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EXPERIMENTAL NMR
RELAXATION METHODS

The basics of the theory of spin relaxation in NMR spectroscopy are
presented in Chapter 5 and aspects of relaxation important for the
design of particular NMR experiments are discussed in Chapters 6 and
7. This chapter describes spin relaxation experiments for characterizing
dynamic properties of molecules over a range of different time scales
with atomic resolution (1). Applications of these methods include
investigations of backbone and side chain conformational dynamics of
multiple functional states of proteins in order to characterize folding,
stability, binding, and catalysis (2). The development of new experiments
for probing molecular dynamic properties is an active area of
investigation, and novel methods continue to be described in the
literature on a regular basis. The experiments described in this chapter
largely report on the local dynamics of a single spin or a pair of directly
bonded spins. Relaxation interference between different stochastic
Hamiltonians results from correlated dynamic processes (Sections 5.2.1
and 5.45). Development of comprehensive and sensitive methods for
investigating correlated motions in proteins represents a particularly
important area of current research (3).

The time scale of a dynamic process that can be characterized by
spin relaxation methods depends directly on the magnitude of the
variation in the spin Hamiltonian modulated by the dynamic process.
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Thus, motions on picosecond–nanosecond time scales are accessible to
spin relaxation resulting from modulation of dipole–dipole (DD),
chemical shift anistropy (CSA), and quadrupolar Hamiltonians, as
discussed in Section 5.4. Motions on microsecond–millisecond time
scales are accessible to spin relaxation resulting from modulation of
isotropic chemical shifts, that is, from chemical exchange phenomena, as
discussed in Section 5.6. The magnitude of the variation in isotropic
scalar coupling constants in proteins, on the order of 10 Hz, is too small
to have proved useful as a direct relaxation probe of molecular dynamics
in macromolecules; however, observation of averaged values of scalar
coupling constants provides evidence of dynamic processes that are too
fast to serve as efficient relaxation mechanisms, as discussed in Section
5.6.2. A number of comprehensive reviews of these methods and
applications are available (4–9).

8.1 Pulse Sequences and Experimental Methods

Pulse sequences for measuring spin relaxation usually consist of five
building blocks: preparation, relaxation, frequency labeling, mixing, and
acquisition. In some cases, frequency labeling may occur before the
relaxation period or pairs of building blocks may be combined. Insertion
of the relaxation period is the only difference from other types of two-
dimensional NMR spectroscopy, discussed in Section 4.1. Thus,
preparation, frequency labeling, and mixing steps can be performed
using the range of approaches described in other chapters. For
homonuclear 1H experiments, the preparation period normally consists
of a 908 pulse and the mixing period consists of a 908 pulse or a TOCSY
sequence (Section 6.5). For heteronuclear experiments, the preparation
period consists of an INEPT (Sections 2.7.7.2 and 2.7.7.3) or NOE
(Section 5.5) transfer step from 1H spins to the nucleus of interest and
the mixing period consists of INEPT, PEP (Section 7.1.3.2), or TROSY
(Chapter 7) sequences. The density operator present after the prepara-
tion period provides the initial condition for the relaxation period, T.
Two-dimensional Fourier transformation yields a frequency-domain
spectrum in which the relaxation information is encoded in the
intensities or lineshapes of the resonance signals.

The prototypical situation that arises in the design of experimental
methods for measuring relaxation rate constants consists of two
eigenoperators, A and B, with eigenfrequencies �A and �B that are
subject to autorelaxation, with rate constants �A and �B, respectively,
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and cross-relaxation, with rate constant �:

d

dt

Ah i tð Þ
Bh i tð Þ

� �
¼

i�A � �A ��
�� i�B � �B

� �
Ah i tð Þ � Ah i0

Bh i tð Þ � Bh i0

� �
, ½8:1�

in which hAi tð Þ ¼ TrfA�ðtÞg, and Ah i0 is the equilibrium expectation
value; similar expressions hold for B. The formal solution to this
equation is, for a relaxation period T,

Ah i Tð Þ
Bh i Tð Þ

� �
¼

Ah i0

Bh i0

� �
þ exp T

i�A � �A ��
�� i�B � �B

� �� �
Ah i 0ð Þ � Ah i0

Bh i 0ð Þ � Bh i0

� �
:

½8:2�

Aspects of these equations have been discussed at length in Chapter 5
(in particular, Sections 5.1.2, 5.5.2, and 5.6) and are recapitulated here. If
A and B are not secular, typically due to resolved scalar coupling and
chemical shift interactions, so that |�A��B|� �A, �B, and �, then the
effects of � vanish and each basis operator relaxes independently with
rate constants �A and �B. If A and B are secular, then relaxation is
biexponential with rate constants that depend on the eigenvalues of the
relaxation rate matrix. Multiexponential intensity decay curves are
difficult to resolve experimentally and accurate measurements of �A, �B,
and � based on [8.2] are not easily achieved. In the initial rate regime,

Ah i Tð Þ
Bh i Tð Þ

� �
�

Ah i 0ð Þ
Bh i 0ð Þ

� �
þ T

i�A � �A ��
�� i�B � �B

� �
Ah i 0ð Þ � Ah i0

Bh i 0ð Þ � Bh i0

� �
:

½8:3�

If selective excitation or inversion of the operator A is possible, so that
Bh i 0ð Þ ¼ Bh i0, then �A is obtained from the initial decay of Ah i Tð Þ and �
is obtained from the initial buildup of Bh i Tð Þ. Analogous results are
obtained if selective perturbation of B is possible.

