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Abstract: A new NMR experiment is presented for the measurement ofµs-ms time scale dynamics of Asn
and Gln side chains in proteins. Exchange contributions to the15N line widths of side chain residues are
determined via a relaxation dispersion experiment in which the effective nitrogen transverse relaxation rate is
measured as a function of the number of refocusing pulses in constant-time, variable spacing CPMG intervals.
The evolution of magnetization from scalar couplings and dipole-dipole cross-correlations, which has limited
studies of exchange in multi-spin systems in the past, does not affect the extraction of accurate exchange
parameters from relaxation profiles of NH2 groups obtained in the present experiment. The utility of the method
is demonstrated with an application to a Leuf Ala cavity mutant of T4 lysozyme, L99A. It is shown that
many of the side chain amide groups of Asn and Gln residues in the C-terminal domain of the protein are
affected by a chemical exchange process which may be important in facilitating the rapid binding of hydrophobic
ligands to the cavity.

Introduction

Macromolecular function is dependent on changes in three-
dimensional structure in response to specific molecular interac-
tions.1,2 For example, proteins involved in signal transduction
often undergo significant rearrangements in tertiary structure
upon ligand binding or covalent modification, such as phos-
phorylation.3 In the case of many enzymes, access of ligands
to the catalytic site requires transient conformational rearrange-
ments to provide a path of entry.4 A detailed analysis of
molecular dynamics is therefore critical for a complete under-
standing of function in these systems. Over the past decade
NMR spectroscopy has emerged as a powerful technique for
studying molecular motion at atomic resolution.5,6 To date the
majority of studies have focused on ps-ns backbone dynamics
by measuring15N spin relaxation properties on a per-residue
basis.7 Recently, methods have also been developed for probing
ps-ns motions of side chain atoms in proteins.8-12 Unlike

backbone motions which are largely uniform in most folded
proteins, a large variability in the amplitude of side chain
dynamics has been observed.9,10A number of interesting studies
of protein side chain dynamics have provided insight into factors
that are important for molecular recognition13-15 and for protein
stability.16

While dynamics occurring on fast (ps) time scales largely
reflect bond librations associated with small amplitude motions,
slower time scale motions may involve more significant
excursions that are thought to be necessary for biological
function.17 With this in mind, methodology has been developed
for probing backbone motions onµs-ms time scales in
proteins.6 Most experiments involve measuring15N relaxation
rates either as a function of variable spacing in CPMG-based
experiments18-21 or as a function of effective spin-lock field.22-24
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Interesting applications of these techniques to protein folding,
ligand binding, protein design, motions in proteins and in
enzyme catalysis have recently been published.25-28 Extending
these methods to the study of slow dynamic processes involving
side chains is of considerable interest. As a first step in this
direction we describe herein a CPMG-based relaxation disper-
sion experiment for measuring exchange at side chain NH2

positions of Asn and Gln residues in proteins. We show that
the effects of scalar coupling and dipole-dipole cross-correlated
spin relaxation, which have hampered the extension of meth-
odology to side chain positions in the past,29 do not limit the
measurement of accurate exchange rates.

The utility of the approach is illustrated with an application
to a buried cavity mutant of T4 lysozyme, L99A, in which an
alanine residue is substituted for a leucine at position 99 in the
C-terminal domain of the protein.30,31 L99A has emerged as a
model system for understanding the role of protein dynamics
in ligand binding, since the cavity formed by the mutation binds
ligands such as substituted benzenes32 and xenon. Ligand
binding occurs rapidly with off-rates of 800 and 300 s-1 for
benzene and indole at 20°C, respectively. X-ray structures show
that access of ligands is not possible in static structures.30 The
present study establishes that many of the Asn and Gln residues

in the C-terminal cavity-containing domain are affected by
chemical exchange processes with rates between 350 and 850
s-1 and that these slow dynamic modes disappear in the wild-
type protein.

Materials and Methods

Sample Conditions and NMR Measurements.A 15N sample of
T4 lysozyme (T4L) containing the following mutations, C54T/C97A/
L99A, was prepared as described previously.33 The sample was
comprised of 1 mM protein, 50 mM sodium phosphate, 25 mM sodium
chloride, pH 5.5. All spectra were collected at 25°C on Varian Inova
500 and 800 MHz spectrometers. Assignment of side chain NH2 groups
was obtained primarily from analysis of HNCACB34 and (H)CC(CO)-
NH-TOCSY35,36 spectra.

Relaxation dispersion spectra were recorded as a series of 12 2D
data sets withB1 field strengths,υCPMG, of 50, 100, 150, 200, 300,
400, 500, 600, 700, 800, 900, and 1000 Hz with repeat experiments
recorded at fields of 200 and 500 Hz. In addition, a reference spectrum
was obtained by omitting the CPMG intervals in the scheme of Figure
1. Each 2D spectrum was recorded as a complex data matrix comprised
of 96 × 512 points or 128× 768 points at 500 and 800 MHz,
respectively. Typically 8 scans/FID were recorded, with a relaxation
delay of 2.5 s, resulting in measuring times of 1.1 (500 MHz) and 1.4
(800 MHz) h per spectrum.

