carrier through
the spectrum. Based on the roughly linear1JCH vs

Figure 1. Representation of the adiabatic spin-lock frame. The x,y,z
reference frame is rotating with the S spin carrier frequency. The
x′,y′,z′ spin-lock frame is tilted so that z′ points along the direction
of the effective fieldωeff(t), defined as the vector sum of the rf
amplitudeω1(t) and the offset1ω(t). During the time course of
the adiabatic fast passage z′ moves gradually from z to−z, passing
y exactly at on-resonance.

chemical shift profile the magnetization transfer for
different CH spin pairs could be independently opti-
mized, which led to an improved purging efficiency of
unwanted signals in NOESY spectra.

In this paper a different application of adiabatic
inversion pulses (adiabatic fast passage) is demon-
strated. Spin inversion by adiabatic fast passage
is typically accomplished using adiabatic frequency
sweeps which are very large compared with the
radio-frequencyfield intensity (expressed in frequency
units) and hence it is commonly assumed that spin
inversion occurs at the point where the adiabatic fre-
quency sweep passes through the chemical shift of a
given spin. Relaxation during the adiabatic fast pas-
sage is therefore mainly longitudinal. In contrast, if
the radio-frequency field intensity is comparable to
the frequency sweep range, significant transverse mag-
netization will be created. At a given sweep rate,
different net amounts of transverse magnetization dur-
ing the time course of the adiabatic inversion pulse
can be created by a variation of the rf amplitude.
This leads to a differenteffectiverelaxation rate (adi-
abatic spin-lock frame relaxation rate R1ρ), which is
given as the weighted average of longitudinal and
transverse relaxation. In this article, we demonstrate
the measurement of transverse (R2) relaxation rates
based on nuclear magnetic relaxation during adia-
batic fast passage at variable rf amplitudes. Given the
fact that these adiabatic pulses are less sensitive to
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rf field inhomogeneity than conventional (π) pulses,
the relaxation rates obtained are less prone to sys-
tematic errors. As a first example, the new adiabatic
spin-lock frame relaxation experiment is applied to
the fully 15N-enriched carboxyl-terminal LIM domain
qCRP2(LIM2) of quail cysteine- and glycine-rich pro-
tein CRP2, a protein involved in cell growth and
differentiation (Weiskirchen et al., 1995).

Materials and methods

Uniformly 15N-labeled carboxyl-terminal LIM do-
main qCRP2(LIM2) of quail cysteine- and glycine-
rich protein CRP2 was prepared and purified as de-
scribed previously. Signal assignment and structural
data of qCRP2(LIM2) have already been published
(Konrat et al., 1997).

All NMR experiments were performed on a Var-
ian UNITY Plus 500 MHz spectrometer equipped
with a pulsed field gradient (PFG) unit using a
triple resonance probe with actively shielded z gradi-
ents. The sample contained 3.0 mM of15N-labeled
qCRP2(LIM2), as well as 20 mM potassium phos-
phate buffer pH 7.2, 50 mM KCl and 0.5 mM dithio-
threitol in 90% H2O/10% D2O. All spectra were
recorded at 26◦C. All experiments performed used
spectral widths of 1650×8000 Hz in the t1× t2 dimen-
sions. The1H carrier was set to the frequency of the
water resonance (4.76 ppm), and the15N carrier fre-
quency was set to 116 ppm. Decoupling of15N spins
during acquisition was performed using the WURST
decoupling scheme (Kupce and Freeman, 1995) with
a decoupling power ofγB1 = 900 Hz.

15N-T1 and 15N-T2 experiments (reference experi-
ments). Longitudinal and transverse relaxation times
for the15N nuclei of qCRP2(LIM2) were determined
by two-dimensional, proton detected sensitivity-
enhanced NMR experiments (Farrow et al., 1994)
using inversion recovery and CPMG pulse schemes,
respectively. All spectra were recorded as 64× 512
complex matrices with 32 scans per complex t1 point.
Recycle delays of 1 s were employed in both the15N–
T1 and 15N–T2 experiment. The T1 experiment was
recorded with six delays of 0.0, 166.5, 333.0, 499.5,
666.0 and 832.5 ms, while the seven delays in the T2
experiment were 0.0, 15.7, 31.4, 47.1, 62.8, 78.5 and
94.2 ms. In the CPMG pulse sequence, the15N 90 de-
gree pulse length was 69µs, corresponding to a power
level of 3.6 kHz.