Experimental manipulations during T commonly are utilized to
affect the relaxation behavior predicted by [8.1] and [8.2]. Such
manipulations fall into two categories: (i) application of rf fields that
introduce a new time dependence to spin evolution and alter whether
operators are secular and (ii) pulse sequence elements that provide
a desired average relaxation behavior. Examples of these approaches are
given in the following discussion, assuming that A and B are secular with
�A¼�B¼ 0 in the rotating frame.
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As an example of the first category, if the operator B is saturated
(Section 5.1.2), then A relaxes independently according to

d Ah i tð Þ

dt
¼ ��A Ah i tð Þ � Ah iSS

� �
, ½8:4�

in which the steady-state expectation value of A is given by

Ah iss¼ Ah i0 1þ
� Bh i0

�A Ah i0

� �
: ½8:5�

As a second example, if the operators A and B are spin-locked, either by
application of a continuous-wave rf field or by a train of pulses, then
the operators can become secular in the rotating frame of reference and
ROESY-like cross-relaxation pathways become active (Section 5.4.3).

As an example of the second category, if two experiments are
recorded in which Ah i1 0ð Þ ¼ � Ah i2 0ð Þ ¼ Ah i 0ð Þ, and with similar
expressions for B, then the average relaxation decay obtained by
subtracting the two data sets is described by

Ah i Tð Þ
Bh i Tð Þ

� �
¼
1

2

Ah i1 Tð Þ
Bh i1 Tð Þ

� �
�

Ah i2 Tð Þ
Bh i2 Tð Þ

� �� �
¼ exp �T

�A �
� �B

� �� �
Ah i 0ð Þ
Bh i 0ð Þ

� �
,

½8:6�

and the contribution of the equilibrium values of the basis operators
has been eliminated. As a second example, consider the sequence
T/2–U–T/2, in which

U ¼
1 0
0 �1

� �
½8:7�

represents an inversion operation for B and an identity operation for A.
If �T� 1, then, ignoring the equilibrium expectation values, the average
evolution during time T is given by

U�1MðTÞ ¼ U�1 exp �
T

2

�A �

� �B

� �� �
U exp �

T

2

�A �

� �B

� �� �
Mð0Þ

¼ exp �
T

2
U�1

�A �

� �B

� �
U

� �
exp �

T

2

�A �

� �B

� �� �
Mð0Þ

� exp �
T

2
U�1

�A �

� �B

� �
Uþ

�A �

� �B

� �� �� �
Mð0Þ

� exp �T
�A 0

0 �B

� �� �
Mð0Þ, ½8:8�
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in which U–1M(T)¼ ½ Ah i Tð Þ, � Bh i Tð Þ�T. In this case, the effect of cross-
relaxation is suppressed to first order in time and the resulting equations
then yield independent, monoexponential relaxation decays for both
operators A and B. More complex pulsing schemes can provide a higher
degree of suppression if necessary (10).

In the preceding examples, relaxation of the desired operator is
monoexponential, either by nature of the secular approximation or by
pulse sequence manipulations. Consequently, the intensity of the
resonance signal is described by

Ah iðTÞ ¼ Ah ið0Þ expð��ATÞ: ½8:9�

Most commonly, the rate constant is determined by curve fitting this
equation to a time series Ah iðTÞ recorded for a range of values of T. A
minimum of two time points is required, in which case,

�A ¼ ð1=TÞ ln½ Ah ið0Þ= Ah iðTÞ�: ½8:10�

Strategies for optimal sampling have been investigated thoroughly
(11, 12). In accordion spectroscopy (13–16), the relaxation delay is varied
in concert with the frequency-labeling period according to T¼ kt1, in
which k is a constant. The relaxation rate constant is encoded into the
time decay of the t1 interferogram, or the F1 linewidth.

A powerful approach for measuring cross-relaxation rate constants
utilizes the sequence T / 2–U–T / 2, in which the propagator U

interchanges A and B (17):

U ¼
0 1
1 0

� �
: ½8:11�

The average evolution over the sequence is

U�1MðTÞ ¼ U�1 exp �
T

2

�A �

� �B

" #( )
U exp �

T

2

�A �

� �B

" #( )
Mð0Þ

¼ exp �
T

2
U�1

�A �

� �B

" #
U

( )
exp �

T

2

�A �

� �B

" #( )
Mð0Þ

� exp �
T

2
U�1

�A �

� �B

" #
Uþ

�A �

� �B

" # !( )
Mð0Þ

� exp �T
� �

� �

" #( )
Mð0Þ, ½8:12�
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in which � ¼ �A þ �B½ �=2. In this equation, U–1M(T)¼ ½ Bh i Tð Þ, Ah i Tð Þ�T;
therefore, the amplitude Ah i Tð Þ is encoded into the intensity of the
operator B in the final spectrum, and vice versa. If the initial state of
the density operator is proportional to A and the magnitude of Ah i Tð Þ
and Bh i Tð Þ are recorded in separate experiments after the relaxation
period, then

Bh i Tð Þ= Ah i Tð Þ ¼ tanh �Tð Þ: ½8:13�

The propagator U may reflect evolution under the scalar coupling
Hamiltonian or a designed pulse sequence element. Equation [8.12] is
symmetrical, so identical results are obtained if the initial state of the
density operator is proportional to B, except that A and B are swapped
in [8.13]. Performing the experiment twice with the different initial
conditions can be useful in compensating for imperfections in the
experimental methods, a technique that has been called ‘‘symmetrical
reconversion’’ (18).

