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Functions of biological macromolecules, including enzyme
catalysis, allostery, and ligand recognition, in some circumstances
can be rate-limited by dynamic processes that couple nonproduc-
tive and productive conformations.1,2 Delineating the amplitudes,
rates, and mechanisms of these motions is necessary to explicate
biological function.3-5 This paper describes a modified proton-
detected15N Carr-Purcell-Meiboom-Gill 6,7 (CPMG) spin-echo
pulse sequence that overcomes the disadvantages associated with
pulsing rates comparable to the one-bondJNH scalar coupling
constant. The new experiment permits measurement of chemical
or conformational exchange time constants from approximately
0.5 to 5 ms. This range of time scales fills an important gap
between microsecond time scales that are accessible by the off-
resonance rotating-frame experiment8,9 and millisecond time scales
that are accessible by thezz-exchange experiment.10-12

Conformational or chemical kinetic processes that transfer a
nuclear spin between sites with different magnetic environments
contribute to the adiabatic decay of transverse magnetization. The
phenomenological transverse relaxation rate constant measured
in a CPMG experiment,R2(τcp), is given by:

in which τcp is the delay between pulses in the spin-echo pulse
train; Rin andRanti are the transverse relaxation rate constants for
in-phase and antiphase coherences averaged over the populations
of each chemical or conformational state, respectively; 0e ε e
1 reflects the averaging between in-phase and antiphase coher-
ences due to evolution under the scalar coupling Hamiltonian
during τcp;13-15 andRex is the rate constant for damping due to

exchange between sites. For two exchanging sites16

in whichΦex ) (ω1 - ω2)2p1p2; andpi andωi are the populations
and Larmor frequencies for the nuclear spin in sitei; andτex is
the reduced lifetime of the exchanging sites.

In principle, exchange kinetics can be determined by fitting
eqs 1 and 2 toR2(τcp) data obtained for different values ofτcp;
however, bothε andRex depend onτcp, which renders the analysis
intractable. This difficulty is circumvented ifτcp is limited to small
values (<1/(4JNH)), becauseε ≈ 1.17 In this case, only fast
exchange processes can be studied, and the resulting high radio
frequency duty cycle poses a significant drawback compared with
the off-resonance rotating-frame experiment.8,9 Broadband proton
decoupling duringτcp prevents evolution of in-phase into antiphase
magnetization and makesε ) 1; however, decoupling interferes
with spin-echo formation and accentuates the decay of transverse
magnetization.14,15,18 In the approach adopted herein, the rate
constants for in-phase and antiphase coherences are averaged
explicitly during the CPMG sequence to renderε ) 0.5 for all
τcp. Application of the experiment to basic pancreatic trypsin
inhibitor (BPTI) confirms the effectiveness of the proposed
averaging procedure for values ofτcp as large as 2/JNH.

The modified CPMG pulse sequence is shown in Figure 1. At
point a, the density operator is proportional to 2IzSy (I ) 1H and
S ) 15N spin operators). Between points a and b, the relaxation
of the density operator is described by eq 1 withε ) εab ) 0.5
[1 - sinc[πJNHτcp)].14 The periodU converts antiphase 2IzSy

coherence to in-phaseSx coherence at point c, and the1H 90°
pulse at the end ofU purges any residual antiphase magnetization.
Between points c and d, the relaxation of the density operator is
described by eq 1 withε ) εcd ) 0.5 [1 + sinc[πJNHτcp)]. The
1H 180° pulses midway between points a and b and between points
c and d suppress CSA/dipolar relaxation interference.14,15The time
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Figure 1. Relaxation-compensated CPMG pulse sequences for measuring
conformational and chemical exchange. All pulses arex phase unless
otherwise indicated. Narrow and wide bars depict 90 and 180° pulses,
respectively. The 180° 15N pulses in the spin-echo sequence had durations
of 97µs. Delays are∆ ) 2.7 ms,τ ) 0.5τcp, andδ ) 200µs. Decoupling
during acquisition used GARP phase modulation with a field strength of
1000 Hz. The phase cycle isφ1 ) x, -x; φ2 ) 4(x), 4(-x); φ3 ) x, x, y,
y, -x, -x, -y, -y; φ4 ) y; receiver) x, -x, -x, x. The gradient pulses
had the shape of the center lobe of a sine function. Gradient durations
G1-G7 were 1 ms, 0.4 ms, 3 ms, 0.5 ms, 1.8 ms, 0.6 ms, 0.184 ms.
Gradient amplitudes wereG1xyz ) 10 G/cm;G2xyz ) 7 G/cm;G3z ) 34
G/cm;G4xyz ) 8 G/cm;G5xyz ) 28 G/cm;G6z ) 14 G/cm; andG7xyz )
28 G/cm. Coherence selection was achieved by inverting the amplitude
of G5 and phaseφ4; the receiver phase andφ1 were inverted for eacht1
increment.22,23 The inset (b) shows a modification of the pulse sequence
used to measureR2(τcp) for longerτcp values.

Rex ) Φexτex[1 - (2τex/τcp)tanh(τcp/2τex)] (2)

R2(τcp)
) εRin + (1 - ε)Ranti + Rex (1)
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decay of the magnitude of the density operator between points a
and d is given by

in which ng 0 is an integer,Rh ) 0.5 (Rin + Ranti), and the transfer
efficiency ofU is incorporated intoI0. Thus, the effectiveR2(τcp)
) Rh + Rex. After point d, the magnetization is frequency labeled
during t1 and transferred to theI spins for detection. The
modification of the pulse sequence shown in Figure 1b reduces
the minimum increment between time points from 8τcp to 4τcp,
which facilitates measurements using longτcp values. In this
sequence,U serves the dual role of interchanging in-phase and
antiphase magnetization and suppressing CSA/dipolar interfer-
ence; however, the suppression is not as efficient as in Figure
1a.