The intensities of correlations in each of the experiments were
divided by the corresponding intensities of peaks in the reference
spectrum, and each relaxation dispersion profile subsequently was fitted
using the general equation for two-site exchange37,38(see eq 3 of Millet
et al.18). Errors in extracted parameters were estimated by comparing
values obtained from fits of profiles derived from each of the two
correlations for a given NH2 group.

Simulations of Spin Dynamics.The effective relaxation rate,R2
eff,

measured using the scheme of Figure 1 is independent of pulse spacing
in the absence of exchange. This has been verified by calculatingR2

eff

for the Asn15Nδ2 and Gln15Nε2 spins of T4 lysozyme as a function of
the total number of 180° pulses applied during the constant-time CPMG
periods in the sequence,n(180°). The calculations consider the evolution
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Figure 1. Pulse scheme used to measure relaxation dispersion profiles of NH2 groups in15N-labeled proteins. All narrow (wide) pulses are applied
with a flip angle of 90° (180°) along thex-axis, unless indicated otherwise. The shaped1H pulse at the beginning of the sequence is a 7 mswater
selective pulse with the EBURP-1 profile.65 All rectangular1H pulses are applied with a field of 35 kHz and are centered at 4.77 ppm. The15N
pulses extending from the 90° pulse of phaseφ1 through to the pulse immediately after pointe are at a field of 5.0 kHz, while the remaining pulses
are applied at 6.5 kHz (all centered at 112 ppm).15N decoupling is achieved using a WALTZ-16 field66 (1 kHz at 500 MHz, 1.5 kHz at 800 MHz).
Each CPMGy element is of the form (τCPMG-180°-τCPMG)n/2, whereT ) n × (2τCPMG + pwN180), n/2 is even, andpwN180 is the 15N 180° pulse
width. Quadrature detection inF1 is achieved using the enhanced sensitivity approach51,67where for each value oft1 separate data sets are recorded
for (φ4,g9) and (φ4+180°,-g9). The delays used are as follows:τa ) 2.25 ms;τb ) 1/(8J) ) 1.394 ms,ú ) 1.4 ms,δ ) 0.5 ms,T ) 40 ms. The
phase cycle is:φ1 ) (x,-x); φ2 ) 2(x),2(-x); φ3 ) 2(x),2(-x); φ4 ) x; rec) x,2(-x),x. For each successivet1 point φ2 is incremented by 180°
in concert with the receiver.68 The durations and strengths of the gradients are:g1 ) (1.0 ms, 5 G/cm);g2 ) (0.5 ms, 4 G/cm);g3 ) (1.0 ms, 10
G/cm);g4 ) (0.5 ms, 18 G/cm);g5 ) (0.8 ms,-15 G/cm);g6 ) (1.1 ms, 15 G/cm);g7 ) (0.4 ms, 3.5 G/cm);g8 ) (0.3ms, 2.5 G/cm);g9 ) (0.11
ms, 29.4 G/cm).
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of the spin density matrix restricted to the set of four coherences from
spins within the NH2 group,{N+,2N+HZ,1,2N+HZ,2,4N+HZ,1HZ,2}, during
the period extending from a to e in the scheme of Figure 1 under the
effect of spin relaxation, radio frequency pulses, and scalar couplings.
The relaxation matrices have been calculated in analytical form using
a program written with the Maple symbolic computation software
(Waterloo Inc). The elements of the relaxation matrices were subse-
quently evaluated for 5 Gln and 11 Asn residues in T4 lysozyme using
the appropriate set of X-ray coordinates (Protein Database accession
code 6LZM;30 protons were added to the structure which was
subsequently refined using the program CNS39). Asn163 was omitted
from the calculations since there is no density for this residue in the
X-ray structure. It has been shown that the order parameters,S2,
describing the amplitudes of motion of the15Nδ2-1H and 15Nε2-1H
vectors in hen egg white lysozyme correlate well with the solvent-
accessible surface areas of Asn and Gln residues in the protein40

(correlation coefficient 0.92). We have used this dependence reported
by Buck et al.40 together with the solvent accessible surface areas of
individual residues in T4 lysozyme computed using the program
Molmol41 to estimateS2 for each Asn/Gln residue. CalculatedS2 values
vary over a wide range, from 0.2 to 0.9, in agreement with previous
experimental observations on related proteins.40,42 Although order
parameters for15Nδ2-1Hδ21 and 15Nε2-1Hε21 dipolar interactions are,
in general, lower than for the corresponding interactions involving
15Nδ2-1Hδ22 and 15Nε2-1Hε22 dipolar pairs43 a single order parameter
has, nevertheless, been assigned to all spin-spin interactions involving
a given NH2 group.15N spin relaxation experiments have established
that L99A is best modeled as a prolate ellipsoid with a ratio ofD|/D⊥