AFP experiment. For the determination of adiabatic
spin lock relaxation times the sequence in Figure 2
was used. The length of the adiabatic fast passage rf
pulse was 100 ms, a frequency range of 2000 Hz was
chosen, corresponding to a sweep rate of 2× 104 s−2.
The middle of the frequency sweep was adjusted to
116 ppm. Numerical simulations (neglecting cross-
relaxation and additional remote scalar coupling) of
the outcome of this adiabatic fast passage show that
perfect inversion occurs within the spectral range
116± 15 ppm (at 500 MHz). The shape of the rf pulse
consisted of 1024 complex points.

Seventeen experiments were performed varying
the rf amplitude during the 100 ms AFP delay using
the following values: 0, 159, 172, 200, 217, 238, 278,
305, 347, 385, 438, 481, 595, 649, 714, 794 and
960 Hz. Experiments with amplitudes set to 159 Hz,
385 Hz and 960 Hz were repeated to assess the re-
producibility of the method. In addition, a reference
experiment using the same pulse scheme (Figure 2)
but with the length of the AFP delay set to 0 ms
was performed. Rf amplitudes were experimentally
determined by calibrating on-resonance 180 degree
pulses at the respective power levels using a sample of
15N-labeled benzamide. The WALTZ-16 (Shaka et al.,
1983) decoupling power was set to 6250 Hz, corre-
sponding to a nominal 90 degree flip angle of 40µs.
All spectra were recorded as 64× 512 complex matri-
ces with 32 scans per complex t1 point, and a repetition
delay between scans of 1 s was used in all experiments.

Data processing. NMR data were processed using
NMRPipe software (Delaglio, 1993). All spectra were
linearly predicted in t1, weighted with a phase-shifted
sine bell in t1 and t2, and zero-filled in each dimen-
sion prior to Fourier transformation. Peak volumes
were measured using Felix software (Biosym/MSI,
1995). 15N–T1 and 15N–T2 values were determined
by non-linear least-squares fitting of the experimental
data from the inversion recovery and CPMG experi-
ments to two parameter monoexponential equations.
For the AFP experiment,15N–T2 values were deter-
mined by linear least-squares fits of the effective spin
lock relaxation rates R1ρ to sin2 θeff using the longi-
tudinal relaxation rates15N–T1 from the conventional
inversion recovery experiment.

Adiabatic fast passage

The sequence for measuring the adiabatic spin-lock
frame relaxation rates derives from the15N longi-
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Figure 2. Pulse scheme used for the measurement of15N adiabatic spin-lock frame relaxation. Narrow and wide pulses indicate 90◦ and
180◦ pulses, respectively, darker gradients indicate those used for coherence transfer selection, and, unless indicated otherwise, all pulses are
applied along the x-axis. The water-selective1H 90◦ pulse is applied as a 2.2 ms rectangular pulse, with the carrier on the water resonance.
The values forτa, τb andτc were set to 2.25 ms, 2.75 and 0.75 ms, respectively. Gradient levels were as follows: g1=1.0 ms, 5 Gcm−1;
g2=0.5 ms, 4 Gcm−1; g3=1.0 ms, 10 Gcm−1; g4=0.5 ms, 8 Gcm−1; g5=1.0 ms, 25 Gcm−1; g6=1.25 ms, 30 Gcm−1; g7=0.5 ms, 4 Gcm−1

and g8=0.125 ms, 29 Gcm−1. The phase cycling wasφ2 = x,−x; φ4=2(x),2(y),2(-x),2(-y);φ6=x; and receiver was x,−x,−x,x. For each
increment of t1, two FIDs were collected with the phase ofφ6 and the amplitude of g6 inverted in the second FID.

