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Abstract: 15N relaxation dispersion experiments were applied to the isolated N-terminal SH3 domain of the
Drosophilaprotein drk (drkN SH3) to study microsecond to second time scale exchange processes. The drkN
SH3 domain exists in equilibrium between folded (Fexch) and unfolded (Uexch) states under nondenaturing
conditions in a ratio of 2:1 at 20°C, with an average exchange rate constant,kex, of 2.2 s-1 (slow exchange
on the NMR chemical shift time scale). Consequently a discrete set of resonances is observed for each state
in NMR spectra. Within theUexchensemble there is a contiguous stretch of residues undergoing conformational
exchange on aµs/ms time scale, likely due to local, non-native hydrophobic collapse. For these residues both
theFexchT Uexchconformational exchange process and theµs/ms exchange event within theUexchstate contribute
to the15N line width and can be analyzed using CPMG-based15N relaxation dispersion measurements. The
contribution of both processes to the apparent relaxation rate can be deconvoluted numerically by combining
the experimental15N relaxation dispersion data with results from an15N longitudinal relaxation experiment
that accurately quantifies exchange rates in slow exchanging systems (Farrow, N. A.; Zhang, O.; Forman-
Kay, J. D.; Kay, L. E. J. Biomol. NMR1994, 4, 727-734). A simple, generally applicable analytical expression
for the dependence of the effective transverse relaxation rate constant on the pulse spacing in CPMG experiments
has been derived for a two-state exchange process in the slow exchange limit, which can be used to fit the
experimental data on the global folding/unfolding transition. The results illustrate that relaxation dispersion
experiments provide an extremely sensitive tool to probe conformational exchange processes in unfolded states
and to obtain information on the free energy landscape of such systems.

Introduction

The structural and dynamic characterization of the ensemble
of conformations in unfolded states of proteins can provide
valuable information on the nature of the free energy landscape
of these molecules. The molecular motions of unfolded and
partially unfolded proteins are highly heterogeneous, with
dynamic processes occurring on multiple time scales.1 Solution
NMR spin relaxation measurements provide a powerful tool for
investigating dynamic properties of proteins over a wide range
of time scales.2-4 The majority of NMR spectroscopic studies
characterizing the dynamic processes in unfolded states of
proteins have focused on very fast time scale motions (ps to
ns),5-13 while relatively few studies have reported on slower
(µs to s) time scale dynamics.14 It is clear, however, thatµs to

ms conformational exchange processes are an inherent feature
of disordered states of proteins, since significant line broadening
is often observed in NMR spectroscopic studies of these mole-
cules, reflective of slow interconversion between structures
populating local minima on the energy surface.15-19 Confor-
mational exchange on aµs to ms time scale leads to a modu-
lation of the chemical shift of the affected nuclei, resulting in
an increased contribution,Rex, to the effective transverse re-
laxation rate constant,R2, and concurrent line-broadening.20 By
measuringRex as a function of variable pulse spacing in CPMG
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experiments,8,21-23 or as a function of effective spin-lock field
strengths,24-26 relaxation dispersion curves are obtained which
then can be further analyzed under the assumption of a simple
two-state exchange process. Depending on the time scale of the
exchange process, both kinetic (exchange rate constant,kex) and
thermodynamic (populations of the involved states) parameters,
along with the chemical shift difference,δω, between the two
states, may be extracted. The relative values ofkex andδω define
whether an exchange process is referred to as fast (kex . δω),
intermediate (kex ≈ δω), or slow (kex , δω) on the NMR
chemical shift time scale.

The isolated N-terminal SH3 domain of theDrosophila
protein drk (drkN SH3 domain) provides an excellent model
for the study of disordered states. Under nondenaturing condi-
tions in aqueous buffer near neutral pH this protein exists in
equilibrium between folded (Fexch) and unfolded states (Uexch)
in a 2:1 ratio at 20°C.27,28The interconversion between folded
and unfolded states of the drkN SH3 domain is slow on the
NMR chemical shift time scale, giving rise to distinct sets of
resonances for both theFexch and theUexch states. The rate
constants underlying the folding/unfolding transition can be
investigated by monitoring the exchange of longitudinal nitrogen
magnetization, Nz, as shown previously.5,29Recent calculations
of the structures contributing to theUexch state ensemble based
on the structural data available to date have established that
relatively compact structures with nativelike properties are
significantly populated in theUexchstate.30,31In addition to slow
exchange with theFexch state, structures belonging to theUexch

ensemble also interconvert rapidly (in the fast exchange regime
on the chemical shift time scale). Heteronuclear NMR relaxation
studies have been used to investigate backbone dynamics in
the Uexch state by evaluating the spectral density function at a
number of frequencies.5 These studies indicate that theUexch

state exhibits extensive and very diverse dynamic behavior
relative to theFexch state, with motional properties similar to
those of disordered regions in folded proteins.

The aim of the present work is to characterize intermediate
to fast time scale conformational exchange processes within the
drkN SH3 domain unfolded state ensemble (Uexch state). Our
motivation to study intermediate time scale dynamics within
this unfolded state is based on the significant line-broadening
observed for the backbone amide resonances of a contiguous
segment of the polypeptide chain in theUexch state (residues
23-28), indicating the presence of localµs to ms time scale
dynamics for these residues,32 in addition to the global folding-
unfolding process. In the current study, CPMG-based15N
relaxation dispersion measurements are performed to further
analyze and characterize the exchange processes which lead to

the line broadening of these resonances in theUexchstate of the
protein.

The 15N relaxation dispersion measurements performed on
the exchangingFexch/Uexch sample have allowed the character-
ization of the slow interconversion process (τex ≈ 500 ms)

betweenFexchandUexchstates denoted byF 798
kfu

kuf
U. The general

features of relaxation dispersion profiles for slowly exchanging
systems are discussed in the context of a simple analytical
expression that has been derived describing the dependence of
the effective transverse relaxation rate,R2

eff, on the CPMG
pulse spacing in the case of a two-state slow exchange process.
For residues Leu25-Leu28 an additional intermediate time scale
conformational exchange process within the unfolded state
ensemble (τex ≈ 500 µs) has been identified. In this case the
dynamic equilibrium can be modeled most simply as

F 798
kfu

kuf
U 798

kuu*

ku*u
U* (see below). The results indicate the existence

of a locally stable conformational substate (U*) within the
unfolded state ensemble, likely due to non-native hydrophobic
collapse.

Results
15N relaxation dispersion measurements were performed on

the exchanging (Fexch/Uexch) sample using a relaxation-
compensated CPMG pulse sequence22 with the CPMG period
implemented in a constant time (CT) manner.23 Effective
transverse relaxation rate constants,R2

eff, were measured as a
function of theB1 rf field strength,νCP, whereνCP ) 1/(4τCP)
with 2τCP the time between the centers of successive 180° pulses
in the CPMG sequence. Figure 1 illustrates the pulse scheme
that was used to measure dispersion profiles; the sequence is
similar to a recently published experiment for measuring
exchange contributions to15N line widths in AX2 spin systems,23

with a small number of modifications required for application
to backbone15N-1H spin pairs. Residues in bothFexchandUexch

states exhibit small but statistically significant exchange con-
tributions,Rex, to the effective transverse relaxation rate, which
derive from the global folding/unfolding transition betweenFexch

and Uexch states. Figure 2 shows, as representative examples,
experimental relaxation dispersion data for resonances Glu16
and Thr22 in theFexch state and for residues Ser10 and Tyr52
in the Uexch state. Similar relaxation dispersion curves were
found for all residues in the folded state and for all but three
residues (see below) in the unfolded state.