The hallmark of relaxation interference is that different components
of scalar-coupled multiplets relax at different rates. Accordingly,
interference relaxation rate constants can be obtained from analysis of
the linewidths or intensities of multiplets in frequency-domain NMR
spectra, as an alternative to the time-domain analysis of [8.13] (19–21). If
the scalar couplings are resolved, then the multiplet components are
nonsecular with respect to each other and relax independently (Sections
5.4.2 and 5.4.5). For simplicity, a scalar-coupled doublet is considered.
Evolution is described by [5.146]:

d

dt

IþS�
	 


tð Þ

IþS�
	 


tð Þ

� �
¼ �

i�JIS þ R2 þ �xy 0

0 �i�JIS þ R2 � �xy

� �
IþS�
	 


tð Þ

IþS�
	 


tð Þ

� �
:

½8:14�

At the end of a constant-time evolution period of length T, the intensities
of the two doublet components are given by

IþS�
	 


Tð Þ ¼ 1
2 Iþ
	 


0ð Þ exp � R2 þ �xy
� �

T
� �

,

IþS�
	 


Tð Þ ¼ 1
2 Iþ
	 


0ð Þ exp � R2 � �xy
� �

T
� �

,
½8:15�

in which hIþið0Þ ¼ hIþS�i 0ð Þ þ hIþS�i 0ð Þ is the total initial intensity of
the doublet — that is, the in-phase magnetization. Accordingly, the
relaxation interference rate constant is obtained from the measured
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doublet intensities as

�xy ¼
1

2T
ln

IþS�
	 


Tð Þ

IþS�h i Tð Þ

� �
: ½8:16�

This approach is particularly powerful for more complex spin systems,
such as 13CH2 moieties (20), or multiple-quantum coherences (19, 21).

The preceding manipulations will be utilized in various combina-
tions in the pulse sequences described next. In many of these methods,
the number of pulses applied during T will increase as T increases.
Consequently, systematic errors result if the pulses have unintended
effects on the density operator. For example, application of increasing
numbers of 1H pulses can lead to progressive saturation of the water
resonance. Saturation transfer from water to amide 1HN spins by amide
proton solvent exchange will occur during the recycle delay for fast-
exchanging amide sites. As a result, the initial value of the 1HN

magnetization will depend on T, and relaxation rate constants will be
overestimated. These errors can be avoided by using gradients to
completely dephase the water resonance at the start of the recycle delay,
at a cost of reduced sensitivity for fast-exchanging spins (Section 3.5), by
using recycle delays43/R1w, in which R1w is the longitudinal relaxation
rate constant for the water resonance, or by using carefully optimized
water flip-back methods (Section 3.5). Most of the pulse sequences
illustrated in the following discussions will use the first approach;
consequently, the experiments shown for 15N backbone amide nuclear
spins also are applicable to other X nuclei in isolated IS spin systems.
Water flip-back approaches for spin relaxation methods are discussed
elsewhere (22). As another example, heating of the sample may occur as
T increases because the amount of rf power deposited into the sample
increases with the number of applied pulses or with the length of spin-
locking and decoupling sequences. Because relaxation rate constants are
highly temperature sensitive, severe systematic errors can result. To
avoid such errors, the field strength of applied rf fields may need to be
reduced and compensatory pulses should be applied during the recycle
delay to ensure that the rf power deposited into the sample is
independent of T (23).

8.2 Picosecond^Nanosecond Dynamics

Techniques for probing picosecond–nanosecond time scale motions
rely upon the DD and CSA relaxation mechanisms for 1H, 13C, and 15N
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spins and the quadrupolar relaxation mechanisms for 2H (¼D) spins.
The following sections describe experiments for measuring relaxation
rate constants for backbone amide 15N spins, 2H spins in side chain
CH2D groups, and backbone carbonyl 13C spins.

8.2.1 EXPERIMENTAL METHODS FOR
15N LABORATORY-FRAME

RELAXATION

Experimental methods have been developed extensively for R1, R2,
and NOE measurements of backbone and side chain 15N nuclear spins in
proteins (22, 24–26). Illustrative pulse sequences for measuring backbone
amide 15N spin relaxation in proteins are shown in Fig. 8.1. These
experiments are based on the HSQC pulse sequence (Section 7.1.1)
and are easily modified for larger proteins using the TROSY tech-
nique (27). These sequences can be adapted to measurements of side
chain amide 15N spin relaxation (24), and for 1H–13C IS spin systems in
which 13C–13C scalar coupling and dipolar interactions are negligible,
such as in naturally abundant (28), fractionally enriched (29), or
alternately labeled (30) samples.

