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40530 Göteborg, Sweden, and Protein Engineering Network Centers of Excellence and

Departments of Medical Genetics, Biochemistry and Chemistry, The UniVersity of Toronto,
Toronto, Ontario M5S 1A8, Canada

Received September 19, 2003; E-mail: orov@nmr.se

Abstract: TROSY-based NMR relaxation dispersion experiments that measure the decay of double- and
zero-quantum 1H-15N coherences as a function of applied 1H and 15N radio frequency (rf) fields are
presented for studying millisecond dynamic processes in proteins. These experiments are complementary
to existing approaches that measure dispersions of single-quantum 15N and 1H magnetization. When
combined, data from all four coherences provide a more quantitative picture of dynamics, making it possible
to distinguish, for example, between two-site and more complex exchange processes. In addition, a TROSY-
based pulse scheme is described for measuring the relaxation of amide 1H single-quantum magnetization,
obtained by a simple modification of the multiple-quantum experiments. The new methodology is applied
to a point mutant of the Fyn SH3 domain that exchanges between folded and unfolded states at 25 °C.

Introduction

Dynamics are critical for molecular function. In the case of
biological macromolecules, important processes such as folding,
ligand binding, enzyme catalysis, and molecular recognition all
involve motions that potentially span a wide range of time scales
and amplitudes.1-6 Often these processes rely on transitions to
low populated but functionally important states, and an under-
standing of the relation between structure, dynamics, and
function requires, therefore, a thorough characterization of these
excited states. Recent advances in solution NMR spectroscopy
have facilitated their study. Relaxation dispersion experiments,
in which the contributions to line widths from exchange are
quantified as a function of the strength of applied radio fre-
quency fields, have been developed to monitor dynamic pro-
cesses with time scales in the millisecond-to-microsecond
regime.7-9 In some cases these experiments allow the charac-
terization, in a site-specific manner, of the kinetics (rates), ther-
modynamics (populations), and structural changes (chemical

shift differences between states) that are involved in the inter-
conversion,3,10 providing extremely valuable information.

To date, experiments for the study of millisecond time scale
dynamics have focused on the measurement of relaxation prop-
erties of single-quantum coherences of backbone amide nitro-
gen, amide proton,R-carbon, and side chain methyl carbon
spins.2,3,9,11 Figure 1 shows an energy level diagram for an
isolated1H-15N spin system, with the frequencies of the single-
quantum1H and 15N transitions indicated by|ωH| and |ωN|,
respectively. It is readily apparent that there are two additional
transitions, those associated with double- and zero-quantum
coherences, that can be studied as well, providing complemen-
tary information to the single-quantum measurements. Here we
present simple constant-time TROSY-based12 (Transverse Re-
laxation Optimized Spectroscopy) CPMG-type (Carr-Purcell-
Meiboom-Gill) pulse schemes for measuring1H-15N double-
(DQ), zero- (ZQ), and1H single-quantum (SQ) dispersion
profiles and illustrate their utility with an application to a G48M
mutant of the Fyn SH3 domain13 that exchanges between folded
and unfolded conformers.

Materials and Methods

Sample Preparation.15N-labeled, perdeuterated Fyn SH3 domain
with Met substituted for Gly at position 48 (G48M) was prepared as
described previously,13 except that the protein was expressed in D2O
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media and12C,2H-glucose was used as the carbon source. The sample
used was 0.8 mM protein, 50 mM sodium phosphate, 0.2 mM EDTA,
0.05% NaN3, pH 7, 10% D2O. An 15N-labeled, perdeuterated sample
of the 63 residue protein L was prepared as before.14 It is known from
previous work that this protein does not show millisecond time scale
dynamics, and we have therefore used it as a test of the proposed
methodology (see below). The protein L sample conditions were 3 mM
protein, 50 mM sodium phosphate, pH 6.0, 0.01% NaN3, 10% D2O.