Relaxation Dispersion Profiles in the Slow Exchange Limit
Can Be Described by a Simple Equation.To extract informa-
tion on the drkN SH3 domain folding/unfolding transition from
the profiles illustrated in Figure 2 an analytical expression has
been derived describing the dependence of the effective
transverse relaxation rate onτCP in the slow exchange limit. A
two-site exchange process is considered according to the scheme

where the chemical shift difference between sites isδω (in units
of angular frequency), the equilibrium populations of statesA
and B are pa and pb with pa + pb ) 1, and the forward and
reverse first-order rate constants are denoted byka and kb,
respectively. The exchange rate constant,kex, is defined askex

) ka + kb, and the exchange lifetime asτex ) 1/kex.
In work by Allerhand and Gutowsky, an approximate

functional form for the dependence of the effective decay rate,
R2

eff, on the spacing between 180° pulses in CPMG experi-
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ments was derived for systems comprised of two exchanging
sites with arbitrary equilibrium populations but equal spin-
spin relaxation rates,R2.33 These results were later extended by
Carver and Richards, who derived a similar expression without
the restrictive assumption of equal spin-spin relaxation rates
for the two sites.34 In both cases, the decay in echo amplitude
for a CPMG pulse train could be described by the sum of two
exponential terms. To obtain a relatively simple analytical
expression forR2

eff, only one exponential term was retained,
giving the expression (for the more populated siteA in the above
exchange scheme):34,35

where

andR2a, R2b are transverse relaxation rates of spins in sitesA
andB in the absence of exchange.

Allerhand and Gutowsky33 and later Carver and Richards34

showed analytically that the decay can be well approximated
by a single exponential in the case of fast or intermediate
exchange but not for slow exchange. In the latter case significant
discrepancies between exact numerical values ofR2

eff and rates
calculated from eq 1 above can be found in regions where
oscillations in the plots ofR2

eff versus the CPMG field strength

occur33 (see below). Here we derive an expression for the
dependence ofR2

eff on τCP which is applicable in the limit of
slow exchange and when|R2a - R2b| , ka,kb , 1/τCP (see
Appendix) that correctly represents the oscillations observed
in the slow pulsing limit.

As described in the Appendix the derivation is based on a
first-order perturbation theory solution of the equations of
evolution of the spin density matrix (equivalent to the Bloch
equations) which include magnetization transfer effects due to
chemical exchange.36 The analytical expression obtained for the
dependence ofR2

eff on the CPMG pulse spacing in the slow
exchange limit is (for siteA in the above exchange scheme):

whereR2a is the transverse relaxation rate of siteA in the absence
of exchange (resulting from mechanisms such as dipolar or CSA
interactions) and 2τCP is the time between successive 180°
pulses. Plots of the dependence ofR2

eff on the CPMG field
strength,νCP, are shown for various values ofδω and ka in
Figure 3, focusing on the exchange contribution to the effective
transverse relaxation rate (i.e. assumingR2a ) R2b ) 0).

Since eq 2 is rather simple, it is very useful for illustrating
the major functional features of dispersion curves in the slow
exchange regime. A particularly interesting feature of the
dispersion curves shown in Figure 3 is the damped oscillations,
which occur at low CPMG field strengths (slow pulsing limit).
The frequency of the oscillations is determined by the sinusoidal
term in eq 2 and is solely a function of the chemical shift
difference between the two sites (i.e., independent of the rate
of exchange). Extrema of the sinc(δωτCP) term occur forτCP )
(1/δω)tan(δωτCP).

Figure 4 illustrates the physical origin of the oscillations
predicted by eq 2 and shown in Figure 3. Without loss in
generality we have assumed that (i) spinA is on resonance,
while spinB evolves at a frequency offset ofδω with respect
to A, that (ii) A andB spin magnetization is initially along the
x-axis, and that (iii) the intrinsic relaxation rates of magnetization
at sitesA andB are equal. Suppose for a moment that refocusing

(33) Allerhand, A.; Gutowsky, H. S.J. Chem. Phys.1965, 42, 1587-
1599.

(34) Carver, J. P.; Richards, R. E.J. Magn. Reson.1972, 6, 89-105.
(35) Davis, D. G.; Perlman, M. E.; London, R. E.J. Magn. Reson.1994,

B104, 266-275. (36) McConnell, H. M.J. Chem. Phys.1958, 28, 430-431.

Figure 1. Pulse scheme of the constant relaxation time CPMG dispersion experiment. Narrow (wide) bars correspond to 90° (180°) rf pulses
applied with phasex, unless indicated otherwise. Filled rectangular1H pulses are applied with a field of 34 kHz, centered on the water resonance.
The shaped1H pulse at the start of the sequence is a 6.5 ms EBURP-1 pulse to selectively excite the water resonance.44 The open square bars
represent 1.6 ms1H 90° pulses, applied selectively to the water resonance, as in WATERGATE45 to ensure that the water magnetization is along
the +z axis during both relaxation periods (from a to b and c to d). All15N pulses between points a and d (including the flanking 90° pulses of
phaseφ1 andy) are applied with a field strength of 5.5 kHz. CPMGφ indicates a string ofn/2 elements [τCP-180φ°-τCP], whereTCP/2 ) n/2(2τCP

+ pwN
180°) andpwN

180° is the nitrogen 180° pulse width. All other15N pulses are applied with a field of 6.3 kHz. A 1 kHz (500 and 600 MHz) or 1.5
kHz (800 MHz) Waltz16 decoupling field46 is applied during acquisition. Values of the delays are:τa ) 2.25 ms;τb ) 1/(4JNH) ) 2.677 ms;δ )
0.5 ms;TCP ) 80.0 ms. The phase cycling employed isφ1 ) {x, -x}, φ2 ) 4{y},4{-y}, φ3 ) {x}, φ4 ) 2{x},2{-x}, φ5 ) 2{-x},2{x}, φrec )
2{x, -x},2{-x, x}. Gradient strengths in G/cm (lengths in ms) areg0 ) 0.5 (t1/2), g1 ) 5.0 (1.0),g2 ) 4.0 (0.5),g3 ) -6.0 (1.0),g4 ) 18.0 (0.5),
g5 ) 15.0 (0.8),g6 ) 15.0 (1.1),g7 ) 3.5 (0.4),g8 ) 2.5 (0.3),g9 ) 28.9 (0.11). For eacht1 increment axial peaks are shifted to the border of
the spectrum by inversion ofφ2 in concert with the receiver phase.47 Quadrature detection inF1 is achieved by the enhanced sensitivity approach
whereby separate sets of spectra corresponding to (φ3, g9) and (φ3 + 180°, -g9) are recorded for each value oft1.48,49

R2a
eff ) 1

2(R2a + R2b + ka + kb -

1
2τCP

cosh-1[D+ cosh(η+) - D- cos(η-)]) (1)

D( ) 1
2 [(1 + ψ + 2δω2

(ψ2 + ê2)1/2]
η( ) x2τCP[(ψ + (ψ2 + ê2)1/2]1/2

ψ ) (R2a - R2b + ka - kb)
2 - δω2 + 4kakb

ê ) 2δω(R2a - R2b + ka - kb)

R2a
eff ) R2a + ka - ka

sin(δωτCP)

δωτCP
(2)
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pulses are not applied (free precession limit). Due to the
difference in chemical shifts a phase difference between the two
vectors,Ma and Mb, describing the magnetization of spinsA
andB, respectively, is generated and the instantaneous flow of
x-magnetization from siteB to A due to exchange can therefore
be positive (the pair of vectors is in-phase; that is, the projection
of vector B on A is positive), zero (the two vectors are
orthogonal) or negative (the pair of vectors is anti-phase; that
is, the projection of vectorB on A is negative). Averaged over
an integral number of precession cycles the net transfer of
magnetization fromB to A is zero, and the effect of exchange
is simply to increase the rate of decay ofMa by ka (due to the
flow of magnetization fromA to B).