The inversion-recovery technique (31) is used to measure the spin–
lattice relaxation rate constant for longitudinal magnetization, R1. This
experiment uses a refocused INEPT sequence for the preparation period.
Thus, the density operator at the beginning of the relaxation period, T, is
proportional to Sz. Phase alternation of �1 in Fig. 8.1a alternates the
sign of the Sz magnetization and consequently suppresses the contribu-
tion to relaxation from the equilibrium or steady-state magnetization.
Decoupling of the 1H spins during the relaxation period T is used to
suppress 1H–15N dipolar cross-relaxation and 1H–15N DD/15N CSA
relaxation interference (32). Decoupling is accomplished by applying a
train of 1808 pulses spaced at short, typically 5-ms intervals. The
intensity decay is described by

Szh iðTÞ ¼ Szh ið0Þ expð�R1TÞ: ½8:17�

Either the Carr–Purcell–Meiboom–Gill (CPMG) (33, 34) or the
R1� (35) technique is used to measure the spin–spin relaxation rate con-
stant for transverse magnetization, R2. Even though rf fields are applied
to the S spins during T in these pulse sequences, the average amplitudes
of the fields are sufficiently weak that Jð! � !eÞ ¼ Jð!Þ for the dipole–
dipole and CSA relaxation mechanisms, and the relaxation rate con-
stants are not affected by the rf fields. This situation is different for
slower chemical exchange processes discussed in Section 8.3. The CPMG
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R2 experiment shown in Fig. 8.1b uses a refocused INEPT sequence for
the preparation period. Thus, the density operator at the beginning of
the relaxation period, T, is proportional to Sx. Cross-relaxation due to
1H–15N DD/15N CSA relaxation interference is suppressed by applying
1808 1H pulses. These pulses are applied after an even-numbered spin
echo so as not to interfere with the compensating effects of the CPMG
pulse train (36, 37). The intensity decay is described by

Sxh iðTÞ ¼ Sxh ið0Þ expð�R2TÞ, ½8:18�

in which T¼ 2n�cp, 2n is the number of spin echo periods, and �cp is the
length of a single spin echo period. An even number of spin echo periods
must be used to obtain a degree of compensation for refocusing pulse
imperfections.

The in-phase Sx operator evolves partially into the antiphase
operator 2IzSy under the scalar coupling Hamiltonian during �cp. The
relaxation rate constant for heteronuclear antiphase magnetization
includes a contribution from longitudinal relaxation of the coupled 1H
spin and thus is greater than the rate constant for in-phase magnetiza-
tion (Section 5.4.2). Assuming that the initial density operator at the
beginning of a spin echo period is proportional to Sx and �JIS�R2, then
the phenomenological transverse relaxation rate constant measured in
a CPMG experiment is given by

R2 �cp
� �

� R2 þ "Rext, ½8:19�

in which Rext is the longitudinal relaxation rate constant for dipole–
dipole interactions of the 1HN spin with remote 1H spins and "¼ 0.5
[1� sinc[2�JIS�cp)]. Parenthetically, if the initial density operator is
proportional to 2IzSy, then the phenomenological relaxation rate
constant is obtained by substituting 1� " for " in [8.19]. To minimize
contributions from antiphase magnetization to R2, �cp5 1/(4JIS);
typically, values of �cp� 1 ms are utilized.

CPMG measurements of R2 also are affected by off-resonance
effects due to rotation of magnetization components (and consequent
introduction of a degree of R1 relaxation) during the refocusing pulses
(38, 39). Numerical calculations suggest that systematic decreases in R2

in the range of 3–10% are possible. To minimize these errors, the
refocusing pulse length should be as short as possible and 510% of
the spin echo delay. Off-resonance effects can be corrected approxi-
mately by numerical simulations of the Bloch equations [1.28]. Measured
values of R1 and R2 together with known values of !1 and � are used
to simulate the magnetization decay curve. The apparent value of R2
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FIGURE 8.1 Pulse sequences for 15N (a) R1, (b) R2, (c) R1�, and (d) NOE spin
relaxation measurements in 15N backbone amide spin systems. R1, R2, and R1�

intensity decay curves are recorded by varying the relaxation period T in a series
of two-dimensional experiments. The NOE is measured by recording one
spectrum with saturation of 1H magnetization and one spectrum without
saturation. Narrow and wide bars depict 908 and 1808 pulses, respectively. All
pulses are x-phase unless otherwise indicated. Decoupling during acquisition is
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obtained from fitting the decay curve is used to correct the measured
value (38).

In the R1� experiment shown in Fig. 8.1c, the initial density operator
is proportional to S0z, in which S0z is the magnetization component
locked along the direction of the effective field in the rotating frame of
reference (Section 5.2.3). The initial density operator is created using
a modified refocused INEPT sequence element. The 2IzSy magnetization
created after the first S spin 908 pulse is converted to

Sx cos 2�	ð Þ þ Sy sin s�	ð Þ ½8:20�

during the subsequent evolution periods. The 908 S spin pulse prior to T
converts this density operator to

Sx cosð2�	Þ þ Sz sinð2�	Þ ¼ S0z ½8:21�

for 	 ¼ 1 / (2!1), in which !1 is the amplitude of the spin-locking rf field.
This method relies on zthe identity tan 
¼ 
 for small 
 and is accurate
to within 5% for |�/!1|5 0.4, corresponding to a tilt angle of 4688.
Alignment by means of an adiabatic sweep also is possible (see later,