NMR Spectroscopy.All experiments were recorded at 25°C on
Varian Inova spectrometers at field strengths of 11.7, 14.1, and 18.8
T. Briefly, TROSY-based1H-15N DQ, ZQ, and1H SQ dispersion
profiles were obtained using spin-echo pulse trains, modified as
described in the legend to Figure 2. (In what follows we will refer to
these pulse trains as “CPMG-type” or occasionally “CPMG” for brevity,
although it is important to stress that the phase cycle of the elements
of the train are distinct from those originally reported for the CPMG
scheme15,16). In this approach chemical exchange dephasing is attenuated
as a function of the variable spacing between refocusing pulses applied
during a constant time delay,T,17,18 usually 30 or 40 ms in our
experiments. The CPMG field strength,νCPMG ) 1/(4τCPMG), where
2τCPMG is the time between successive refocusing pulses, is varied
between approximately 50 and 1000 Hz in the DQ/ZQ experiments
and up to 3 kHz in the1H SQ profiles (even numbers of pulses used).
Peak intensitiesI(νCPMG) were measured from a series of typically 10-
15 two-dimensional1H-15N correlation maps and converted to effective
decay constantsR2,eff according to the relationR2,eff ) -ln{I(νCPMG)/
I(0)}/T, where I(0) is the corresponding peak intensity when the
constant-time CPMG-type element is removed.17,18Uncertainties inR2,eff

values were obtained on the basis of repeat measurements at three
separateνCPMG values, as described previously17 (in cases where these
errors were less than 2% (5%) for SQ (DQ, ZQ) dispersions, errors of
2% (5%) were assumed). In addition to the TROSY-based1H-15N,
DQ, ZQ, and1H SQ experiments, additional15N and 1H SQ dis-
persion profiles (non-TROSY) were recorded using pulse schemes
described previously.9,11,18 The total measuring times for each of the
complete1H-15N DQ, ZQ, 15N SQ, and1H SQ dispersions were 22,
18, and 22 h (for each of the two SQ experiments), respectively (0.8
mM sample). Relaxation dispersion profiles were fit numerically to a
two-site exchange process using in-house-written software relatingR2,eff

to νCPMG, where the difference in chemical shifts between the exchang-

ing states is given by∆ωZQ or ∆ωDQ for zero- or double-quantum
dispersions, as described below. (Alternatively, dispersion profiles can
be fit using the Carver-Richards equation,19 for example, eqs 3-8 of
Millet et al.20).

Finally, it is important to mention that highly deuterated samples
are key in applications which record dispersion profiles of1H-15N DQ,
ZQ, and 1H SQ coherences. In the case of protonated samples (i)
homonuclear scalar coupled transfer of magnetization from amide1H
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Figure 1. Energy level diagram for a two-spin1H-15N spin system, with
γH > 0, γN < 0, whereγi is the gyromagnetic ratio of spini. The sym-
bols R andâ correspond to the “up” and “down” orientations of the spins
with the first and the second positions denoting proton and nitrogen
spin states, respectively. The absolute values of the energies (rad/s) of
each of the transitions are indicated (neglecting the very small contribution
from JNH).

Figure 2. Pulse sequence for measuring relaxation dispersion profiles of
zero-quantum, double-quantum, and1H spin-state selective coherences. All
narrow, filled (wide, open) rectangular radio frequency pulses are applied
with flip angles of 90° (180°), respectively, along thex axis, unless indicated
otherwise. The1H and15N carriers are positioned at water and at 119 ppm,
respectively, with the1H carrier jumped to 8.1 ppm for the duration of
either constant-time CPMG-type blocks,17,18 denoted by CPMG MQ and
CPMG 1H. Note that when the relaxation properties of zero-quantum and
double-quantum coherences are measured the CPMG1H element is removed,
while the CPMG MQ period is omitted when1H single-quantum dispersion
profiles are recorded. Field strengths of 25 and 6.3 kHz are employed for
1H and15N pulses, respectively, except as discussed below. At the beginning
of the pulse scheme water magnetization is destroyed by the water selective
EBURP-1 pulse36 (6 ms) followed by the gradientg0. Further solvent
suppression is achieved with the water-gate element37 between pointsb
andc, which makes use of rectangular water-selective 90° pulses (1.2 ms).
The delayτ is set to 2.7 ms. The duration and strengths of the field gradient
pulses, which are all applied along theZ axis, arega ) (0.15 ms, 21.57
G/cm),gb ) (0.15 ms,-47.48 G/cm),g0 ) (0.3 ms, 41 G/cm),g1 ) (0.1
ms, 5.1 G/cm),g2 ) (1.9 ms, 1 G/cm), andg3 ) (0.80 ms, 4 G/cm), with
gradientsga andgb used to select the desired coherence transfer pathway.24,38