The situation when refocusing pulses are applied is more
complex as shown in Figure 4 where the evolution of magne-
tization at sitesA and B during the periodτCP-180°-2τCP-
180°-τCP is illustrated. In this example we have considered the
case where the relative phase betweenMa andMb immediately
prior to the application of the first 180° pulse isδωτCP ) 3π/2
(top part of the figure). The middle panel illustrates the time
dependence of thex- andy-components ofMb during the course
of the sequence, while the net amount of magnetization accumu-
lated at siteA due to transfer fromB is illustrated in the bottom
portion of the diagram. It is noteworthy that the net amount of
x-magnetization transferred at the end of aτCP-180°-2τCP-
180°-τCP interval is negative (bottom part of the plot). Con-
sequently, the amplitude of magnetizationMa,x detected at the
end of this period is reduced, which results in an increasedR2

eff

value. The situation illustrated in Figure 4 corresponds to the
largest maximum in theR2

eff profile (see Figure 3, a and b),
which is the first maximum in the dispersion curve from right
to left, occurring atδωτCP ≈ 3π/2. Note that there is no net
transfer ofy-magnetization from siteB to A in this same period.

If, however, the relative phase difference betweenMa and
Mb prior to the application of the first 180° pulse isδωτCP )
(n + 1)π magnetization will not accumulate at siteA due to
transfer fromB andR2a

eff ) R2a + ka. Further, ifδωτCP ) (2n +
1/2)π the amplitude ofMa,x detected at the end of theτCP-
180°-2τCP-180°-τCP period due to transfer from siteB is
increased, leading to a decreasedR2

eff value. For other values of
δωτCP there is either an increase or decrease inR2

eff (depending
on the value ofτCP), resulting in the observed oscillations in
R2

eff(νCP). It is interesting that the amplitude of the oscillations
scales linearly withka at any CPMG field strength. Hence, the
remarkable situation arises that the effective relaxation rate,
R2

eff, can be considerably higher at nonzero CPMG field
strengths than in the free precession limit atνCP ) 0.

The existence of the damped oscillations at low CPMG field
strengths can indeed be verified experimentally for the slow
exchange between unfolded and folded states of the drkN SH3
domain, as shown in Figure 2. The oscillations are particularly
pronounced in dispersion profiles of residues where the chemical
shift difference between the exchanging sites is large, such as
in Ser10, since in this case it is possible to obtain a good
sampling of the dispersion curve in the regionνCP , δω.

As noted previously,21,37the chemical exchange contribution
to transverse relaxation,Rex, defined as the difference between
the apparent transverse relaxation rate in the slow and fast
pulsing limits,Rex ) [R2

eff(1/τCP f 0) - R2
eff(1/τCP f ∞)], is

independent ofδω and, hence, of the static magnetic field
strength,B0, in the slow exchange limit. Equation 2 clearly
shows thatRex is indeed independent ofδω but is solely
determined by the forward rate constant (Rex ) ka) in the limit
of slow exchange. Another useful parameter is the half-step

(37) Ishima, R.; Torchia, D. A.J. Biomol. NMR1999, 14, 369-372.

Figure 2. Effective transverse15N relaxation rates,R2
eff, as a function of the CPMG field strength,νCP, for Ser10 in theUexch state, Glu16 (Fexch),

Thr22 (Fexch), and Tyr52 (Uexch). The best-fit dispersion curves using eq 2 are shown (solid lines). Data recorded at 800 (500) MHz1H Larmor
frequency are indicated with squares (circles). Dispersion profiles have also been measured at 600 MHz (not shown) and used in all analyses. Error
bars are estimated from the repeat experiments. Values ofδωrex (δωUF) for these residues are [ppm]: 6.27 (6.20) for Ser10, 2.45 (2.19) for Glu16,
3.00 (3.30) for Thr22, 2.31 (1.76) for Tyr52.
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frequency,ν1/2, which is defined as theνCP value for which
half of the exchange contribution to the15N line width is
quenched, that is,R2

eff ) R2 + 1/2(Rex). From eq 2 it is clear
that the half-step in the dispersion curve will occur when
sinc(0.25δω/ν1/2) ) 0.5, which uniquely definesν1/2. In the slow
exchange limit the value ofν1/2 depends, therefore, linearly on
the chemical shift difference,δω, and hence on the static
magnetic field strength,B0.

It is important to note that eq 1, in the limit of slow exchange,
is not identical to eq 2. Figure 5 compares relaxation dispersion
curves, which are calculated using eqs 1 or 2 (R2a ) R2b) with
profiles obtained by solving the system of coupled differential
equations that exactly describe the exchange process (see
Appendix). Whereas eq 2 describes the dispersion curves
correctly, relaxation rates calculated using eq 1 clearly deviate
from numerically calculated values. Figure 5a establishes that
R2

eff values calculated using eq 2 are in excellent agreement
with the exact, numerically calculated values for a slow two-
state process with an exchange lifetime of 500 ms (correspond-
ing to kex ) 2 s-1), assuming a chemical shift difference,δω,
of 6.0 ppm and variable equilibrium populations of the states.
In contrast, eq 1 fails to describe the oscillations correctly and
predicts a dependence ofν1/2 on bothδω and the populations
of the exchanging states. As mentioned above, the value of the
half-step frequency,ν1/2, is solely a function ofδω in the slow
exchange limit. It is interesting to note that for this reason eq 1

gives the wrong impression that in the slow exchange case
populations,pa and pb, and exchange lifetimes,τex, can be
separated by fitting data from one state measured at multiple
static magnetic field strengths. Figure 5b illustrates that eq 2 is
still a very good approximation for exchange lifetimes on the
order of 100 ms, even in cases of highly skewed site populations
(as long asR2a ) R2b, see Appendix). Simulations establish that
when the condition|R2a - R2b| , ka,kb no longer holds
deviations betweenR2

eff rates predicted by eq 2 and actual
values emerge for largeνCP values. For example, forka ) kb )
1 s-1 andR2a ) 10 s-1, R2b ) 5 s-1 differences of∼0.2 s-1 are
calculated forR2a

eff(νCP ) 750 Hz), corresponding to 18% of the
total dispersion (1.2 s-1).