FIGURE 8.1—Continued
achieved with the GARP-1 sequence (117). Decoupling during T in the R1

experiment is performed using composite pulse decoupling or a train of 1H 1808
pulses. The R2 CPMG experiment typically uses �cp¼1 ms and T¼2n�cp,
in which n is an integer. Spin locking during the R1� experiment is per-
formed using a continuous-wave rf field with amplitude !1 and frequency
centered in the spectral range of interest. Saturation during the NOE experiment
is performed using composite pulse decoupling or a train of 1H 1808 pulses.
Delays are �¼1/ (4JIS), 	¼1/ (2!1), �1¼�þ t1 / 2, �2¼ (1�2� / t1max) t1 / 2,
�3¼ (1� t1 / t1max) �, t1max is the maximum value of the t1 labeling period,
�01¼ �1þ	, �

0
2¼�2þ	, and �4Gd. The delay 	 is used to orient the

initial magnetization along the direction of the effective field in the rotating
reference frame (118). A semi-constant-time frequency-labeling period is
used to increase resolution in the indirect dimension (42, 43). Conventional
frequency labeling is obtained by setting �2¼ t1 / 2 and �3¼�. The phase cycle is
�1¼x,�x; �2¼4(x), 4(�x); �3¼ x, x, y, y, �x, �x, �y, �y; �4¼ x; receiver¼x,
�x, �x, x. The unlabeled gradients are used to suppress unwanted coherences
and pulse imperfections (119). PEP gradient coherence selection is achieved with
gradients Gd and Ge. Echo/antiecho signals are recorded in separate
experiments by inverting the amplitude of Ge and phase �4 (120). The �1
and receiver phases are inverted for each t1 increment to shift axial peaks to
the edge of the spectrum (121).
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Fig. 8.12c). Cross-relaxation due to 1H–15N DD/15N CSA relaxation
interference is suppressed by applying 1808 1H pulses at T/4 and 3T/4
(40). The intensity decay is described by

S 0z
	 

ðTÞ ¼ S 0z

	 

ð0Þ expð�R1�TÞ: ½8:22�

The relaxation rate constants are corrected for the off-resonance tilted
field using the expression

R1� ¼ R1 cos2
 þ R2 sin2
: ½8:23�

The steady-state NOE technique described briefly in Section 5.5 is
used to measure the {1H}–15N NOE. The NOE experiment shown in
Fig. 8.1d records two spectra, one with saturation of the 1H spins and
one without saturation during the recycle delay. Assuming that the
recycle delay is �1 /R1, in which R1 is the spin–lattice relaxation rate
constant for the 15N spin, then the signal intensities in the two
experiments are given by

Szh iunsat¼ Szh i
0, Szh isat¼ 1þ �ISð Þ Szh i

0, ½8:24�

and the steady-state NOE is given by

NOE ¼ Szh isat= Szh iunsat ¼ 1þ �ISð Þ, ½8:25�

in which �IS is the NOE enhancement [5.150]. Saturation is achieved
with a composite pulse decoupling sequence such as WALTZ-16 or
GARP-1. During the control experiment, a continuous-wave rf
field of the same amplitude as the decoupling field strength is applied
off-resonance to ensure that any heating effects are identical between
experiments. The main concern in this experiment is that equilibrium
magnetization must be restored in the control experiment. The 1HN and
15N magnetizations are saturated at the beginning of the recycle
delay; consequently, at a minimum, the recycle delay must be greater
than 5/R1 to ensure that 499% of the equilibrium magnetization
is restored. The NOE between the 1HN and 15N spins couples the
recovery of 15N magnetization to that of 1HN. In highly deuterated
proteins, the 1HN R1 may be significantly reduced and slow recovery
of 1HN magnetization retards recovery of 15N magnetization. Amide
proton solvent exchange also complicates this experiment because
the very small water 1H, R1¼ 0.25 s–1 (T1¼ 4 s), is communicated
to the 1HN spin by saturation transfer. Efficient water flip-back
techniques are helpful in minimizing the degree of saturation transfer;
however, even so, recycle delays 43T1w may be necessary to obtain
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accurate results or the degree of saturation must be quantified
empirically (41). Because the NOE experiment begins with 15N
magnetization, rather than a polarization transfer step from 1HN

spins, the overall sensitivity of this experiment is much lower than the
R1 and R2 experiments.

The pulse sequences shown in Fig. 8.1 use a semi-constant-time
evolution period for frequency-labeling (42, 43) and PEP sequences
for the mixing period. The semi-constant-time period provides some
of the resolution advantages of a constant-time period, used extensively
in Chapter 7, when suitably long delays do not naturally exist in the
pulse sequence. As shown in Fig. 8.1, the total length of the evolution
period is

�1 þ �2 þ �3 ¼ �þ
t1
2
þ 1�

2�

t1max

� �
t1
2
þ 1�

t1
t1max

� �
�

¼ 2�þ t1 1�
2�

t1max

� �
: ½8:26�

When t1¼ 0, the evolution period has length 2�; when t1¼ t1max, the
evolution period has length t1max. Evolution under the chemical shift
Hamiltonian during the evolution period is given by