The phase cycle employed isφ1 ) {2(x,-x), 2(y,-y)}, φ2 ) {2(-y), 2(y),
2(-x), 2(x)}, φ3 ) {4(x), 4(-x)}, φ4 ) {4(y), 4(-y)}, andφ5 ) {x, -x,
-x, x, -x, x, x, -x}. Phase sensitive quadrature detection in the indirect
dimension is achieved by recording a second free induction decay (FID)
for eacht1 increment with the sign of gradientsga inverted and the1H
180° pulse immediately before pointc (hatched) omitted. In practice,
composite pulses 90°x180°y90°x and 90°x180°x90°x are used for the first
and second FIDs, respectively. The phase cycle and gradient strengths
described above are used for measuring zero-quantum and spin-state
selective proton single-quantum relaxation dispersion profiles. In the case
where double-quantum profiles are obtained,ga ) 26.43 G/cm, phaseφ4 is
inverted, andφ5 ) {-x, x, x, -x}. The MQ CPMG type element makes
use of composite pulses of the form 90ψ-π/2240ψ90ψ-π/2

39 for MQ CPMG
frequencies up to 550 Hz, with hard pulses, 180°ψ, used for higher
frequencies. The pulses are applied simultaneously on1H and 15N rf
channels. The following CPMG frequency dependent phase scheme is
employed: XY4 (0-55 Hz),ψ ) {x, y, x, y}; XX (55-275 Hz),ψ ) {x};
and XY8 for higher frequencies,ψ ) {x, y, x, y, y, x, y, x}, where it is
understood that for each successive 180° pulse in the CPMG train the phase
ψ is incremented. (In cases where the number of refocusing pulses,k, during
a pulse train does not coincide with the complete phase cycleψ, only the
first k elements in the cycle are used. It is noteworthy that for frequencies
in excess of 275 Hz, i.e., when the XY8 cycle is used, the number of pulses
is set to a multiple of 4.) For the proton CPMG refocusing sequence, labeled
CPMG 1H, the XY16 scheme,ψ ) {x, y, x, y, y, x, y, x, -x, -y, -x, -y,
-y, -x, -y, -x} with 1H 180°ψ hard rf pulses, is employed (pulses applied
in multiples of 4). Each of the CPMG elements is of constant duration,T,
as described previously for the measurement of15N and 13C dispersion
profiles.8,18 Typically T values that decrease the signal by approximately a
factor of 2 (relative toT ) 0) are employed.
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to aliphatic protons and (ii)1H-1H transverse cross-relaxation, both
of which can occur during the CPMG period in aνCPMG-dependent
manner, complicate the extraction of accurate exchange parameters.9

Results and Discussion

The experimental schemes for recording TROSY-based
1H-15N DQ, ZQ, and1H SQ CPMG-type dispersion profiles
are illustrated in Figure 2. The sequences are similar to an
elegant zero-quantum TROSY-based NOESY experiment de-
scribed by Pervushin and co-workers21 and will therefore be
described only briefly. Amide proton magnetization at the start
of the experiment is converted into the sum of zero- and double-
quantum coherences,ZQ- + ZQ+ + DQ- + DQ+, at pointa.
Here multiple-quantum coherences are defined in the usual way,
as the products of single-quantum1H and15N coherences, i.e.,
ZQ( ) H-N( andDQ( ) H(N(, whereI( ) IX ( iIY, andIX,
IY are the usual Cartesian product operators.22 The1H 180° pulse
in the middle of the evolution period,t1, exchanges double- and
zero-quantum coherences, so that the net acquired phase for all
coherences immediately prior to gradientga is the result of15N
chemical shift evolution. Note that in some cases it may be
desirable to record1H-15N DQ or ZQ chemical shifts instead,23

and this can be easily accomplished as well by omission of the
1H refocusing pulse described above. The pair of field gradients,
ga, and the simultaneous 180° pulses on both nuclei between
them are used to encode a desired pair of coherences, either
ZQ( or DQ(. The element entitled “CPMG MQ”, placed
immediately after the firstga gradient, is a constant-time
evolution period, of durationT, during which time simultaneous
1H and 15N 180° pulse pairs are applied. This leads to the
attenuation of the selected coherence due to relaxation and
conformational exchange. Subsequently, the multiple-quantum
plus and minus coherences (for example,ZQ() are quantitatively
transferred to transverse relaxation optimized, single-quantum
spin selective states, DQ+,ZQ- to H+(1-2Nz) and DQ-,ZQ+

to H-(1-2Nz), during the interval between pointsb andc, as
described by Pervushin et al.21 The spin-state selective TROSY
magnetization is decoded by the last gradientgb and detected
using the enhanced sensitivity approach described previously.24