)1.32, whereD| ) DZZ andD⊥) DXX ) DYY of the axially symmetric
diffusion tensor.44 However, for simplicity, in the present set of
calculations we have assumed an isotropic tumbling model with a
rotational correlation time of 10.8 ns (25°C).44 A value ofT ) 40 ms
has been used. All dipolar interactions within the three-spin NH2 system
were included in calculations of the Redfield matrix, as well as the
chemical shift anisotropy (CSA) interaction of the15N spin.45,46 Both
auto- and cross-correlations were considered. In addition, dipolar
relaxation resulting from all protons within a radius of 6 Å from the
amide nitrogen was included by adding contributions to the auto-
relaxation rates of the four coherences of interest.47 The validity of
this approach has been verified by performing complete relaxation
calculations including all of the NH2 spins and the pair of protons closest
to the15N spin (16× 16 relaxation matrixes). Although values ofR2

eff

are altered slightly compared to those obtained with the random field
approach, the dependence onn(180°) remains virtually unchanged. It
is also possible to include in the simulations contributions from rotation
about the Cγ-Nδ (Asn) and Cδ-Nε (Gln) bonds that interchange the
two amide protons48 (rate of interconversion on the order of several
per second49). While this process does not lead to modulation of the
15N chemical shift it nevertheless does affect the evolution of the NH2

spin system. Simulations (not shown) establish that this interconversion
has no effect on extraction of accurate15N exchange parameters, as
expected since exchange of protons in this manner does not directly
affect the coherence of interest, 2NYHZ (see below). Finally, dispersion
curves which include the effects of two-site exchange have been
simulated by considering spin evolution in the basis{N+

a ,2N+
a HZ,1

a ,...,
N+

b , 2N+
b HZ,1

b ,...} wherea andb label the two inequivalent sites with
15N resonance frequencies ofωN

a and ωN
b , respectively. The corre-

sponding Zeeman and exchange terms have been included as described
by Kaplan and Fraenkel.50

Theory

General Considerations.Figure 1 shows the pulse scheme
that is used to measure chemical exchange processes involving
15NH2 groups in 15N-labeled proteins. The experiment is
essentially an enhanced sensitivity HSQC,51 optimized for
application to NH2 spin systems.52 At point a the coherence of
interest is given by 2NYHZ, where NY and HZ are Y- and
Z-components of nitrogen and proton spin operators, respec-
tively, and HZ ) HZ,1 + HZ,2, with the subscripts 1 and 2
denoting the two attached proton spins. During the interval
extending froma to e in the sequence a fixed number of15N
refocusing pulses are applied during each of the twoconstant-
time CPMG intervals of equal length (a to b and d to e). A
series of 2D spectra are recorded as a function of effective rf
field strength by varying the number of 180° pulses and therefore
the pulse spacing so that the net relaxation time (a - b, d - e)
is the same in each experiment. The intensities of cross-peaks
in 2D spectra recorded for a given rf field,υCPMG, are converted
into decay rates,R2

eff, via

whereI(υCPMG) andIo are the intensities of a given cross-peak
with and without the CPMG periods froma to b andd to e in
Figure 1,T/2 is the length of each CPMG train andυCPMG )
1/(4τCPMG), with 2τCPMG the separation between the centers of
successive refocusing pulses. A plot ofR2

eff as a function of
field strength,υCPMG, gives a relaxation dispersion profile for
each residue from which exchange parameters can be ob-
tained.18,23

It is worth emphasizing that in previous methods for
measuring relaxation dispersion profiles each point of the
dispersion curve is obtained by recording a set of 2D spectra
where the length of the CPMG pulse train is incremented with
each successive experiment.19,23,53Typically 50 or 60 data sets
are recorded per profile, resulting in long net measuring times.
In contrast, in the present approach only a single spectrum is
acquired for each rf field strength since a constant-time scheme
is used forall of the rf fields employed. Therefore, it is possible
to obtain a more complete sampling of the dispersion profile
per unit measuring time than with other methods, although each
point on the dispersion curve has increased random error. A
second and major advantage of using a constant-time CPMG
interval is that the evolution of the magnetization of interest
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from effects not related to chemical exchange is not important
so long as these effects are independent of the pulse spacing in
the CPMG trains. For example, in the case of AXn (n > 1) spin
systems cross-correlation effects between pairs of AX dipoles
renders the relaxation decay nonexponential which complicates
analysis in the case where experiments with variable-length
CPMG periods are employed, as discussed further below.

A number of features complicate the measurement ofµs-
ms time scale relaxation properties of15N or 13C spins in NH2

and CH2 spin systems, respectively. First, evolution from the
large one-bond X-H scalar coupling interchanges in-phase and
anti-phase magnetization components that relax with different
rates. Since the rate of application of refocusing pulses during
the CPMG train affects the efficiency of in-phase/anti-phase
magnetization interchange, a relaxation dispersion profile can
be obtained which reflects the difference in relaxation rates of
in-phase and anti-phase signals. This compromises extraction
of accurate exchange parameters. Recently Palmer and co-
workers have developed an elegant method for eliminating this
effect in AX spin systems,19 however, to date, methodology has
not been described for application to three-spin AX2 systems
such as side chain amide or methylene groups. A second
complicating feature in measuring relaxation properties of15N
or 13C spins with more than a single attached proton is the cross-
correlation between pairs of proton-heteronuclear dipolar in-
teractions.29,54,55 Unlike relaxation interference between CSA
and dipolar interactions which can largely be suppressed,56,57