�1 þ �2 � �3 ¼ �þ
t1
2
þ 1�

2�

t1max

� �
t1
2
� 1�

t1
t1max

� �
� ¼ t1 ½8:27�

and evolution under the scalar coupling Hamiltonian is given by

�1 � �2 þ �3 ¼ �þ
t1
2
þ 1�

2�

t1max

� �
t1
2
þ 1�

t1
t1max

� �
� ¼ 2�: ½8:28�

The values of these delays are incremented according to

��1 ¼ �t1,

��2 ¼ 1�
2�

t1max

� �
�t1
2
,

��3 ¼
��t1
t1max

,

½8:29�

in which �t1¼ 1/SW1 is the desired t1 increment. Thus, the period 2�,
required in the pulse sequence to evolve in-phase to antiphase
magnetization, is utilized for t1 frequency labeling as well. The effective
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decay constant observed for the t1 interferogram is

R2eff ¼ R2 1� 2�=t1maxð Þ; ½8:30�

consequently, a degree of resolution enhancement is obtained. The semi-
constant-time approach can be adapted for many of the pulse sequences
presented in the following sections and in Chapter 7. Conventional
frequency labeling is obtained in the pulse sequences of Fig. 8.1 by
setting �2¼ t1 / 2 and �3¼�.

Examples of 15N relaxation data for ubiquitin are shown in
Fig. 8.2. The derived relaxation rate constants for ubiquitin are shown
in Fig. 8.3. The median uncertainties in R1, R2, and NOE are 1.5%,
2.8%, and 2.8%, respectively.

8.2.2 EXPERIMENTAL METHODS FOR
15N RELAXATION

INTERFERENCE

Cross-relaxation due to 1H–15N DD/15N CSA relaxation inter-
ference is suppressed in each of the preceding pulse sequences.
Measurement of the 1H–15N DD/15N CSA relaxation interference rate
constant for transverse magnetization, �xy, is useful for investigation of
the variability of the CSA (44, 45) and for identifying sites subject to
chemical exchange (46). A pulse sequence for measuring this rate
constant is shown in Fig. 8.4. The initial density operator is proportional
to 2IzSy. This operator evolves into Sx coherence under the scalar
coupling Hamiltonian. If T¼ n / JIS, in which n is an integer, then the
autorelaxation rate constants for in-phase and antiphase magnetization
are averaged identically according to [8.19]. Consequently, the decay of
magnetization is described by [8.12]. The experiment is performed twice.
The first time, the intensity of the antiphase operator is recorded; the
second time, the intensity of the in-phase operator, created by cross-
relaxation, is recorded. The relaxation interference rate constant is
calculated by [8.13]. Examples of �xy for ubiquitin are shown in
Fig. 8.4. The median uncertainty in �xy is 1.1%; the larger scatter in the
measured values, compared with R2 (Fig. 8.2), arises from site-specific
variation in the 15N CSA (44, 45).

Other pulse sequences have been described for measuring CSA/
dipole (10, 17, 47, 48), CSA/CSA (49–51), and dipole/dipole (20)
relaxation interference rate constants. Use of relaxation interference
relaxation rate constants to augment conventional R1, R2, and NOE
measurements promises to significantly impact the information content
of spin relaxation investigations of proteins.
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8.2.3 EXPERIMENTAL METHODS FOR
13CH2D METHYL

LABORATORY-FRAME RELAXATION

Experimental techniques have been developed to measure deuterium
quadrupolar relaxation rate constants (see Chapter 5, Table 5.9) in
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FIGURE 8.2 The 15N relaxation data for ubiquitin recorded at 500 MHz and
a temperature of 298 K. (a) R1 intensity decays for residues Ile30 (�) in stable
secondary structure and Arg74 (	) located near the C-terminus. Spectra were
recorded with the pulse sequence of Fig. 8.1a. Solid lines are the best fits to
[8.17], yielding R1¼ 2.58 � 0.03 and 1.87 � 0.04 for Ile30 and Arg74,
respectively. (b) R2 intensity decays for residues Ile30 (�) and Arg74 (	). Spectra
were recorded with the pulse sequence of Fig. 8.1b. Solid lines are the best fits to
[8.18], yielding R2¼ 5.98� 0.07 and 2.97� 0.08 for Ile30 and Arg74, respec-
tively. (c) The slice parallel to the F1 dimension is shown for residue Arg76
located at the C-terminus taken from the NOE (saturated) spectrum recorded
with the pulse sequence of Fig. 8.1d. (d) The slice parallel to the F1 dimension is
shown for residue Arg76 taken from the control (unsaturated) spectrum
recorded with the pulse sequence of Fig. 8.1d. The NOE¼�1.33� 0.01 is
calculated from the ratio of the peak intensities according to [8.25].
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ubiquitin is depicted above the graphs, with � strands shown as filled arrows and
� helices shown as open rectangles.