Note that if1H single-quantum dispersions are to be recorded,
the constant-time element, CPMG1H, is inserted as shown (see
Figure 2), with the CPMG MQ scheme removed.

It is worth mentioning that the DQ/ZQ sequence is a factor
of 2 less sensitive than the corresponding enhanced sensitivity
15N single-quantum experiment (but onlyx2 less sensitive than
an unenhanced single-quantum experiment), neglecting relax-
ation, since only half the signal, corresponding either toZQ(

or DQ(, is retained. However, the relaxation properties of1H-
15N DQ/ZQ coherences can be quite favorable in highly
deuterated proteins,25 at least in the absence of chemical
exchange, and recording the TROSY1H component during
acquisition is also advantageous. In applications that we have

considered to date, sensitivity has not been an overwhelming
issue. It is also worth noting that TROSY-based DQ and ZQ
dispersion schemesare no less sensitiVe than their non-TROSY
counterparts. In the TROSY version of the experiment either
DQ or ZQ coherences are transferred to the slowly relaxing1H
multiplet component, while in the non-TROSY version the
signal is distributed over both multiplet components. In this
sense the TROSY version is preferred since it benefits from
more favorable relaxation during acquisition.

The development of the DQ/ZQ dispersion (and1H SQ
dispersion) experiments is complicated by the fact that bothX
andY components of magnetization must be preserved during
the CPMG MQ element. For this purpose we useXY-type phase
cycled sequences,26,27 described in the legend to Figure 2, that
were originally designed for such applications but in the case
where magnetization derives from an isolated nucleus (i.e.,
uncoupled spin). These schemes compensate for small imperfec-
tions in radio frequency (rf) pulses, caused by their finite length
(offset effects) and rf inhomogeneity/pulse miscalibration. In a
series of computer simulations and test experiments the com-
pensation properties of such schemes were explored in some
detail (see below). Substantial artifacts (artificially high relax-
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Figure 3. Relaxation dispersion profiles obtained by density matrix
simulations of a two-spin1H-15N spin system using different CPMG
schemes. DQ dispersion profiles are shown in the upper four traces, while
the ZQ profiles are the bottom four. A two-site exchange process has been
assumed, described with exchange parameterskex ) 400 s-1, pB ) 0.05,
∆ωH ) 0.26 ppm, and∆ωN ) 0.44 ppm (1H ppm). Relaxation of each
density element (dipolar and chemical shift anisotropy interactions, 600
MHz spectrometer frequency) is included using the Lipari-Szabo spectral
density40,41 with S2 (order parameter squared)) 0.8, τe (correlation time
for fast motions)) 10 ps, andτR (overall tumbling correlation time)) 4
ns. Relaxation in each of the exchanging states is assumed to be the same.
The simulations have been performed in a space of 32 Cartesian operators
(16 for each state), necessary for describing exchange in such a system.
Dispersions obtained with ideal, short on-resonance pulses are in green;
dispersions generated with an XY8 cycle of CPMG pulses,26,27 with 1H,
15N 180° pulse widths of 14, 80µs, respectively, and1H, 15N offsets of 0,
500 Hz, respectively, are in red; dispersions calculated using the same pulse
widths and offsets as for XY8 but with all pulses of constant phase (X) are
indicated with blue dashes; and, finally, dispersions generated using the
CPMG frequency dependent scheme described in the text (see legend to
Figure 2) are shown by blue circles (same offsets and pulse widths as for
XY8 and X CPMG schemes). Pulse miscalibrations and the effects of radio
frequency inhomogeneity are not included in the simulations. However,
such effects are compensated experimentally by using pulses of the type
90ψ-π/2240ψ90ψ-π/2