dipole-dipole cross-correlation effects cannot be easily elimi-
nated and can potentially compromise the extraction of accurate
relaxation parameters unless special care is taken. At first glance,
therefore, a labeling strategy in which one of the two protons
is replaced by a deuteron appears attractive. However, the
substantial scalar coupling between the deuteron and the
heteroatom of interest (approximately 15 and 20 Hz for15N-
2H and13C-2H spin pairs, respectively) and the short deuteron
T1 value leads to an additional contribution to measured
R2

eff(υCPMG) rates from scalar relaxation of the second kind58

that is independent of chemical exchange and varies withυCPMG.
In principle, this unwanted contribution can be suppressed by
2H decoupling during the CPMG periods. Unfortunately,
however, we have observed that the application of refocusing
pulses during the CPMG intervals interferes with the decoupling
process leading to a modulation of the intensity of cross-peaks
as a function ofυCPMG that again is unrelated to exchange.
Therefore, a different strategy has been developed to ensure
that dipolar cross-correlations do not compromise measurement
of exchange parameters.

In the Absence of ExchangeR2
eff(υCPMG) Is Independent

of the CPMG Pulse Repetition Rate. With the potential
problems described above we have carefully considered the
evolution of15N magnetization in an NH2 spin system during
the interval extending froma to e in the pulse scheme of Figure
1. A necessary condition for the accurate extraction of exchange
parameters from a relaxation dispersion profile is that the only
dependence ofR2

eff on the CPMG pulse repetition rate derives

from the exchange process itself. It is important, therefore, to
demonstrate that in the absence of exchange evolution of
magnetization is independent of pulse spacing in the constant-
time CPMG intervals in the sequence.

Assuming an isolated NH2 spin system, with the15N spin on
resonance, the evolution of 2N+HZ (N+ ) NX + iNY) between
two consecutive15N 180° pulses in the CPMG trains can be
obtained from59

In eq 2 the one-bond15N-1H scalar coupling, J, and the spectral
densities of the15N-1H dipolar interactions are assumed to be
the same for the two15N-1H spin pairs. Only terms proportional
to spectral density functions evaluated at zero frequency have
been included in the expressions for the elements of the Redfield
matrix (macromolecular limit). The values ofΓ1, Γ2, andΓH1,H2

are given by

whereJ(0) andK(0) are auto- and cross-correlation spectral
densities due to dipolar interactions involving spins of the NH2

system evaluated at zero frequency,γi is the gyromagnetic ratio
of spin i, rij is the distance between spinsi and j, and ΓCSA

contains contributions to auto-relaxation from15N CSA. Thus,
Γ1 andΓ2 contain contributions from auto- and cross-correlated
relaxation, respectively, whileΓH1,H2 derives from auto-
relaxation. Cross-correlation effects arising from CSA-dipolar
interactions have not been included in eq 2 but are considered
in the simulations described below. For the case of spins attached
to a molecule undergoing isotropic motion,

whereτc is the overall tumbling time andP2 is a second-order
Legendre polynomial withθH1NH2 the angle between vectors
N-H1 and N-H2.

Rather than immediately evaluating how magnetization
evolves for different CPMG pulse spacings, we first prefer to
consider a number of limiting cases. In the limit that each of
the CPMG intervals in the sequence is replaced by free
precession periods,υCPMG f 0, the relaxation of each multiplet
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d
dt (N+

2N+HZ,1

2N+HZ,2

4N+HZ,1HZ,2
))

- (Γ1 iπJ iπJ Γ2

iπJ Γ1+ΓH1,H2 Γ2-ΓH1,H2 iπJ
iπJ Γ2-ΓH1,H2 Γ1+ΓH1,H2 iπJ
Γ2 iπJ iπJ Γ1

)(N+
2N+HZ,1

2N+HZ,2

4N+HZ,1HZ,2
) (2)

Γ1 ) 2(γNγHp

rNH
3 )2

J(0) + ΓCSA (3)

Γ2 ) 2(γNγHp

rNH
3 )2

K(0) (4)

ΓH1,H2 ) 0.5( γH
2 p

rH1,H2
3 )2

J(0) (5)

J(0) ) 1
5

τc, K(0) ) 1
5

P2(cosθH1NH2)τc (6)
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component proceeds independently and eq 2 can be condensed
to:

Note that 2N+HZ andN+ + 4N+HZ,1HZ,2 relax with the same
rates. AlthoughJ-coupling will interchange both components,
the relaxation of each will be unaffected.

A second limit of interest is where refocusing pulses are
applied rapidly compared to 1/(2J) during the CPMG periods,
υCPMG f ∞. In this case scalar coupling evolution is suppressed,
while the relaxation of each of the operators, 2N+HZ andN+ +
4N+HZ,1HZ,2, remains unchanged (Γ1 + Γ2). Thus, in the two
limiting cases considered,υCPMG f 0 and υCPMG f ∞, the
effective relaxation rate of 2N+HZ is the same,Γ1+Γ2. In fact,
it can be easily shown (see below) that the effective relaxation
rate of 2N+HZ remains constant in the absence of chemical
exchange throughout the entire range ofυCPMG.