Slow Exchange betweenFexch and Uexch. Relaxation disper-
sion profiles describing the slow exchange betweenFexch and
Uexchstates have been fit using eq 2 and using an exact analytical
formula for R2

eff(νCP) (this formula requires approximately 40
lines, see Appendix) which retains both exponents necessary
to describe evolution of magnetization in a two-site, slowly
exchanging system. Similar results were obtained with both
approaches (essentially identicalδω values and exchange rates
that differ by less than 10%, on average), and therefore results
from the fit using eq 2 only are reported. As illustrated in Figure
3a, relaxation dispersion curves in the slow two-site exchange
limit are very sensitive to the chemical shift difference between
the exchanging states,δω. Figure 6 shows the excellent corre-
lation between the15N chemical shift differences for unfolded
and folded states obtained fromRex measurements (δωrex) and
directly from the two sets of resonances in spectra of the SH3
domain (δωUF). Slopes of 1.01 and 1.02 are obtained for residues
in theUexchandFexchstates, respectively. (It is noteworthy that
significantly worse correlations were obtained betweenδωrex

Figure 3. Theoretical dispersion curves derived from eq 2 illustrating
the dependence ofR2

eff on the CPMG field strength,νCP. The
parameters used to simulate the dispersion curves are similar to those
characterizing the slowly exchanging drkN SH3 domain. (a) Effect of
the chemical shift difference,δω, on relaxation dispersion curves in
the slow exchange regime. Simulations assume a forward rate constant
(A f B) of ka ) 1.0 s-1 and the chemical shift difference,δω, is varied
from 1.0 to 9.0 ppm in 2.0 ppm steps. (b) Effect of the forward rate
constant,ka ) pb/τex, on the relaxation dispersion profile,R2a

eff(νCP),
assumingδω ) 6.0 ppm. Values ofka [s-1] are: 0.5, 0.75, 1.0, 1.25,
and 1.5. The dispersion curves corresponding to state A are shown.
Curves were calculated for a1H Larmor frequency of 800 MHz, and
only the exchange contribution toR2a

eff is shown (i.e.,R2a ) R2b ) 0).

Figure 4. Schematic representation of the evolution of spin magnetiza-
tion at siteA through a period,τCP-180°-2τCP-180°-τCP, starting
from x-magnetization, with spinA on resonance and spinB evolving
with a frequency ofδω (top). The middle panel shows thex- and
y-components of magnetization from spinB during the course of the
sequence, while the bottom panels illustrate the accumulation of
magnetization at siteA due to the transfer,Mb,x f Ma,x, Mb,y f Ma,y. In
this exampleδωτCP is chosen to be 3π/2. Note that there is no net
accumulation ofy-magnetization due to exchange (i.e., the net transfer
Mb,y f Ma,y is zero).
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andδωUF when eq 1 was used to fit the data, with slopes on
the order of 0.8.) Residues withδωUF < 1.0 ppm were omitted
from the analysis because it is not possible to obtain a sufficient
sampling of the relaxation dispersion curve in the regionνCP <
ν1/2. Note that for theνCP values used in the experiments (νCP

g 25 Hz; see Materials and Methods) andδωUF ) 1.0 ppm,
ν1/2 is 42.0 Hz for data recorded at 500 MHz. Conversely,
parameters extracted from dispersion profiles for residues with
δωUF > 9.0 ppm are error prone because the CPMG field
strengths employed in our experiments (νCP < 750 Hz) are not
sufficiently high to allow measurable changes ofR2

eff with νCP

in the high-field region of the relaxation dispersion curve.
Note that for slow exchange theRex contributions toR2

eff de-
pend only on a single rate constant (onka ) pbkex for the forward
reaction) so that the equilibrium populations and the exchange
rates cannot be disentangled by analyzing relaxation dispersion
curves for only one of the two states. To quantify both popu-
lations and exchange rates resonances from the folded and un-
folded forms of the SH3 domain must be amenable to analysis.

The slow exchange process between folded and unfolded
states in the drkN SH3 domain (exchange rate constantkex ≈
2.2 s-1) can also be investigated by monitoring the exchange
of longitudinal nitrogen magnetization, Nz, because in this
system the equilibrium populations of both states,Fexch and
Uexch, are large enough to generate observable signals. The
details of the experimental approach have been described
previously.29 Briefly, a pair of auto peaks (ff anduu) is observed
for each residue as well as a pair of exchange cross-peaks (fu
anduf), which result from the transfer of magnetization between
the folded and unfolded states during the mixing time. This
experiment enables the quantitation of slow exchange processes,
where separate resonances for the involved states are observed,
but not of intermediate-to-fast exchange processes, where only
a single resonance line is obtained at the population-weighted
average chemical shift. In the exchanging (Fexch/Uexch) sample,
the unfolding and folding rate constants,kfu andkuf (along with
the 15N longitudinal relaxation rate constantsR1f andR1u) can
be determined simultaneously by fitting the experimental data
from the Nz experiment to the appropriate analytical expressions
which are obtained from solution of the Bloch equations
including the effects of chemical exchange29 (see Materials and
Methods). Examples of the experimental data obtained from
the Nz experiment together with fitted curves are shown in
Figure 7 for the same residues as in Figure 2. Note that in the
representation chosen here, that is when the intensities offf (uu)
auto peaks andfu (uf) cross-peaks are normalized by the
intensity of theff (uu) auto peak at zero mixing time, the initial

Figure 5. Comparison of relaxation dispersion curves simulated using
eq 2 (solid lines) and eq 1 (dash-dotted lines) with values ofR2a

eff

calculated using the exact solution of the Bloch equations including
the effects of chemical exchange (circles; see eq A1 and discussion in
the Appendix). (a) Values ofpb ) 0.1, 0.3, and 0.5 andτex ) 500 ms
(corresponding toka [s-1] ) 0.2, 0.6, and 1.0) have been used. (b)pb

) 0.1, 0.3, 0.5,τex ) 100 ms (corresponding toka [s-1] ) 1.0, 3.0,
5.0). All plots were prepared assumingδω ) 6.0 ppm and a1H Larmor
frequency of 800 MHz. Only the contribution toR2a

eff due to exchange
is shown (i.e.,R2a ) R2b ) 0).

Figure 6. Correlation betweenδωrex, obtained from fits of dispersion
profiles to eq 2, and the actual chemical shift difference,δωUF, obtained
directly from HSQC spectra for (a) residues in theUexch state and (b)
residues in theFexch state. The pairwise rmsd betweenδωrex andδωUF

values are 0.19 and 0.29 ppm for residues in theUexch andFexch states,
respectively. Only residues for which 1.0 ppm< δωUF < 9.0 ppm and
with an offset from the15N carrier of less than 10 ppm (to avoid off-
resonance effects) have been used in the analysis. Residues 25-28,
which exhibit additional intermediate time scale exchange in theUexch

state, are not included in (a).
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slopes of the buildup curves are equal to the unfolding (folding)
rate constants.

Values for the folding and unfolding rate constants,kuf and
kfu, which are extracted from the relaxation dispersion data are,
in many cases, in qualitative agreement with results from the
Nz experiment. Due to the small exchange contributions to the
transverse relaxation rates (on average 1.5 s-1 for Uexch

resonances and 0.7 s-1 for Fexch resonances), however, values
extracted from the relaxation dispersion data are much less
accurate than those from the Nz experiment. Because the
positions of the maxima in the dispersion curves of slowly
exchanging spins vary withBo, accurateδωrex values can be
obtained from fits of dispersion data recorded at a number of
differentBo fields. In contrast, exchange rate constants derived
from fits of the same data are significantly less accurate.