39 (see legend to Figure 2).
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ation rates) were observed at certain CPMG frequencies, in a
manner dependent on the type of phase cycling employed. For
example, at frequencies close to 2JNH (JNH), whereJNH is the
single bond1H-15N coupling constant, use of the XY8 (XY4)
scheme led to inflated transverse relaxation rates in experiments
or in computations which included pulse imperfections of the
type described above. In contrast, artifacts were not observed
at νCPMG values of∼100, 200 Hz, for example, when pulses of
phase X were applied. At higher frequencies, however, the use
of X pulses leads to rapid signal deterioration since only X
magnetization is preserved in this case. Therefore, a hybrid
scheme in which different phase cycles are employed depending
on the CPMG frequency has been developed. Further improve-
ment, observed in both simulations and experiment, was
achieved by substituting hard 180°φ pulses in the CPMG element
with composite pulses of the form 90φ+π/2240φ90φ+π/2 (providing
good compensation for offset effects and some compensation
with respect to pulse imperfections28). The details of the final
frequency-dependent phase scheme for the MQ CPMG element
is given in the legend to Figure 2. Note that the lengthy
composite pulses (90-240-90) are only used at low CPMG
frequencies so that they do not impose limitations on the highest
CPMG frequency that is possible for measuring MQ dispersions
relative to the15N single-quantum experiment. Finally, in the
case where1H dispersions are recorded, an XY16-based CPMG
element26,27 is used so that bothX andY magnetization can be
ultimately detected, leading to sensitivity improvements ofx2
over the corresponding scheme where only a single component
(X or Y) is observed.

Figure 3 illustrates some of the artifacts in the DQ/ZQ
dispersion profiles, discussed above, that are associated with
different CPMG schemes. DQ (upper four traces) and ZQ
(bottom four traces) dispersions have been calculated assuming
a two-site exchange process described with exchange parameters
kex (sum of forward and reverse exchange rates)) 400 s-1, pB

(population of the minor species)) 0.05, ∆ωH ) 0.26 ppm,
and∆ωN ) 0.44 ppm (all∆ωi values listed here and in what
follows are in1H ppm). Complete density matrix calculations
for a two-spin spin system have been used, including the effects
of relaxation and chemical exchange, modeled as described in
the legend to Figure 3. Pulse widths (180°) have been set to 80
and 14µs for 15N and1H, respectively, which are about average
for triple-resonance probe heads on our spectrometers. The
dispersions in green correspond to those obtained for a peak
that is on-resonance in the nitrogen dimension (generated with
very short15N 180° pulse widths), used as a control in what

follows. Dispersion profiles calculated based on an XY8 scheme
(red) or a CPMG sequence with all pulses of constant phase
(blue dashes) show significant errors in the case where spins
are off-resonance. Here we have assumed an offset in the15N
dimension of 500 Hz (80µs 15N 180° pulse width). In particular,
errors are extreme when15N pulses of constant phase are
employed since cumulative errors resulting from pulse offset
effects at highνCPMG rates essentially dephase half the signal.
This can be understood by noting that DQ (ZQ) coherence can
be written as HXNX - HYNY (HXNX + HYNY) and recalling that
imperfections in15N refocusing pulses applied along theX-axis
effectively destroy NY. In contrast, when the phase scheme that
varies with CPMG frequency suggested above is employed,
dispersions that are free of artifacts are obtained (blue circles).

The pulse sequences were first tested on a sample of
perdeuterated protein L, which is known from our previous
studies to show no exchange line broadening.29 Relatively flat
relaxation dispersions for zero- (Figure 4a), double- (Figure 4b),
and spin-state selective single-quantum1H coherences (Figure
4c) were obtained for all amide signals, illustrated for a pair of
typical residues, Ala 33 and Phe 20, with data at 500 and 800
MHz, 25 °C, indicated in blue and red, respectively. Note that
the DQ rates increase significantly with spectrometer field
relative to the ZQ rates (compare blue with red in (b) and in
(a)), due to the partial cancellation of relaxation fields from1H
and 15N chemical shift anisotropy interactions in the case of
ZQ coherences.21,30The largest deviation ofR2,eff from the mean
R2,eff for each of the dispersions illustrated in the figure is less
than 0.8 s-1 (average over all dispersions of less than 0.5 s-1).
The standard deviations of the relaxation rates in most of the
dispersions measured for protein L, 25°C, were less than 0.5
s-1. Very similar deviations were obtained for dispersions
recorded at 5°C, indicating that the errors resulting from pulse
imperfections do not scale with molecular size.