The discussion to this point has focused on an isolated NH2

spin system, clearly an oversimplification for biomolecules such
as proteins. To good accuracy the effects of external protons
can be estimated by including contributions to the auto-
relaxation rates of the operators listed in eq 2. In this ap-
proximation, the auto-relaxation rates (i.e., diagonal elements
in eq 2) of 2N+HZ,1, 2N+HZ,2 and 4N+HZ,1HZ,2 are increased by
1/T1,s, 1/T1,s and 2/T1,s, respectively, whereT1,s is the contribution
to the selectiveT1 of each of the protons (assumed equal) of
the NH2 group from spin flip-flops involving external protons.
In principle, contributions to the decay of 2N+HZ,1, 2N+HZ,2

and 4N+HZ,1HZ,2 from exchange with water can also be
accounted for by theT1,s terms.60,61 In the case of external

contributions to relaxation, and in the limit thatυCPMG f 0,
evolution of the spin system during the periods extending from
a to b and fromd to e is described by a more complex system
of equations (see eq 2), via eq 8,

To investigate the behavior of the system as a function ofυCPMG

it is important to consider how both 2N+HZ andN++4N+HZ,1HZ,2

relax, since for finite pulse repetition rates 2N+HZ and
N++4N+HZ,1HZ,2 are interchanged via scalar coupling. (In the
limit of υCPMG f ∞ the relaxation of the term of interest, 2N+HZ,
is given byΓ1 + Γ2 + 1/T1,s). In this regard it is important to
consider that (i) during the interval extending fromb to d
N++4N+HZ,1HZ,2 and N+-4N+HZ,1HZ,2 are converted to
-(N-+4N-HZ,1HZ,2) andN--4N-HZ,1HZ,2, respectively, and (ii)
the relaxation rates of 2N+HZ andN++4N+HZ,1HZ,2 are identical
to the rates of the corresponding components obtained by
interchanging N+ and N-. The cross-relaxation between
N(+4N(HZ,1HZ,2 andN(-4N(HZ,1HZ,2 is therefore suppressed
to first order by the spin-echo period extending fromb to d.

(60) Grzesiek, S.; Bax, A.J. Biomol. NMR1993, 3, 627-638.
(61) Skrynnikov, N. R.; Ernst, R. R.J. Magn. Reson.1999, 137, 276-

280.

Figure 2. Effective transverse relaxation rates,R2
eff, calculated for the15Nδ2 (Asn) and15Nε2 (Gln) spins of T4 lysozyme as a function of the total

number of 180° pulses,n(180°), applied during the two constant-time CPMG periods of total durationT. In (a) a standard CPMG train is employed
(i.e., the interval extending fromb to d in the sequence of Figure 1 is omitted), and the starting magnetization isNY. In (b) the scheme of Figure
1 is employed starting from 2NYHZ at pointa. Details of the simulations are given in the text.

d
dt (2N+HZ

N++4N+HZ,1HZ,2
))

- (Γ1+Γ2 2iπJ
2iπJ Γ1+Γ2

)(2N+HZ

N++4N+HZ,1HZ,2
) (7) d

dt (2N+HZ

N++4N+HZ,1HZ,2

N+-4N+HZ,1HZ,2
))

- (Γ1 + Γ2+
1

T1,s
2iπJ 0

2iπJ Γ1 + Γ2 + 1
T1,s

-1
T1,s

0
-1
T1,s

Γ1-Γ2+
1

T1,s

)
(2N+HZ

N++4N+HZ,1HZ,2

N+-4N+HZ,1HZ,2
) (8)
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The effective relaxation rate ofN(+4N(HZ,1HZ,2 over the
interval extending froma to e is thus given byΓ1+Γ2+1/T1,s,
to good approximation, as long as the CPMG intervals of length
T/2 are much smaller thanT1,s. For proteins with correlation
times on the order of 10 ns, minimum values ofT1,s are on the
order of 100 ms, whileT/2 ) 20 ms in present applications.
Thus, the effective relaxation rates of 2N+HZ andN++4N+HZ,1HZ,2

are the same, and the application of pulses during the CPMG
periods will have very little influence (see below) on the
monitored relaxation rate when chemical exchange is absent.
The utility of the spin-echo interval described above is
reminiscent of the role of selective inversion pulses applied
during the mixing periods of NOESY experiments to reverse
cross-relaxation magnetization transfer.62 It is noteworthy that
Loria, Rance, and Palmer have used a similar approach in the
case of AX spin systems to ensure that the effective relaxation
of the magnetization of interest is independent of pulse spacing
in the CPMG trains.19

To rigorously establish the method we have simulated the
effective relaxation rate of 2NYHZ as a function of the number
of 15N 180° pulses in the CPMG trains of the pulse sequence
of Figure 1 for the15Nδ2 (Asn) and15Nε2 (Gln) spins of T4
lysozyme. These simulations, Figure 2, include an extended
relaxation analysis, with contributions from external protons
evaluated in a number of different ways (see Materials and
Methods for details). The calculations assume an isotropic
tumbling model with a rotational correlation time of 10.8 ns,44