Intermediate Time Scale Exchange within the Uexch

Ensemble. Unlike the Nz experiment the CPMG method is
sensitive not only to slow but also to intermediate-to-fast time
scale exchange processes. As noted by Millet et al., the de-
pendence of the exchange contribution,Rex, on the static mag-
netic field strength provides a method of distinguishing between
slow and fast time scale exchange processes.21 As discussed
above, in the slow exchange limitRex is independent of the
chemical shift difference (and hence of the static magnetic
field strength,Bo), whereas generallyRex depends onδω and
scales quadratically with the static magnetic field strength in
the limit of fast exchange. A plot of∆Rex ) Rex(800 MHz) -
Rex(500 MHz) obtained from relaxation dispersion measure-
ments as a function of residue number is shown in Figure 8a
for Uexch and Fexch states (represented as squares and circles,
respectively). In this analysisRex values have been obtained by

fitting dispersion profiles to an analytical formula forR2
eff(νCP)

which is exact. For all residues in theFexch state∆Rex is ∼0,
indicating that exchange processes other than the slow global
folding/unfolding transition are not present. A similar situation
is observed for all residues in theUexchstate excluding Leu25-
Leu28. For these residues∆Rex deviates significantly from zero,
suggesting that intermediate to fast exchange processes con-
tribute to their 15N line widths. Another way to identify
intermediate or fast exchange contributions to15N transverse
relaxation is by calculating the static magnetic field strength
dependence of the half-step frequency,ν1/2.21 In the slow
exchange limit,ν1/2 scales linearly withδω and, hence, with
B0, whereas in the fast exchange limitν1/2 is independent of
the chemical shift difference. The ratio ofν1/2(800)/ν1/2(500) is
plotted as a function of residue number for theFexch and the
Uexch states in Figure 8b. Residues with additional exchange
contributions in theµs-ms regime can be identified by values
of ν1/2(800)/ν1/2(500) that are smaller than 1.6 and correspond
to those amino acids for which nonzero∆Rex values are
observed.

We have used the fact that the Nz experiment senses only
the slow folding/unfolding transition, whereas the15N relaxation
dispersion experiment is sensitive to the folding/unfolding transi-
tion andother intermediate-to-fast exchange events, to separate
these processes for residues Leu25-Leu28 in theUexchstate of
the drkN SH3 domain. Note that the chemical shift differences
between residues in the folded and unfolded states,δωUF, are
known and that the unfolding and folding rate constants,kfu

andkuf, can be obtained from the Nz experiment on a per-residue
basis. These values have been used directly in a numerical
optimization procedure in which the difference between ex-

Figure 7. Time profiles of the intensities of the auto (uu and ff) and exchange (uf and fu) peaks in the Nz experiment for residues Ser10, Glu16,
Thr22, and Tyr52. Solid lines indicate the best-fit curves for magnetization originating in the folded state corresponding to the auto- and cross-
peaks,ff and fu, while dashed lines are the best-fit curves for magnetization originating in the unfolded state (uu anduf). Solid and open symbols
are used to distinguish data derived from the auto peaks and from exchange cross-peaks, respectively. The intensities offf (uu) andfu (uf) correlations
are normalized such that the intensity of theff (uu) auto peak at zero mixing time is 1.0 and corrected for relaxation during the pulse sequence, as
described in Materials and Methods. The folding and unfolding rate constantskuf (kfu) extracted from the data are [s-1]: 1.51 ( 0.24 (0.64( 0.06)
for Ser10, 1.50( 0.25 (0.76( 0.02) for Glu16, 1.25( 0.10 (0.74( 0.09) for Thr22, 1.59( 0.13 (0.82( 0.07) for Tyr52.
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perimental dispersion profiles (500, 600, and 800 MHz) and
calculated profiles describing the three-site exchange process

F 798
kfu

kuf
U 798

kuu*

ku*u
U* has been minimized to extract parameters

describing theU 798
kuu*

ku*u
U* exchange (see Table 1). The calcu-

lated dispersion curves were obtained, in turn, by solving the
modified Bloch equations for a three-site exchange system.

Figure 9a shows relaxation dispersion profiles measured at
800 MHz (squares) and 500 MHz (circles) for Thr22 in theUexch

state, as a representative example of a residue for which no
exchange process other than that associated with global folding/
unfolding is observed. In this case the contributions toR2

eff

from theU 798
kuu*

ku*u
U* process, illustrated in b (800 MHz) and c

(500 MHz) are negligible, and the experimental data is well fit

to the exchange model,F 798
kfu

kuf
U. This situation is to be

contrasted with that observed for Leu25.15N relaxation disper-
sion curves for this residue in theUexch state are illustrated in
Figure 9d, along with computedR2

eff profiles assuming a

simple F 798
kfu

kuf
U exchange process. In this case noticeable

residual dispersion is found after subtracting the computed
dispersion curves corresponding to the slow folding/unfolding
transition (dashed-dot lines) from the experimental relaxation
dispersion data. The resulting residual dispersion curves, 800
MHz data (Figure 9e) and 500 MHz data (Figure 9f), reflect
conformational exchange processes other than the slow folding/
unfolding transition. The residues with statistically significant
Rex contributions from intermediate time scale exchange within
theUexch state are part of a contiguous segment (Leu25, Ile27,
and Leu28). Preliminary studies indicate that the dispersion
profile of the subsequent residue, Asn29, also includes con-
tributions from exchange within the unfolded ensemble at
temperatures below 20°C. Unfortunately Lys26 is not amen-
able to analysis in theUexch state at 20°C due to spectral over-
lap. To rule out intermolecular aggregation as the source of the
line-broadening observed for residues Leu25-Leu28 in the
Uexch ensemble a concentration dependence study of peak line
width was performed, with the line width found to be inde-
pendent of protein concentration over the range examined
(2-0.5 mM).

A summary of the exchange parameters obtained by simul-
taneously fitting the relaxation dispersion profiles (upper panels
of Figure 9) recorded at1H Larmor frequencies of 500, 600,
and 800 MHz (for Leu25, Ile27, and Leu28) to a three-site
exchange model (see above) is given in Table 1. The static
magnetic field dependence ofRex in the free precession limit
(cf. R ) d(ln Rex)/d(ln B0) values21 in Table 1), indicates that
these residues are in intermediate exchange on the NMR
chemical shift time scale. For the three residues, Leu25, Ile27,
and Leu28, exchange lifetimes vary from 480( 80 to 670(
130 µs, and the average fractional population of the minor
species,pb, is 0.23( 0.02%. The similarity ofkex andpb values
among residues 25-28 in theUexch state suggests that these
amino acids are involved in a common exchange process. On
the basis of the extracted populations (Keq ) pb/pa ) 0.0023)
at 20 °C the minor species is 14.8 kJ mol-1 (3.5 kcal mol-1)
higher in free energy than the unfolded state ensemble at large.