Figure 5 shows relaxation dispersion profiles (a, e ZQ; b, f
DQ; c, g 1H SQ; d, h15N SQ) for the amide groups of Asp 9
(Figure 5a-d) and Thr 47 (Figure 5e-h) in the G48M mutant
of the Fyn SH3 domain, 25°C. Dispersion profiles for the great
majority of residues in the protein are of equal quality to the
ones in the figure. In a very recent study a series of seven
mutants of the Fyn SH3 domain at position 48 have been
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Magn. Reson. Spectrosc.2001, 38, 197-266.

Figure 4. Relaxation dispersion ZQ (a), DQ (b), and1H SQ (c) profiles for Ala 33 (dashed lines) and Phe 20 (solid lines) of protein L, recorded using the
schemes of Figure 2. Data at 500 and 800 MHz are indicated in blue and red, respectively. The standard deviation ofR2,eff values is always less than 0.45
s-1 for each dispersion shown and averages 0.22, 0.35, and 0.12 s-1 for ZQ, DQ, and1H SQ coherences. Errors in individualR2,eff values are less than 0.1
s-1 and are not shown.
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Figure 5. Relaxation dispersion profiles for Asp 9 (a-d) and Thr 47 (e-h) of the G48M Fyn SH3 domain mutant (0.8 mM in protein, 25°C). Profiles of
the relaxation rateR2,eff as a function ofνCPMG for ZQ, DQ, and1H-TROSY12 coherences, measured using the pulse sequence presented in Figure 2, are
shown in frames a (e), b (f), and c (g), respectively.15N dispersions measured using the standard relaxation compensated,11 constant-time scheme17,18 are
shown in frame d (h). Individual measurements, shown as circles with error bars, and theoretical fits (lines), are presented for three magnetic fields 11.7,
14.1, and 18.8 T, color-coded blue, green, and red, respectively. For comparison,1H dispersions measured using a previously published non-TROSY scheme9

are shown in the inset to frames c and g. All dispersions presented in the figure (except for the non-TROSY1H data) were fit together, on a per-residue basis
using a two-site exchange model.19 In this approach 12 dispersion curves (three fields, ZQ, DQ,1H, and15N) corresponding to 152 data points are fit to
global values ofkex and pB, along with a separate intrinsic relaxation rate constant for each dispersion (12 rates) and a single∆ωi value for each set of
profiles of a given type (for example, DQ) recorded at the three fields (4∆ωi values in total), so that for each residue (12 dispersion curves) 18 fitting
parameters are employed (134 degrees of freedom). Values of 369( 16 (326( 14) s-1 and 5.6( 0.1 (5.5( 0.2)% for the exchange rate and population
of the minor state, respectively, are obtained for Asp 9 (Thr 47). The differences (absolute values) between precession frequencies in the two states(folded/
unfolded) for1H, 15N, ZQ, and DQ coherences are (all1H ppm) 0.27( 0.003 (0.36( 0.005), 0.45( 0.005 (0.17( 0.002), 0.18( 0.004 (0.52( 0.014),
and 0.69( 0.02 (0.19( 0.006), respectively. The intrinsic transverse relaxation rates in both states were assumed equal in all fits. Although this is certainly
not the case for a folding/unfolding transition (differences inR2 values estimated on the order of 3.5 s-1, based on results for the drkN SH3 domain1),
simulations indicate that essentially no error is introduced by the assumption of equal rates, due to the highly skewed populations in this system. See for
example, Millet et al.20
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examined, including G48M, and kinetic parameters were
measured from15N relaxation dispersion experiments. The
exchange parameters obtained from a two-state analysis of the
data measured at 25°C correlate remarkably well with stopped-
flow folding and unfolding rates generated as a function of
denaturant,31 providing strong evidence that the process that we
are observing is a folding/unfolding event.