800 MHz1H frequency and a CPMG duration,T, of 40 ms. All
spectral densities including those evaluated at nonzero frequen-
cies, have been included. In panel (a) a hypothetical experiment
is considered where the period extending fromb to d in Figure
1 is eliminated and the starting magnetization isNY, while in
panel (b) the experiment of Figure 1 with the initial spin state
2NYHZ is simulated. It is clear that for a number of residues in
lysozyme the effective transverse relaxation rate,R2

eff, varies
considerably with pulse spacing if a standard CPMG period is
employed and the initial magnetization isNY (panel a). This is
particularly the case for residues with substantial 1/T1,s rates
(∼ 10 s-1) and can be explained by considering eq 8 along the
lines of the above discussion.

In contrast, when the starting condition is 2NYHZ and when
the echo period betweenb andd in the sequence of Figure 1 is
employedR2

eff changes by less than 0.2% as a function of the
number of pulses,n(180°), for T ) 40 ms; the dispersion profile
thus would allow an accurate quantification of exchange
processes (panel b).

Finally, because of the geometry of the NH2 group (the H1-
N-H2 bond angle is close to 120°) cross-correlation rates are
reasonably small, withΓ2 values on the order of 1 s-1 for a
protein tumbling with a correlation time of 10 ns. Simulations
similar to those described above have also been performed for
13CH2 groups, where the geometry is such that cross-correlations
are much more significant, showing that the extraction of
accurate exchange parameters is not affected by dipole-dipole
cross-correlation. Thus the methodology presented in this paper
is also applicable to the study of exchange using dispersion
profiles of 13CH2 moieties, although the rapid decay of13C
magnetization in methylene groups will likely limit applications
to small proteins. In general, in cases where sensitivity is critical
the value ofT can be reduced, although this will limit the range
of υCPMG to larger values.

Dispersion Profiles Can Be Interpreted Using Expressions
for a Single Spin Undergoing Chemical Exchange.The theory
and simulations described above demonstrate that using the
scheme of Figure 1, and in the absence of exchange, flat
dispersion profiles are obtained for NH2 spin systems. This is
a necessary condition for the extraction of accurate exchange
parameters in cases where exchange exists but it is not sufficient.
We show below that the dispersion profile for an NH2 system
exchanging between two sites can be analyzed using well-known
results derived for a single isolated exchanging spin.37,38

The evolution of magnetization exchanging between two sites,
a and b, during the intervals between CPMG pulses, can be
described according to

where matrixesZ̃, J̃, Γ̃, and X̃ contain contributions from
chemical shift, scalar coupling, relaxation, and chemical ex-
change, respectively. Starting from eq 7 it is straightforward to
show that

and

wherekafb is the rate constant for exchange from sitea to b,
ωN

a is the resonance frequency of the15N spin in sitea, spins in
sites a and b are assumed to relax with the same rates,

(62) Vincent, S. J.; Zwahlen, C.; Bodenhausen, G.J. Biomol. NMR1996,
7, 169-172.

Figure 3. 800 MHz 2D 1H-15N NH2 correlation map of L99A (1
mM protein, 50 mM sodium phosphate, 25 mM sodium chloride, pH
5.5, 25°C) recorded using the scheme of Figure 1 with the CPMG
periods omitted. Assignments for correlations indicated with * are
tentative.

d
dt (2N+

a HZ
a

N+
a +4N+

a HZ,1
a HZ,2

a

2N+
b HZ

b

N+
b +4N+

b HZ,1
b HZ,2

b
))

- (iZ̃ + iJ̃ + Γ̃ + X̃)(2N+
a HZ

a

N+
a +4N+

a HZ,1
a HZ,2

a

2N+
b HZ

b

N+
b +4N+

b HZ,1
b HZ,2

b
) (9)

iZ̃ + Γ̃ + X̃ )

(Γ1+Γ2 + kafb + iωN
a 0 -kbfa 0

0 Γ1+Γ2 + kafb + iωN
a 0 -kbfa

-kafb 0 Γ1+Γ2 + kbfa + iωN
b 0

0 -kafb 0 Γ1+Γ2 + kbfa + iωN
b
)

(10)

iJ̃ ) (0 2iπJ 0 0
2iπJ 0 0 0
0 0 0 2iπJ
0 0 2iπJ 0

) (11)
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magnetization modes are weighted according to the populations
pa andpb, and for the moment, external spins are not considered
(i.e., the NH2 group is isolated). Noting that matrixesiJ̃ andiZ̃
+ Γ̃ + X̃ commute, it is straightforward to show that evolution
from scalar coupling is completely refocused during aτCPMG -
180°-τCPMG element from the CPMG sequence of Figure 1 (see
Appendix). The magnetization at the end of eachτCPMG -
180°-τCPMG interval is determined, therefore, by the matrices
(iZ̃ + Γ̃ + X̃ (see Appendix). Since the matrix(iZ̃ + Γ̃ + X̃
is comprised of two uncoupled 2× 2 blocks, each of which is
formally equivalent to the matrix describing evolution of a single
isolated spin exchanging between two sites, the expressions

described in the literature can be applied to data from an
exchanging XH2 group as well.37,38,63

The above discussion applies to the case where (i) external
spins are not considered, (ii) the intrinsic relaxation rates of
HZ,1 andHZ,2 are the same, (iii) dipole-CSA cross-correlations
are disregarded, and (iv) the relaxation behavior of the system
in sitesa andb is identical. The more general situation where
none of these assumptions are made has been investigated using
numerical simulations (see Materials and Methods). In particular,
simulations include spin-flip relaxation contributions from

(63) Davies, D. G.; Perlman, M. E.; London, R. E.J. Magn. Reson.,
Ser. B1994, 104, 266-275.