Discussion

15N CPMG-based relaxation dispersion experiments have been
employed to study slow dynamic processes in an exchanging
Fexch/UexchSH3 domain. Excellent agreement between chemical
shift differences of resonances in the two states extracted from
the15N relaxation dispersion data,δωrex, and the true chemical
shift differences,δωUF, is observed (Figure 6). This result
validates the use of the two-state model in fits of the experi-
mental data and indicates the surprising sensitivity of CPMG
dispersion profiles to slow exchange processes in cases where
the populations of the interconverting species are nearly equal
even when exchange contributions,Rex, are small (on average
1.5 s-1 for Uexch and 0.7 s-1 for Fexch). Values for the folding
and unfolding rate constants,kuf andkfu, can be extracted from
the relaxation dispersion data since the exchange contributions
to R2

eff (and the oscillations observed in the slow pulsing limit)
scale linearly with the rate of interconversion in the slow
exchange regime. However, for slowly exchanging systems with
small exchange contributions toR2

eff, heteronuclear longitudi-
nal exchange experiments are generally far better suited for
obtaining rate constants.

Intermediate Time Scale Dynamics within the Uexch

Ensemble. In previous studies significant15N line-broad-
ening has been observed for a contiguous stretch of residues

Figure 8. (a) Values of∆Rex ) Rex(800 MHz) - Rex(500 MHz) for
residues in theUexch (squares) andFexch states (circles). The straight
line drawn at∆Rex ) 0.0 indicates the value of∆Rex expected if only
slow exchange processes contribute to the15N line width. (b) Values
of ν1/2(800 MHz)/ν1/2(500 MHz) as a function of residue number for
residues in theUexch (squares) andFexch (circles) states, respectively. A
straight line is drawn atν1/2(800 MHz)/ν1/2(500 MHz)) 1.6 to indicate
the ratio of ν1/2(800 MHz)/ν1/2(500 MHz) expected for residues
exhibiting only slow exchange. Values ofRex andν1/2 in all cases were
determined by fitting dispersion profiles to the exact equation for
R2

eff(νCP) which does not neglect one of the two exponentials describ-
ing the evolution of the magnetization (see text).
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(23-28) in theUexch ensemble of the drkN SH3 domain under
nondenaturing conditions, which is increased by reducing the
temperature.32 The presence ofµs-ms time scale dynamics for
this segment of the protein is supported by15N relaxation studies
on a guanidinium chloride destabilized state of the molecule
(UGdn), in which spectral density mapping analysis established
that spectral density values evaluated at zero frequency for
Leu25 and Leu28 are noticeably larger than those of neighboring
residues, consistent with a contribution to the15N transverse
relaxation rate from conformational exchange.38

The similarity of the exchange parameters obtained for
residues in the contiguous region between Leu25-Leu28 in the
Uexchstate indicates that these residues are involved in a common
exchange process and that the relevant motions are locally
collective. We have noted previously that residues between 24
and 28 correspond to a local minimum in a hydrophilicity plot.38

Hydrophobic residues are more likely to be restricted in their
motion in aqueous solution than hydrophilic residues, with a
tendency for local hydrophobic collapse. In the folded state
residues 25-28 form aâ-strand that makes interstrand hydrogen
bonds with two neighboring strands. Together these three strands
comprise a regular three-stranded antiparallelâ-sheet, with the
side chains of residues 25-28 oriented toward opposite faces
of the â-sheet. Hence, a local hydrophobic collapse involving
these residues in theUexchstate would be non-native. Such non-
native interactions could slow the exchange of these confor-
mational states with the rest of the unfolded ensemble, which
likely consists of more nativelike conformations rapidly inter-
converting. The low population of the minor substate (0.23(
0.02%) indicates that its free energy is∼3.5 kcal mol-1 higher
than for the major component of theUexchstate with the probable
gain in stabilization due to enthalpic interactions in this substate
presumably overcome by lowering of entropy.

The low population of the minor substate makes it difficult
to study by conventional NMR methods; indeed, relaxation
dispersion spectroscopy is one of the few methods that is
sensitive to the presence of such low-populated states. Other
NMR data on the drkN SH3 domain and computational

(38) Farrow, N. A.; Zhang, O.; Forman-Kay, J. D.; Kay, L. E.
Biochemistry1997, 36, 2390-2402.

Figure 9. CPMG relaxation dispersion curves for residues Thr22 (a-c) and Leu25 (d-f) in the drkN SH3 domainUexch state. Panels a and d show
experimental values ofR2

eff as a function of the CPMG field strength with data recorded at 800 (500) MHz1H Larmor frequency indicated with
squares (circles); data recorded at 600 MHz are not shown but used for the analysis. A three-site exchange model corresponding to the process

F 798
kfu

kuf
U 798

kuu*

ku*u
U* is used to fit the experimentalR2

eff(νCP) profiles. Values forkUU*, kU*U, δωUU*, andR2(∞) are obtained from the fits usingδωUF, kuf,
and kfu set to values determined for each residue individually from the Nz experiment. The best-fit values (Table 1) are subsequently used to
calculate dispersion profiles corresponding to the slow folding-unfolding transition only. To calculate these curves, Bloch equations for three-site
chemical exchange are solved withδωUU* set to zero. The resulting profiles are illustrated with dashed-dot lines in panels a and d with the upper
line corresponding toR2,slow

eff (νCP) at 800 MHz and the lower line toR2,slow
eff (νCP) at 500 MHz. Panels b, c (Thr22) and e, f (Leu25) show the difference

between experimental dispersion data and computed dispersion contributions due to the slow folding-unfolding transition (dashed-dot lines in
panels a and d) at 800 MHz (squares) and 500 MHz (circles), reflectingµs-ms time scale events only. For Thr22 (no local exchange on an

intermediate time scale), a dashed straight line is drawn to guide the eye. For Leu25, contributions from theU 798
kuu*

ku*u
U* equilibrium are modeled by

solving Bloch equations for three-site exchange withδωUF set to zero (solid lines; e, 800 MHz data and f, 500 MHz data). Only residues 25-28
in theUexch state were found to show statistically significant contributions to the15N line width from the intermediate time scale exchange process.

Table 1. 15N Relaxation Dispersion Parameters for the
Intermediate Time Scale Exchange Process in theUexch State of the
drkN SH3 Domain at 20°Ca

pb (%)b τex (ms) δωUU* (ppm) R-valuec

Leu25 0.25( 0.01 0.47( 0.08 6.6( 1.9 0.93( 0.09
Ile27 0.21( 0.03 0.67( 0.13 5.9( 2.0 0.68( 0.19
Leu28 0.22( 0.02 0.60( 0.08 7.2( 2.3 0.54( 0.12

a Parameters were extracted by fitting the relaxation dispersion data
at 500, 600, and 800 MHz1H Larmor frequencies simultaneously to a
model of the 3-site chemical exchange process using the known values
of δωUF, kuf, andkfu for the slow folding/unfolding transition. A Monte
Carlo approach was used to obtain the errors in the parameters extracted
from the fit, estimating experimental uncertainties inR2

eff from the
three duplicate measurements.b Population of the minor conformer.c R
) d(ln Rex)/d(ln B0) whereRex ) [R2

eff(1/τCP f 0) - R2
eff(1/τCP f ∞)]21

(see Figure 9, e and f).
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predictions using the program AGADIR1s39 indicate a pro-
nouncedR-helical propensity (>10%) for residues 15-28.40