The relaxation-compensated CPMG experiment was performed
on a 2.6 mM [U-98%15N] BPTI sample at 300 K;19 other
experimental conditions are given in the caption to Figure 2. The
differences betweenR2(τcp) measured atτcp values of 10.0 and
1.0 ms for BPTI are presented in Figure 2. No significant
differences in relaxation rate constants are observed for the
majority of the backbone15N spins, which confirms the robustness
of the averaging procedures incorporated into the pulse sequences.
Differences between the two experiments are observed for residues
in the vicinity of C14 and C38. The relaxation dispersion curves
for residues C14, Q31, C38, R39 are shown in Figure 3. Residue
Q31 is typical of those residues in BPTI that do not exhibitτcp-
dependent dispersion and are not subject to conformational
exchange. Q31 has a mean value ofR2(τcp) ) Rh ) 7.4 ( 0.2 s-1

which agrees withRh ≈ 7.2 s-1 estimated for a rotational
correlation time of 3 ns. A pronounced dependence ofR2(τcp) on
τcp is observed for C38 and C39; smaller amplitude dispersion
was observed for residues A16, G36, G37, and A40. The results
for Rh, Φex, andτex obtained from theR2(τcp) data are given in
Table 1. C14 has an average value ofR2(τcp) ) 10.6( 0.3 s-1,
which is greater than expected forRh, but does not exhibit any
dependence onτcp; similar results are obtained for K15. Thus,
these residues are subject to conformational exchange on time
scales<0.5 ms that are not accessible to the present technique.

Isomerization of the disulfide bond between C14 and C38 at
the active site of BPTI provides at least one mechanism for
conformational exchange.20,21The values ofτex reported in Table
1 for C38 and R39 are in excellent agreement with exchange rates
determined using an on-resonance rotating frame experiment;20

however, the precision of the present results is approximately 10-
fold greater. Results for other spins have not been reported
previously. The range of exchange time constants observed vary
from <0.5 ms for C14 and K15 to 4.52 ms for A16. These results
suggest that the conformational exchange process is not a simple
two-state disulfide isomerization. Either the time dependence of
the exchange process is not well-described by a single-exponential
correlation function, or multiple dynamic processes give rise to
exchange effects.

In conclusion, the modified CPMG experiment compensates
for evolution between in-phase and antiphase transverse coher-
ences during the spin-echo pulse train and thereby allows
quantitative measurement of conformational exchange processes
on 0.5 to 5 ms time scales. Together with the off-resonance
rotating frame8,9 and zz-exchange experiments,10-12 the new
technique enables kinetic processes over biologically significant
time scales from 10-5 s to 10-1 s to be investigated in
macromolecules.
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Figure 2. Conformational exchange in BPTI. The differences∆R2(τcp)
) R2(10 ms) - R2(1 ms) are plotted versus the residue number.
Uncertainties usually are smaller than the size of the data points. Data
were recorded on a 2.6 mM [U-98%15N] BPTI sample (pH) 5.1,T )
300 K) using a Bruker DRX500 NMR spectrometer with a15N Larmor
frequency of 50.68 MHz. Spectra were acquired using (180× 4096)
complex points and spectral widths of (2500× 12500) Hz in the (t1 ×
t2) dimensions. The recycle delay was 3 s and a total of 16 transients
were recorded for each complext1 point. Relaxation decay curves were
measured for eight values ofτcp ranging from 1 to 20 ms. From 10 to 15
relaxation time points (including duplicates) were acquired for each decay
curve by varyingn in Figure 1. Uncertainties in the relaxation rate
constants were obtained from jackknife simulations.24

I(8nτcp) ) I0 exp[-4nτcp(εabRin + {1 - εab}Ranti + Rex)] ×
exp[-4nτcp(εcdRin + {1 - εcd}Ranti + Rex)]

) I0 exp[-8nτcp(Rh + Rex)] (3)

Figure 3. CPMG dispersion curves for BPTI. Values of R2(τcp) are
plotted versus 1/τcp for C14 (0), Q31 (O), C38 ([), and R39 (b). Solid
lines for C38 and R39 are the best fits to eqs 1 and 2; fitted parameters
are given in Table 1. The solid lines for C14 and Q31 are drawn at the
mean value ofR2(τcp) and are only meant to guide the eye. The pulse
sequence of Figure 1a was used for most experiments; a duplicate data
set at 1/τcp ) 0.5 ms-1 and all data for 1/τcp e 0.1 ms-1 were obtained
using the pulse sequence shown in Figure 1b.

Table 1. Conformational Exchange Parameters for BPTI

residue τex(ms) Φexτex(sec-1) Rh (sec-1)

A16 4.52( 0.22 3.36( 0.10 6.61( 0.03
G36 3.42( 0.28 2.82( 0.15 8.98( 0.04
G37 3.21( 0.63 3.90( 0.72 8.62( 0.06
C38 2.38( 0.09 14.08( 0.37 8.61( 0.53
R39 0.89( 0.06 15.40( 0.61 8.19( 0.24
A40 3.32( 0.21 3.97( 0.15 7.44( 0.04
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