Figure 4. Relaxation dispersion profiles for Gln 105 measured at 500 (a) and 800 (b) MHz and fit with a two-site fast exchange model23,64 (solid
lines). Values ofτex ) 0.89 ms (500 MHz) and 0.85 ms (800 MHz) are obtained. A simultaneous fit of the data at the two fields establishes that
the fast exchange assumption is incorrect (c). An excellent simultaneous fit (τex ) 1.52 ms) is obtained using the general two-site exchange equation37,38

(d) [see eqs 3-7 of Millet et al.18 ].

Figure 5. Relaxation dispersion profiles for some of the Asn and Gln residues showing significantRex, a-e. The solid lines correspond to the
best-fit profiles generated from a simultaneous fit of data recorded at 500 and 800 MHz using the general two-site exchange equation. The details
of the fits are given in Table 1. In panel f the dispersion profile for a residue without exchange, Asn144, is shown for comparison.
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external proton spins (∼10 s-1) as well as a 2-fold difference
in relaxation rates between sitesa andb. It was found that the
dispersion profiles generated in this manner are identical to those
obtained for a single-spin exchanging between two sites. Thus,
the analysis of data obtained from the pulse scheme of Figure
1 can be performed using closed analytical expressions derived
for a single-spin system.

Results and Discussion

Figure 3 shows the 800 MHz 2D1H-15N NH2 correlation
map of the Leu to Ala99 mutant of T4 lysozyme (1 mM in
protein, 25°C) recorded using the scheme of Figure 1 with the
CPMG periods omitted. Fourteen of the expected 17 pairs of
correlations are observed. Figure 4a and b illustrate the
relaxation dispersion profiles for Gln105 obtained at field
strengths of 500 and 800 MHz, respectively. It is worth
emphasizing that a complete profile, comprising twelveB1 fields
with two repeat points, was obtained in∼18 h of measuring
time using the constant-time approach described above. In Figure
4a and b the dispersion profiles are fit independently to the fast
exchange equation,23,64 yielding τex ) 1/kex values of 0.89 and
0.85 ms at 500 and 800 MHz, respectively. Note that excellent
fits to the data are obtained when the fast exchange model is
used to fit the data at each field independently. It is clear,
however, that when data at the two fields are fit simultaneously
assuming fast exchange, Figure 4c, the agreement between
model and experiment is much poorer. In Figure 4d a simul-
taneous fit of the data at the two fields is presented using the
general two-site equation37,38 which makes no assumptions
regarding the exchange rate. In this case an excellent fit is
obtained, withτex ) 1.52 ms and an estimatedR ) d ln Rex/d
ln Bo value18 of 0.96, corresponding to intermediate exchange
(Rex ) R2

eff(υCPMG ) 0) - R2
eff(υCPMG ) ∞) andBo is the static

magnetic field strength). The importance of having data at two
independent fields, discussed at some length by Palmer and co-
workers,18 is underscored by the present example. In this regard
the ability to record dispersion profiles in a rapid manner is
critical.

Figure 5 displays relaxation dispersion profiles recorded at
500 and 800 MHz for a number of Asn and Gln residues in
L99A for which significant exchange was observed. By means
of comparison, Figure 5f shows profiles obtained for Asn 144
for which exchange was not observed. A summary of the
parameters extracted using the general two-site equation, is given
in Table 1. Exchange lifetimes,τex, vary from about 1 to 2.8
ms, differences in15N chemical shifts between the two sites
are on the order of 1-2 ppm (4 ppm for Asn 116), while the
fractional population of the minor conformer is approximately
1-2%. It is important to emphasize that individual N-H
correlations for each NH2 group were fit independently and that
averages over the pairs of results are reported in Table 1.
Identical parameters should be obtained for each correlation,
so that the differences reported provide a measure of the
experimental error.

The substitution of Ala for Leu at position 99 of T4 lysozyme
enlarges a preexisting completely buried cavity30,31to about 150

Å3, facilitating the rapid binding of a number of ligands such
as substituted benzenes and xenon.32 The X-ray structure of
L99A shows that there is not a clear path for ligand entry to
the interior of the protein,30 suggesting that access to the cavity
binding site is only possible via a concerted process involving
motion of backbone and side chain atoms. To define those
residues that may play a role in entry we have recently carried
out a backbone15N spin relaxation study of L99A.44 A large
amount ofµs-ms time-scale motion was observed in regions
proximal to the Leuf Ala substitution, with backbone amide
nitrogens from residues on helices A, E, F, G, and I showing
significant exchange (>1 s-1). Notably, these helices are all
part of the C-domain containing the cavity mutation. In the
present study we have extended probes of dynamics to include

(64) Luz, Z.; Meiboom, S.J. Chem. Phys.1963, 39, 366-370.
(65) Geen, H.; Freeman, R.J. Magn. Reson.1991, 93, 93-141.
(66) Shaka, A. J.; Keeler, J.; Frenkiel, T.; Freeman, R.J. Magn. Reson.