This is consistent with HR and CR secondary chemical shifts,
3JHNHR coupling constants, and NOE data which provide
evidence that residues in this region of the protein indeed sample
the R-region of φ,ψ-space.32 However, the intermediate time
scale exchange process in the region encompassing residues
Leu25-Leu28, which is sensed by the15N CPMG relaxation
dispersion experiment, almost certainly does not correspond to
the interconversion between random-coil structures andR-heli-
cal-like conformation. This is because (i) the populations
obtained from fitting the experimental data are too small to
explain the chemical shift,J-coupling, or NOE data and (ii)
15N line-broadening is not observed for residues 15-22. The
extremely low value of the3JHNHR coupling constant found for
Leu28 in theUexch state (at 30°C), for instance, cannot be
explained by the presence of a minor species with a population
<0.3%.28 In addition, helix-coil transitions most likely occur
on a time scale too fast (<1 µs) to be amenable to investigation
by 15N CPMG relaxation dispersion experiments.41 It is interest-
ing to note, however, that several clusters of hydrophobic
residues were found in a structure calculated for theUexchstate,
from long-range NOE data, with one of these hydrophobic
clusters comprising the side chains of residues Ile24-Leu28.30

It should be mentioned that15N relaxation dispersion experi-
ments which make use of the CPMG approach are most sensitive
to exchange processes with time constants on the order of ms,
with appreciable populations of the minor state(s) and with
reasonably large chemical shift differences between the corre-
sponding states. It is likely that other transient interactions are
present in theUexch state of the drkN SH3 domain but that the
corresponding exchange processes cannot be sensed by the15N
relaxation dispersion experiments performed in this study.
Nevertheless, the technique remains an extremely useful tool
for characterizing conformational ensembles with a remarkable
sensitivity to very small populations of substates.

Conclusions

We have utilized the CPMG relaxation dispersion technique
to study conformational exchange processes in theFexch/Uexch

system of the drkN SH3 domain. Results demonstrate the
applicability of this approach for the investigation of exchange
processes on a time scale of∼500 ms involving sites with
similar equilibrium populations. Typically these events are
studied by monitoring the exchange of longitudinal magnetiza-
tion. An analytical expression for the dependence of the effective
transverse relaxation rate on the CPMG field strength for a two-
site exchanging system in the limit of slow exchange has been
derived and used to analyze the global folding/unfolding
transition between theFexch andUexch states.

In addition, the relaxation dispersion experiments indicate the
presence of intermediate time scale exchange involving a very
sparsely populated substate within theUexch ensemble com-
posed of several contiguous hydrophobic residues which is
likely formed due to local hydrophobic collapse. The rate of
exchange and the fractional population have been determined
for this substate. The high sensitivity of the CPMG disper-
sion measurements to small populations (<0.3%) underscores

the utility of the approach for quantitative characterization of
dynamic ensembles.

Materials and Methods

Sample Conditions and NMR Measurements.Samples of15N-
labeled drkN SH3 domain were prepared as described previously.28

Sample conditions were: 1.9 mM protein (15N CT-CPMG relaxation
dispersion experiments) or 1.1 mM protein (Nz exchange experiments),
0.05 M sodium phosphate, 90% H2O/10% D2O, pH 6. All NMR spectra
were recorded at 20°C on Varian Inova spectrometers. Relaxation
dispersion data were obtained at three static magnetic fields, corre-
sponding to proton Larmor frequencies of 500, 600, and 800 MHz using
a relaxation-compensated CPMG dispersion experiment22 performed
in a constant time manner (Figure 1). Spectra were collected as a series
of 14 2D data sets with CPMG field strengths,νCP, of 25, 50, 75, 100,
125, 150, 175, 200, 250, 325, 400, 500, 625, and 750 Hz, with repeat
experiments performed at CPMG field strengths of 100, 250, and 500
Hz and reference spectra obtained by omitting the CPMG period in
the pulse sequence, as described by Mulder et al.23 Each 2D spectrum
was recorded as a complex data matrix comprised of 96× 768 points,
108× 768 points, or 116× 768 points at 500, 600, and 800 MHz1H
Larmor frequencies, respectively. 24 scans per FID were recorded, with
a recycle delay of 2.2 s, giving rise to a net acquisition time of approxi-
mately 3 h/data set. The CT delay was set toTCP ) 80 ms to allow for
sufficient sampling of the relaxation dispersion curves at low CPMG
field strengths. Data were processed and analyzed using NMRPipe
software.42 Peak intensities were measured as the sum of the intensities
in a 3 × 3 grid centered on the peak maximum. The intensities of
cross-peaks were then converted into decay rates,R2

eff, for a given
CPMG field strength,νCP, as described previously.23 F-test criteria43

were used to assess the statistical significance of including anRex term
in the fit as opposed to flat-line fits, using 99.9% confidence limits.

The Nz experiment used for simultaneous measurement of chemical
exchange and longitudinal15N decay rates29 was performed at 800 MHz.
A series of 13 2D spectra was collected with mixing times ranging
from 11 to 691 ms, with four repeat experiments. Each 2D spectrum
was recorded as a complex data matrix composed of 128× 768 points.
Forty-eight scans per FID were obtained, with a recycle delay of 1.2 s
(3-4.5 h/data set). To analyze the data properly the different relaxation
properties of magnetization associated with the unfolded and folded
states must be taken into account. With reference to the pulse sequence
shown in Figure 1 of Farrow et al.,29 we can write the dependence of
auto (ff,uu)- and cross (fu,uf)-peak volumes on the variable mixing
period,T, as:

whereλ1,2 ) 1/2{(a11 + a22) ( [(a11 - a22)2 + 4 kfukuf]1/2}, a11 ) R1f +
kfu, a12 ) -kuf, a22 ) R1u + kuf, a21 ) -kfu. R1u and R1f are the
longitudinal relaxation rate constants of magnetization in sitesu andf,

(39) Munoz, V.; Serrano, L.J. Mol. Biol. 1995, 245, 275-296.
(40) Blanco, F. J.; Serrano, L.; Forman-Kay, J. D.J. Mol. Biol. 1998,

284, 1153-1164.
(41) Eaton, W. A.; Munoz, V.; Hagen, S. J.; Jas, G. S.; Lapidus, L. J.;

Henry, E. R.; Hofrichter, J.Annu. ReV. Biophys. Biomol. Struct.2000, 29,
327-359.

(42) Delaglio, F.; Torchia, D. A.; Bax, A.J. Biomol. NMR1991, 1, 439-
476.

(43) Bevington, P. R.; Robinson, D. K.Data Reduction and Error
Analysis for the Physical Sciences; WCB/McGraw-Hill: New York, 1992.

(44) Geen, H.; Freeman, R.J. Magn. Reson.1991, 93, 93-141.
(45) Piotto, M.; Saudek, V.; Sklenar, V.J. Biomol. NMR1992, 2, 661-

665.
(46) Shaka, A. J.; Keeler, J.; Frenkiel, T.; Freeman, R.J. Magn. Reson.

1983, 124, 355-365.
(47) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A.J. Magn. Reson. 1989,

85, 393-399.
(48) Kay, L. E.; Keifer, P.; Saarinen, T.J. Am. Chem. Soc.1992, 114,

10663-10665.
(49) Schleucher, J.; Sattler, M.; Griesinger, C.Angew. Chem., Int. Ed.

Engl. 1993, 32, 1489-1491.