Data for1H, 15N, and ZQ, DQ coherences, measured at 11.7,
14.1, and 18.8T, are well fit assuming a two-site exchange
process with reducedø2 values (ø2/number of degrees of
freedom)e 1; see Figure 5. In each fit all of the dispersions
for a given residue were considered together, the chemical shift
differences in the two states,|∆ω|, were adjusted independently
for every coherence, and the folding/unfolding rates and
populations of the two states fit globally. The following|∆ωi|
values were obtained from the fit of Asp 9 (Thr 47):|∆ωH| )
0.27( 0.003 (0.36( 0.005),|∆ωN| ) 0.45( 0.005 (0.17(
0.002),|∆ωZQ| ) 0.18( 0.004 (0.52( 0.014),|∆ωDQ| ) 0.69
( 0.02 (0.19( 0.006) (all numbers in1H ppm). The absolute
sign of ∆ωi is not available from these experiments, and we
therefore report absolute values. The signs of the shift differ-
ences can be obtained, however, by comparing peak shifts in
single-quantum and multiple-quantum data sets.32 Such an
analysis has been performed for this domain, and the sign of
the ∆ωN values are consistent with an unfolding process.

It is worth noting that|∆ωZQ| and|∆ωDQ| can be constructed
from ∆ωH and∆ωN according to|∆ωDQ| ) |∆ωH + ∆ωN| and
|∆ωZQ| ) |∆ωH - ∆ωN|, and that|∆ωDQ| > |∆ωZQ| when
∆ωH∆ωN > 0. Therefore, the relative signs of∆ωH and∆ωN

are available from an analysis of double- and zero-quantum
dispersions, as described previously.33,34 For example, in the
case of Asp 9, the∆ωi values listed above imply that∆ωH and
∆ωN have the same sign, while for Thr 47∆ωH∆ωN < 0.
Moreover, the relations between|∆ωZQ|, |∆ωDQ|, ∆ωH, and
∆ωN listed above provide a check of the consistency of the
extracted chemical shift differences, if each of the values is
treated as a variable in fits (as was done here). The values of
∆ωi for Asp 9 are in excellent agreement as are those for Thr
47. In addition,kex andpB, obtained from fits of the Asp 9 and
Thr 47 dispersions, are very similar,kex ) 369( 16, 326( 14
s-1 andpB ) 5.6 ( 0.2, 5.5( 0.2%.

Not surprisingly, nearly the same exchange parameters are
obtained by interchanging1H dispersion data measured using
the TROSY (Figure 4c,g) and non spin-state selective CPMG9

experiments (Figure 4c,g inset). However, noticeable differences
between the intrinsic relaxation rates (plateau at the high CPMG
rates) are clearly seen for the two data sets, even for a small
protein, such as the Fyn SH3 domain. These rates become slower

at higherBo field in the case of the TROSY data (compare 500
vs 800 MHz, Figure 4c and 4g) due to the improved cancellation
of dipole/chemical shift anisotropy interactions with increasing
Bo, an effect that is well documented in the literature.12 The
improvements in relaxation times, translate, of course, to
sensitivity gains and can be quite considerable for applications
involving medium-sized proteins, considering that constant-time
relaxation periods on the order of 20-40 ms are employed in
these experiments.

This study significantly extends the work of Kloiber and
Konrat33 and Bodenhausen and co-workers,34 showing that large
differences in relaxation rates of double- and zero-quantum
coherences in the free precession limit (theνCPMG ) 0 point of
the dispersion curves recorded here) could be used to establish
the existence of chemical exchange and that, further, the relative
signs of∆ωH and∆ωN could be obtained from a comparison
of these multiple-quantum decay rates. More recently, Palmer
and co-workers have provided guidelines of when MQ or SQ
coherences might be most sensitive to chemical exchange.35 The
techniques presented here add to the set of dispersion experi-
ments that can be obtained for an isolated1H-15N two-spin
system. Analysis of the four dispersion data sets will facilitate
the extraction of more accurate exchange parameters than is
possible from15N or 1H single-quantum measurements alone.
Cases where inconsistent dynamics parameters are obtained for
the different dispersions from individual fits using a two-site
exchange model (or poor-quality fits when all are analyzed
together) point to exchange kinetics involving more than two
states. It is clear that these experiments will be a valuable
addition to the existing methodology for studying millisecond
dynamic processes in proteins.
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