tudinal self-relaxation rate experiment described by
Kay and co-workers (Farrow et al., 1994) (Fig-
ure 2). It comprises water flip-back pulses in or-
der to minimize saturation of amide proton signals
due to transverse water magnetization (Grzesiek and
Bax, 1993), as well as gradient-selection combined
with sensitivity-enhancement (Cavanagh et al., 1991;
Palmer et al., 1991; Kay et al., 1992b). However,
instead of the relaxation delay in the15N–T1 exper-
iment an adiabatic fast passage with variable rf field
intensity is performed. This is achieved by an am-
plitude and phase-modulated radio-frequency pulse.
The frequency sweep results from a parabolic phase
modulation of the pulse. The B1 field is kept constant
throughout the majority of the pulse with the exception
of the edges, where the B1 field is ramped from zero
to ωmax

1 and fromωmax
1 to zero during the first and

last fractions of the pulse (typically≈30%), respec-
tively (Zwahlen et al., 1997). This ensures that the
magnetization is placed along the−z axis at the end of
inversion, whereas in the case of a constant B1 field the
effective field and hence the magnetization is aligned
at a certain angle different from 0 orπ, even at large
frequency sweeps. In the sequence of Figure 2, re-
laxation induced by the cross-correlation between DD
and CSA interactions (Boyd et al., 1990) is suppressed
using the WALTZ-16 decoupling scheme (Shaka et al.,
1983), as in15N–T1 and 15N–T2 measurements, re-
spectively.

Figure 3. Simulation of the time evolution of the expectation values
for transverse magnetization〈Sy′ 〉 during the adiabatic fast passage,
demonstrating the effect of increasing the rf amplitude. The follow-
ing parameters were used: duration of adiabatic sweep= 100 ms,
sweep of 2.0 kHz, sweep rate= 2 × 104 s−2, apodization of the
first and last 30% using a sine function, pulse duration 100 ms, the
center of the sweep coincides with the resonance frequency of spin
S. Rf amplitudes used in the simulations were: 320, 405, 510, 640,
805, 1140 and 1430 Hz.

Theory

Figure 3 shows the time-evolution of transverse〈Sy′ 〉
magnetization during adiabatic fast passages at vari-
able rf amplitudes. The adiabatic spin-lock frame
relaxation rate can effectively be calculated follow-
ing well-established approaches for describing nuclear
spin relaxation in the presence of time-dependent per-
turbations (Griesinger and Ernst, 1988). In what fol-
lows, it is assumed that the the longest correlation time
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Figure 4. Profile of sin2 θeff vsω1 as a function of offset. The offset
is defined as the difference between the S spin resonance frequency
and the center of the adiabatic frequency sweep (on-resonance, solid
line; 250 Hz, dotted line; 500 Hz, dashed line). The parameters for
the adiabatic frequency sweep were identical to those of Figure 3.

τcorr of the random processes that cause relaxation is
on the order of nanoseconds and that the superoper-
ator is not affected by the radio-frequency pulse. In
the case of an adiabatic frequency sweep, this is justi-
fied as the conditionωeff � 1/τcorr is always fulfilled.
The time-dependent adiabatic spin-lock frame self-
relaxation rate RSL(t) of the15N magnetization aligned
with the time-dependent effective field is then given by

RSL(t) = cos2 θ(t)R1 + sin2 θ(t)R2 (1)

where R1 and R2 are the longitudinal and transverse
relaxation rates.θ(t) is the time-dependent tilt angle
(see Figure 1). This equation can be linearized in
sin2 θ(t) to result in

RSL(t) = R1 + sin2 θ(t){R2 −R1} (2)

If the decay of〈Sz′ 〉 is purely mono-exponential,
the effective adiabatic spin-lock frame relaxation rate
R1ρ is given by

R1ρ = R1 + {R2−R1}1/τp

∫
sin2 θ(t)dt (3)

or (after integration)

R1ρ = R1 + {R2−R1}sin2θeff (4)

whereθeff is the effective tilt angle. The intensity after
the adiabatic fast passage of durationτp, I(τp), is given
by

I(τp) = I(0) exp[−R1ρ ∗ τp] (5)