694 CHAPTER 8 EXPERIMENTAL NMR RELAXATION METHODS



GARP 

Gd 

y 

y y 

y y -x 

f3

T/2 

∆ 

∆ ∆ ta

Ge 

d d∆ ∆ ∆ ∆ 

a 

T/2 

15N 

1H 

Grad 

f1 f2
tb

f3 f4 f6 f6f5

b 

0.25 

0.5 

0.75 

0 0.05 0.1 0.15 

T (s) 

c 
2 

4 

6 

8 

0 10 20 30 40 50 60 70 80

h x
y 

(s
–1

) 

Residue 

<
S

y>
(t

)/
<

2I
zS

y>
(t

) 

FIGURE 8.4 The 15N CSA/1H–15N dipolar relaxation interference. (a) A pulse
sequence for measuring �xy is shown. Narrow and wide bars correspond to 908
and 1808 pulses, respectively. Solid bars represent rectangular pulses while open
bars correspond to composite (90x8– 90y8) 908 and composite (90y8– 90x8– 90y8) 1808
pulses. All pulses are applied with x-phase unless specified otherwise.
Decoupling during acquisition is achieved with the GARP sequence (117).
Delay durations are �¼ 1/(4JIS), T¼ n / JIS, �4Gd, and t1 is the labeling
period. Two experiments are performed for each value of the relaxation period
T. In the first experiment, the composite 1H 908 pulse, designated by the narrow
open bar, is included, �a¼� and �b¼�þ t1 / 2. In the second experiment, the
composite 908 pulse is absent, �a¼�þ t1 / 2 and �b¼ t1 / 2. The phase cycle is
�1¼�y,�y, y, y; �2¼ 4(x), 4(�x); �3¼ 4(x), 4(�x); �4¼ 8(x), 8(�x);
�5¼ x, y,�x,�y; �6¼ x; receiver¼ x,�x,�x, x, 2(�x, x, x,�x), x,�x,�x, x.
The unlabeled gradients are used to suppress unwanted coherences and pulse
imperfections. PEP gradient coherence selection is achieved with gradients Gd
and Ge. Echo/antiecho signals are recorded in separate experiments by inverting
the amplitude of Ge and phase �6 (120). The �3 and receiver phases are inverted
for each t1 increment to shift axial peaks to the edge of the spectrum (121). (b)
Data are shown for residues Ile30 (�) in stable secondary structure and Arg74 (	)
located near the C-terminus of ubiquitin. Solid lines are the best fits to [8.13],
yielding �xy¼ 6.35 � 0.14 s�1 and 2.84 � 0.02 s�1 for Ile30 and Arg74,
respectively. (c) Values of �xy are shown as a function of residue position for
ubiquitin. Data were recorded at 500 MHz and a temperature of 298 K.
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13CH2D methyl groups (20, 52–54). Pulse sequences for 2H R1 and R1�

relaxation measurements are shown in Fig. 8.5 (52). The R1� technique is
used to measure the spin–spin relaxation rate constant because short,
high-quality 2H 1808 pulses necessary for CPMGmethods are difficult to
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FIGURE 8.5 Pulse sequences for (a) R1 and (b) R1� spin relaxation measurements
in CH2D spin systems (D¼ 2H). Intensity decay curves are recorded by varying
the relaxation period T in a series of two-dimensional experiments. Narrow and
wide bars depict 908 and 1808 pulses, respectively; shaped pulses are shown as
rounded bars. The 908 shaped pulse with phase cycle �3 is selective for the

13C�

spectral region. The 1808 shaped pulses applied in the 2TC constant-time periods
are band selective for the aliphatic region of the 13C spectrum. All pulses are
x-phase unless otherwise indicated. Decoupling is achieved using WALTZ-16
(122). Delays are �¼ 1/(4JCH), TC¼ 1/(2JCC), �¼ 1 / (4JCD), Tr¼Tmax�T,
Tmax is the maximum value of T, and t1 is the labeling period. The phase cycle
is �1¼ x,�x; �2¼ 2(x), 2(�x); �3¼x,�x; �4¼ 4(x), 4(�x); �5¼ 8(x), 8(�x),
receiver¼x,�x, –x, x, 2(�x, x, x,�x), x,�x,�x, x. The unlabeled gradients are
used to suppress unwanted coherences and pulse imperfections (119). Coherence
selection is achieved with the TPPI–States scheme applied to �5 (121).
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obtain on solution triple-resonance NMR probes. Pulse sequences for
the relaxation rate constant for quadrupolar order, R1Q, represented by
the operator 3D2

z � 2, and the relaxation rate constant for antiphase
coherence, represented by the operator DþDzþDzD

þ, are shown in
Fig. 8.6 (53). In each of these cases, the quadrupolar relaxation of the 2H
spin dominates relaxation, and other relaxation contributions are small
(52, 53, 55). As discussed elsewhere, the relaxation rate constant for
double-quantum coherence also can be measured experimentally;
however, this relaxation rate constant contains contributions from
other relaxation effects that require consideration (53). The ways in
which 2H and 13C methods for investigating methyl group dynamics are
used have been compared (56, 57). Similar approaches can be applied to
15NHD amide moieties (58).