1983, 52, 335-338.
(67) Schleucher, J.; Sattler, M.; Griesinger, C.Angew. Chem., Int. Ed.

Engl. 1993, 32, 1489-1491.
(68) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A.J. Magn. Reson.1989,

85, 393-399.
(69) Eriksson, A. E.; Baase, W. A.; Matthews, B. W.J. Mol. Biol. 1993,

229, 747-769.

Table 1. Relaxation Dispersion Parameters for Side Chain15N
Spins in L99A at 25°Ca

R2
eff (νCPMG f ∞) (s-1)

residue
ωN

a - ωN
b

(ppm)b τex (ms)c Pa (%)d
ω0/2π )
500 MHz

ω0/2π )
800 MHz

Asn 2 1.34 [.32] 1.57 [.46] 2.35 [.78] 21.15 [.47] 24.29 [.08]
Gln 105 1.82 [.10] 1.33 [.19] 1.19 [.11] 8.59 [.19] 9.61 [.16]
Asn 116 3.99 [.07] 2.38 [.20] 1.49 [.08] 15.84 [.01] 17.53 [.03]
Asn 132 1.63 [.28] 2.79 [1.61] 0.76 [.20] 13.87 [.48] 15.02 [.35]
Asn 140 1.66 [.07] 1.17 [.05] 1.61 [.01] 12.31 [.37] 14.02 [.24]
Gln 141 2.32 [.04] 1.97 [.20] 0.33 [.01] 6.01 [.03] 6.05 [.01]

a Parameters are obtained by fittingR2
eff (νCPMG) data from15Nε2-

1Hε21 and 15Nε2-1Hε22 spectral correlations (Gln) or15Nδ2-1Hδ21 and
15Nδ2-1Hδ22 correlations (Asn) using the general equation for two-site
exchange. The average values of parameters are reported together with
the uncertainty (shown in square brackets) estimated from the difference
between the values obtained from the two correlations. Note that each
correlation was fitted independently.b Chemical shift difference between
the15N resonances in the two conformers.c τex ) (kafb + kbfa)-1, where
kafb andkbfa are the rates of conversion between the two conformers.
d Population of the minor conformer.

Figure 6. X-ray structure of L99A illustrating the position of the Asn
and Gln groups.69 The position of the LeufAla 99 mutation is indicated
by the black ball. The dark shaded balls correspond to NH2 groups
with exchange that can be quantified by the relaxation dispersion
method described in the text. NH2 correlations for residues Asn81,
Asn101, and Gln122 are unassigned.
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Asn and Gln side chains, illustrated in the L99A structure in
Figure 6.

As before, residues in the C-terminus of the protein show
slow time-scale dynamics (see Table 1). Gln 105 (E-F loop),
Asn 116 (helix G), Asn 140 (helix I), and Gln 141 (helix I) are
all in regions whereµs-ms dynamics were observed at
backbone positions, while Asn 132 is part of helix H where
slow motions were not observed previously. Asn 2 immediately
precedes helix A, where exchange has been measured at
backbone15N sites. Relaxation dispersion profiles have also been
measured for Asn and Gln side chains in T4 lysozyme
containing the C54T and C97A mutations but not the cavity
L99A substitution. Interestingly, none of the dispersion profiles
are consistent with exchange broadening in this protein, strongly
suggesting that the exchange observed in L99A is due to the
cavity.

In summary, a method has been described for the quantitation
of slow exchange processes at side chain Asn and Gln amide
positions. The effects of evolution due to the one-bond hetero-
nuclear J-coupling and dipole-dipole cross-correlation between
15N-1H dipoles of NH2 groups do not prevent accurate
extraction of exchange parameters. In addition, the use of
constant-time CPMG periods with variable pulse spacing allows
measurement of a complete dispersion curve in a short measur-
ing time. The present experiment extends previous studies of
slow time-scale motions at backbone positions and is an
important addition to the suite of experiments for studying
protein dynamics.
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Appendix

Herein we show that if matrixesiJ̃ andiZ̃ + Γ̃ + X̃ commute
then evolution due to scalar coupling is completely refocused
during a τCPMG-180°-τCPMG element from the CPMG

sequence of Figure 1. The solution to eq 9 is given by

Subsequent application of a 180° refocusing pulse convertsN+
containing terms to the correspondingN- operators on the left-
hand-side of eq A1. These terms then evolve during the second
τCPMG interval according to

Substitution of eq A1 into eq A2 gives, in view of the fact
that J̃ commutes with(iZ̃ + Γ̃ + X̃

where

and the magnetization att ) 2τCPMG is independent of J.
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