Equation 5 can be used to determine the effective
adiabatic spin-lock frame relaxation rate R1ρ by mea-
suring the residual15N magnetization. The value of
sin2 θeff can be calculated numerically as all the pa-
rameters governing the effective tilt angle are defined
(e.g., sweep rate and rf amplitude). The exact value
of sin2 θeff can be chosen at will by the experimental-
ist, limited only by the rf amplitude requirement for
adiabatic inversion and by hardware parameters (e.g.,
probe safety precautions). Figure 4 shows simulations
of sin2 θeff as a function of rf amplitudeω1(for dif-
ferent resonance frequencies). At a given sweep rate,
sin2 θeff can be modified in a straightforward manner
by simply varying the rf amplitude of the frequency
sweep. The linear dependence of the effective adia-
batic spin-lock frame relaxation rate R1ρ vs sin2 θeff
can then be used to extract longitudinal (R1) and trans-
verse (R2) relaxation rates from a rf amplitude series.
The linear relationship between R1ρ and sin2 θeff is
outlined in the simulations of Figure 5B, with the
curves calculated using Equation 5.

Results and discussion

Figure 2 illustrates the pulse scheme which was
used to measure the adiabatic spin-lock frame relax-
ation rates for the backbone amide nitrogens of the
carboxyl-terminal LIM domain qCRP2(LIM2) from
quail cysteine- and glycine-rich protein CRP2. In sum,
17 experiments were performed varying the rf ampli-
tude during the 100 ms adiabatic fast passage delay
between 0 and 960 Hz, as well as a reference experi-
ment using the same pulse scheme but with the length
of the AFP delay set to 0 ms. The lower limit of the
dispersion profile or rf amplitude is marked by the
minimal value for the rf amplitude, which is neces-
sary to fulfill the adiabatic condition (ωeff � dθ/dt)
(Abragam, 1986), which in turn is dependent on the
sweep rate and the duration of the frequency sweep.
In this case the magnetization is not effectively locked
but instead nutates around the effective field. Hence,
at the end of the adiabatic frequency sweep the mag-
netization is not perfectly aligned along the effective
field (e.g. inverted), which leads to an overestimation
of the experimentally determined decay rate R1ρ. The
upper limit of rf amplitude is simply determined by
spectrometer hardware (e.g., the safety criteria of the
probe). Evolution under the one-bond heteronuclear
scalar coupling1JNH does not have to be consid-
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Figure 5. Simulation of the outcome of an adiabatic fast passage (AFP) dispersion experiment for a heteronuclear spin system. (A)ω1
dependence of the expectation value for longitudinal magnetization〈Sz′ 〉, (B) R1ρ vs sin2 θeff profiles. The following parameters were used:

sweep width 2.0 kHz, sweep rate= 2× 104 s−2, apodization of the first and last 30% using a sine function, pulse duration 100 ms, the center
of the sweep coincides with the resonance frequency of spin S. sin2 θeff was obtained from a numerical integration of sin2 θ(t) decomposing the
spin lock into 2000 time intervals. The following relaxation rates were used: R1 = 1.67 s−1; R2 = 16.7 s−1. At ω1 = 0, 〈Sz′ 〉 is not equal to
the equilibrium intensity because of longitudinal relaxation during the time of the adiabatic sweep.

Figure 6. Two-dimensional15N-1H correlation spectra obtained
from a sample of fully15N-enriched qCRP2(LIM2), recorded with
the pulse sequence of Figure 2 used to determine the relaxation rates
R1ρ during adiabatic fast passage. For these spectra, the rf ampli-
tudes during adiabatic fast passage were set to 0 Hz (a), 159 Hz (b),
385 Hz (c) and 960 Hz (d).

ered, as1H-decoupling is applied during the adiabatic
frequency sweep.

Figure 6 shows typical spectra obtained with the
pulse sequence of Figure 2, demonstrating the quality
of the recorded data. No extensive water subtraction
or baseline correction routines were necessary. The
effective spin-lock relaxation rates R1ρ were deter-