Iff(T)/Iff(0) ) Af(-(λ2 - a11) e-λ1T + (λ1 - a11) e-λ2T)/(λ1 - λ2)

Iuu(T)/Iuu(0) ) Au(-(λ2 - a22) e-λ1T + (λ1 - a22) e-λ2T)/(λ1 - λ2)
(3)

Ifu(T)/Iff(0) ) Au(a21e-λ1T - a21e-λ2T)/(λ1 - λ2)

Iuf(T)/Iuu(0) ) Af(a12e-λ1T - a12e-λ2T)/(λ1 - λ2)

11350 J. Am. Chem. Soc., Vol. 123, No. 46, 2001 Tollinger et al.



respectively, andIuu(0) and Iff(0) denote the longitudinal nitrogen
magnetization associated with the unfolded and folded states at the
start of the mixing time. FactorsAu andAf represent the efficiency of
coherence transfer,15N f 1H, during the reverse INEPT steps (the final
two periods of the sequence of Figure 1 in Farrow et al.29 with delays
2τc and 2τa) for magnetization associated with the unfolded and folded
state, respectively. As long as the delays 2τc and 2τa are multiples of
1/(2JNH), Au andAf are given byAf ) exp[-(R2N,f

avg2τc + R2H,f
avg2τa)] and

Au ) exp[-(R2N,u
avg 2τc + R2H,u

avg 2τa)], whereR2N,f
avg (R2N,u

avg ) andR2H,f
avg (R2H,u

avg )
are averages of the transverse relaxation rates for in-phase and anti-
phase15N and1HN magnetization associated with the folded (unfolded)
state.R2N,f

avg, R2N,u
avg can be obtained on a per-residue basis by recording a

pair of spectra with 2τc ) 2τa ) 1/(2JNH) and 2τc ) 3/(2JNH), 2τa )
1/(2JNH) and comparing peak intensities. In a similar way,R2H,f

avg, R2H,u
avg

can be measured by recording a set of spectra where the last 2τa delay
in Figure 1 of Farrow et al.29 is set to{1/(2JNH), 3/(2JNH)}, with 2τc )
1/(2JNH) in both cases. Note that the delays 2τc and 2τa must be set to
exactly 1/(2JNH) or 3/(2JNH) to ensure complete averaging of in-phase
and anti-phase relaxation during each of the 2τc and 2τa periods; these
values were also employed in the Nz experiment. Differential relax-
ation losses prior to the mixing period do not need to be accounted for
in the same way since they are subsumed in the constantsIuu(0) and
Iff(0).

To extract values forkuf, kfu, R1u and R1f we have fitted the
experimental curves forIff(T), Iuu(T), Ifu(T) and Iuf(T) simultaneously
using a least-squares fitting procedure, with errors estimated by a Monte
Carlo analysis based on the four repeat experiments. In principle, peak
volumes, not heights, must be used forI(T) values, since differences
in line widths between peaks originating from magnetization associated
with the folded and unfolded states do arise. We have found that it is
difficult to extract accurate peak volumes for short values ofT and
have therefore used the product of measured peak heights with residue
specific 1HN line widths obtained by fitting a Lorentzian function to
the auto peaks to approximate the volumes. Note that differences in
15N line widths are taken into account automatically by including the
residue-specific fitting parameters,Iuu(0) andIff(0). Because exchange
cross-peaks were not observed in experiments with zero mixing time,
magnetization transfer between the folded and unfolded states due to
exchange during the reverse INEPT elements after the mixing period
was not taken into account in our analysis.

Appendix: Derivation of Equation 2

Consider a spinI exchanging between two sites,A and B,
with magnetization modesMa and Mb corresponding to the
single-quantum coherencesI+(a) and I+(b), respectively. The
evolution ofMa andMb is given by the solution to

whereδω is the offset between the two resonance frequencies
and R2a, R2b are the respective relaxation rates of modesMa

andMb. We shall now seek the approximate solution of eq A1
in the following form

where the matrixΛ(4τCP) describes the evolution of the system
during the (τCP-180°-2τCP-180°-τCP) element of the CPMG
sequence. In the derivation it is assumed that the slow exchange
condition is fulfilled

and that theτCP interval is short enough to justify the use of
the following approximations,

Integrating the first line from the system of equations, eq A1,
over the firstτCP interval we obtain

to linear approximation. In eq A4.1 it has been assumed that to
the zeroth order the evolution ofMb(t) is given by Mb(t) )
Mb(0) exp(-iδωt). The 180° pulse has the effect of converting
I+(a), I+(b) into I-(a), I-(b) with concomitant reversal of the
chemical shift evolution. Hence, extending the integration to
the secondτCP interval yields

After the integration is performed in the same manner over the
third and fourthτCP intervals, the matrixΛ(4τCP), eq A2, can
be expressed as

Raising this matrix to the powern/2, eq A2, we retain only the
terms linear with respect to the parametersR2a, R2b, ka, kb, (see
eq A3) arriving at,

Finally, utilizing the chemical balance condition,kaMa(0) )
kbMb(0) and recalling that 1- λt ≈ exp(-λt), we obtain from
the first line of eq A6 the expression for the effective relaxation
rate constant which describes the attenuation of magnetization
during the variable-spacing constant-time CPMG period,

The conditions of validity for the above equations are given in
eq A3. It is worth noting that in the limit thatνCP f ∞ (spin-
locking condition), eq A7 predicts thatR2a

eff ) R2a. In fact, this
case can be treated separately by assuming that the chemical
shift difference is quenched by a strong spin-locking field. Such
a treatment predicts a correction toR2a

eff in this limit that is
dependent onR2b. From this consideration it follows that eq
A7 holds for largeνCP values only for the case that|R2a - R2b|
, ka,kb.

Equation A7 has been verified using the exact analytical
solution of eq A2 generated with the help of the symbolic
computation program Maple (Waterloo Maple Inc.). This
solution was obtained using the analytical expressions for the
eigenvalues and eigenvectors of the matrix in eq A1. The
evolution matrixΛ(4τCP) calculated in this manner was subse-
quently transformed into diagonal form and raised to the power
n/2. The resulting analytical formula forR2

eff was stored as

d
dt[Ma(t)

Mb(t) ] ) [-(R2a + ka) kb

ka -(R2b + kb + iδω) ][Ma(t)
Mb(t) ]

(A1)

[Ma(2nτCP)
Mb(2nτCP) ] ) {Λ(4τCP)}

n/2[Ma(0)
Mb(0)] (A2)

ka,kb , δω (A3.1)

R2a, R2b, ka, kb , 1/τCP (A3.2)

Ma(τCP) ) Ma(0) - (R2a + ka)∫0

τCPMa(0)dt +

kb∫0

τCPMb(0) e-iδωtdt (A4.1)

Ma(2τCP) ) Ma(0) - (R2a + ka)∫0

2τCPMa(0)dt +

kb(∫0

τCPMb(0) e-iδωtdt + ∫0

τCPMb(0) e-iδω(τCP- t)dt) (A4.2)

Λ(4τCP) = [1 - 4(R2a + ka)τCP 4(kb/δω)sin(δωτCP)
4(ka/δω)sin(δωτCP) 1 - 4(R2b + kb)τCP

]
(A5)

[Ma(2nτCP)
Mb(2nτCP) ] =

[1 - 2n(R2a + ka)τCP 2n(kb/δω)sin(δωτCP)
2n(ka/δω)sin(δωτCP) 1 - 2n(R2b + kb)τCP

][Ma(0)
Mb(0)] (A6)

R2a
eff ) R2a + ka - ka

sin(δωτCP)

δωτCP
(A7)
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FORTRAN or Matlab (MathWorks Inc.) code and used in fitting
the dispersion data.
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