mined from residual signal intensities according to
Equation 5. Representative linearized plots of the ex-
perimentally determined effective spin-lock relaxation
rates R1ρ vs sin2 θeff are shown in Figure 7B. The
transverse (R2) relaxation rates were determined by a
linear least-squares fit of the effective spin-lock relax-
ation rate R1ρ to sin2 θeff, which was obtained from the
time integral of sin2 θ(t) (see also Figure 4), using lon-
gitudinal relaxation rates obtained from a conventional
inversion-recovery experiment. The simultaneous ex-
traction of longitudinal (R1) relaxation rates from the
T1ρ dispersion profile resulted in a less satisfactory
agreement. In the AFP experiment, there was a sys-
tematic overestimation of the relaxation rate in the
experiment forγB1 = 0 Hz spin lock field strength,
presumably due to1H decoupling during the longitu-
dinal relaxation delay. In addition, rotating-frame re-
laxation rates R1ρ obtained at low spin lock amplitudes
might be prone to small errors due to the violation
of the adiabatic condition (ωeff � dθ/dt) (Abragam,
1986). Since the accuracy of the transverse relaxation
rates R2 obtained from the slope of the R1ρ vs sin2 θeff
profile in the AFP experiment strongly depends on ac-
curate R1 values, we prefer (and suggest) to use R1
values from inversion-recovery experiments. RF inho-
mogeneity should not introduce significant errors in
the AFP obtained T2 values. From inspection of Fig-
ure 4, it can be seen that a distribution of the spin lock
amplitude results in an almost symmetric distribution
of sin2 θeff around the true value of sin2 θeff. However,
the average sin2 θeff value (e.g., average value over
the probe volume) should be close to the theoretical
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Figure 7. Experimental adiabatic fast passage results for residues
Tyr128 (circles) and Asn165 (squares) in qCRP2(LIM2). Top: Rep-
resentative relaxation curves for the adiabatic fast passage disper-
sion experiment. The decays were monitored using 17 different rf
amplitudes (see text for details); experiments at rf amplitudes set
to 159 Hz, 385 Hz and 960 Hz were repeated. Superimposed are
best-fit dispersion curves using R1 and R2 parameters obtained from
a linear least-squares regression analysis of Equation 4. Note that
intensities are referenced to an experiment with the length of the
AFP delay set to 0 ms. Thus, atγB1/2π = 0, the residual intensity is
not equal to the equilibrium intensity because of longitudinal relax-
ation during the time of the adiabatic sweep. Bottom: Experimental
effective adiabatic spin-lock frame relaxation rate R1ρ vs sin2 θeff
profiles; the solid lines drawn are fits to the data.

value and thus the slope in the R1ρ vs sin2 θeff profile
(Equation 4) should be almost unaffected. This is in
contrast to the CPMG-technique where RF inhomo-
geneity results in 180◦ pulse imperfections and altered
decay rates.

To assess the procedure using T1ρ dispersion dur-
ing adiabatic fast passage for15N self-relaxation time
measurements, the obtained transverse15N relaxation
times have been compared to values based on a con-
ventional15N-T2 experiment. For the comparison only
those residues have been considered which displayed
resolved cross peaks in the two dimensional1H-15N
correlation spectra. There is a convincing correlation

Figure 8. Residue plot showing a comparison of the transverse15N
relaxation times (15N-T2) in qCRP2(LIM2) obtained by T1ρ dis-
persion during adiabatic fast passage (open circles/dotted lines) and
conventional CPMG (filled circles/full lines) experiments. In the
case of the adiabatic fast passage experiment, the values of T2 were
obtained by a fit with Equation 4 with longitudinal relaxation times
(T1) obtained from a conventional inversion recovery experiment.

between conventionally determined transverse relax-
ation times and those obtained with the adiabatic fast
passage technique, thus corroborating the reliability of
the method (see Figure 8). The correlation coefficient
between experimental T2 values obtained with CPMG
or AFP is 0.95 and the weighted root mean square
deviation from a line of slope unity is 0.003. How-
ever, notable deviations were found for the follow-
ing residues: Arg122, Val127, Ala130, Ala136, Gly137,
Asn143, Ser153, Gly170 and Ala173. Reduced trans-
verse relaxation rates were found for these residues
in the adiabatic fast passage dispersion experiment.
This is in agreement with theory, if slow confor-
mational exchange processes are present. Thus, the
slight but significant increase in the T2 values ob-
tained with the AFP experiment is caused by a (partial)
quenching of conformational exchange contributions
in the adiabatic spin-lock frame. Disregarding these
residues from the analysis significantly improves both
the correlation coefficient (0.98) and the root mean
square deviation (0.0019). The spatial distributions
of these residues displaying significant T2 differences
are given in Figure 9. They are mainly located in
loop regions connecting secondary structure elements
(Val127, Ala130, Ala136, Gly137 and Ser153) or at the
beginning (Gly170) or at the end of secondary structure
elements (Ala173), respectively. Particularly interest-
ing are residues Arg122, Asn143 and Gly170. These
residues are part of rubredoxin type turns connecting
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Figure 9. Schematic representation of the spatial distribution of
residues in qCRP2(LIM2) displaying significant differences be-
tween T2 values from a conventional CPMG experiment and T2
values obtained from the AFP technique, respectively. Residues for
which notable transverse relaxation rate differences were found are
labeled and highlighted in gray (light gray: 5 ms≤ 1T2 < 10 ms;
dark gray: 1T2 ≥ 10 ms). The two central zinc ions of
qCRP2(LIM2) are shown as dark spheres. The figure was prepared
using the program MOLSCRIPT (Kraulis, 1991).

anti-parallelβ-sheets (‘Rd-knuckles’) and comprising
the zinc-coordinating cysteine and histidine residues,
respectively (Konrat et al., 1997). Similar conforma-
tional flexibility for residues involved in zinc binding
or adjacent to zinc coordinating residues were found,
for example, within the zinc finger DNA binding do-
main ofE. coli Ada (Habazettl et al., 1996). In order
to analyze these residues, of course, a more rigorous
treatment of conformational exchange contributions is
necessary to extract relaxation data from adiabatic T1ρ

dispersion curves.

Conclusions

We have presented a novel method to study15N re-
laxation in fully 15N-enriched proteins using T1ρ dis-
persion measurements during adiabatic fast passage
(AFP). The experiment derives from a conventional
15N T1 experiment, in which the longitudinal re-
laxation delay is replaced by an adiabatic frequency
sweep. It also comprises pulsed-field gradients, wa-

ter flip-back pulses in combination with the enhanced
sensitivity method and generates spectra that are free
of artifacts. It was demonstrated that transverse relax-
ation rates obtained with the new pulse scheme are in
very good agreement with values obtained from con-
ventional Carr–Purcell–Meiboom–Gill (CPMG) ex-
periments. Given the fact that adiabatic frequency
sweeps are used for monitoring the relaxation decay
of 15N magnetization, systematic errors due to RF
inhomogeneity should be less severe in this experi-
ment and should therefore increase the reliability of
the extracted motional parameters. Interpretation of
the results was facilitated by the fact that an effective
tilt angle θeff could be defined and relaxation rates
R1ρ were extracted from a linear least square fit of
the adiabatic spin-lock frame relaxation rates R1ρ vs
sin2 θeff. Microsecond-millisecond time scale motions
introduce a non-linear dependence of the effective re-
laxation rate R1ρ on sin2 θeff and the experiment may
therefore be used also as a qualitative probe to de-
tect the presence of slow conformational exchange
processes.

In sum, we have shown that monitoring nuclear
spin relaxation in an adiabatic spin-lock frame pro-
vides an efficient means to measure transverse self-
relaxation rates. The particularly attractive extension
of this method to initial spin states other than longi-
tudinal one-spin order is straightforward and hence
extraction of relaxation rates of different transverse
multi-spin orders and/or multiple-quantum coherences
can be obtained by this technique. Moreover, the
technique is not limited to self-relaxation rate mea-
surements but can easily be extended to studies of
cross-relaxation processes. By independent variation
of the sweep rates and rf amplitudes of the adiabatic
frequency fields in heteronuclear spin systems, well-
defined effective tilt angles and differences between
effective tilt angles can be achieved during the adi-
abatic spin-lock period. This possibility significantly
enriches the prospects of rotating frame relaxation
experiments to study self-relaxation, cross-relaxation
as well as cross-correlated cross-relaxation pathways
of nuclear spin systems. Preliminary explorations of
the possible applications are currently under inves-
tigation. Given the attractive properties of adiabatic
rf pulse schemes, we anticipate that adiabatic spin-
lock relaxation measurements will provide a rich av-
enue to dynamical studies of biologically important
molecules.
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