The experiments begin with an INEPT sequence to generate
a density operator 2IzSy. This operator evolves during the sub-
sequent period 2TC under the 1H–13C, 2H–13C, and 13C–13C scalar
coupling Hamiltonians. The value of 2TC¼ 1 / JCC so that the effects of
the JCC coupling are refocused. The value of JCH� JCD (D¼ 2H);
consequently, after the delay 2�, the following operators are present:

Cx ðCHD2 isotopomerÞ

2IzCy ðCH2D isotopomerÞ

4IizIjzCx ðCH3 isotopomer, i 6¼ jÞ

The operator present depends on the number of deuterons incorporated
into the methyl group. The CH2D isotopomers are selected by the
90x8– 90�28 pulse sandwich. Evolution under the JCD scalar coupling
Hamiltonian during the 2TC period yields

IzSy! IzSy 1�D2
z

� �
þ IzSyD

2
z cos 2�JCD�½ � � IzSxDz sin 2�JCD�½ �:

½8:31�

The first term on the right-hand side of [8.31] represents the central line
of the 13C triplet and does not evolve under the scalar coupling
Hamiltonian. The second and third terms represent the outer lines of the
triplet that are either in-phase or antiphase with respect to the central
line, respectively. Because � is much shorter in the pulse sequences of
Fig. 8.5 than of Fig. 8.6, increased sensitivity is obtained by using
WALTZ-16 2H decoupling to maintain in-phase 13C coherence for
2TC� �. This suppresses relaxation contributions from 2H R1 processes
in the same manner that similar 1H decoupling is used in decoupled
HSQC and triple-resonance experiments (Chapter 7). The 13C� selective
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FIGURE 8.6 Pulse sequences for spin relaxation measurements for
(b) quadrupolar order (3D2

z � 2) and (c) antiphase coherence (DþDzþDzD
þ),

in CH2D spin systems (D¼ 2H) obtained by inserting the bracketed segments
into sequences in panel a. Intensity decay curves are recorded by varying the
relaxation period T in a series of two-dimensional experiments. Narrow and
wide bars depict 908 and 1808 pulses, respectively; shaped pulses are shown as
rounded bars. The 908 shaped pulse with phase cycle �3 is selective for the

13C�

spectral region. The 1808 shaped pulses applied in the 2TC constant-time periods
are band selective for the aliphatic region of the 13C spectrum. The rectangular
open bar in panel c designates a 458 pulse. All pulses are x-phase unless
otherwise indicated. Decoupling during acquisition is achieved using WALTZ-
16 (122). Delays are �¼ 1 / (4JCH), TC¼ 1 / (2 JCC), �¼ 1 / (2JCD),
Tr¼Tmax�T, Tmax is the maximum value of T, and t1 is the labeling period.
(b) The phase cycle is �1¼ x,�x; �2¼ 2(x), 2(�x); �3¼ x,�x; �4¼ 4(08), 4(458),
4(908), 4(1358); �5¼ 8(x), 8(–x); receiver¼ x, –x, –x, x, 2(–x, x, x,�x), x, �x, �x,
x. (c) The phase cycle is �1¼x,�x; �2¼ 2(x), 2(�x); �3¼ x,�x; �4¼ 4(x),
4(�x); �5¼ 16(x), 16(�x); �6¼ 8(x), 8(�x); �7¼ 2(x), 2(�x); receiver¼ 2(x, �x,
�x, x), 4(�x, x, x, �x), 2(x,�x, �x, x). The unlabeled gradients are used to
suppress unwanted coherences and pulse imperfections (119); relative signs of
gradients to achieve optimal water suppression are discussed elsewhere (53).
Coherence selection is achieved with the TPPI–States scheme applied to �3 (121).
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pulse, with phase cycle �3, is used to suppress contributions from
long-range 13C–13C scalar coupling interactions (52, 53).

In the R1 and R2 measurements, a density operator proportional
to IzSy(1� 2D2

z)� IzSxDz is selected by setting �¼ 1 / (4JCD); only the
desired operator IzSxDz is retained by the phase cycle of the 2H 908�4
pulse. For the other experiments, a density operator proportional to
IzSy(1� 2D2

z) is selected by setting �¼ 1 / (2JCD). In Fig. 8.6a, the IzSyD
2
z

operator is selected using a double-quantum filter following the
relaxation period T. In Fig. 8.6b, the IzSy (DþDzþDzD

þ) operator is
generated by applying a 458 pulse to the IzSy(1� 2D2

z) operator and
contributions from other operators are suppressed by phase cycling �6
and �7.

The decay of magnetization during T contains contributions from
relaxation of the IzSz operators as well as of the desired 2H operators.
For example, in the R1 experiment, the relaxation of the IzSzDz operator
is recorded, rather than the relaxation of Dz. These additional
contributions are compensated by the Tr¼Tmax � T period using the
constant-relaxation-time approach (59). The effective relaxation decay
for the entire pulse sequence is given by

I Tð Þ ¼ I 0ð Þe�RTTe�Rzz Tmax�Tð Þ ¼ I 0ð Þe�RzzTmaxe�T RT�Rzzð Þ, ½8:32�

in which RT is the effective relaxation rate constant during the period T
and Rzz is the relaxation rate constant for 2IzSz two-spin order during Tr.
The relaxation rate constant RT is well approximated by the independent
sum of the desired 2H relaxation rate constant and Rzz. Consequently,
the effective relaxation constant measured in these pulse sequences does
not contain a contribution from Rzz. Finally, the operators D2

z , and
(1� 2D2

z) have the same quadrupolar relaxation rate constants as for
quadrupolar order, 3D2

z� 2, because the identity operator does not
contribute to relaxation, as shown by [5.70].

Examples of 2H R1 and R1� relaxation rate constants for ubiquitin
are shown in Fig. 8.7. The median uncertainties in R1 and R2 are 6.1%
and 5.5%, respectively.

8.2.4 EXPERIMENTAL METHODS FOR
13CO LABORATORY-FRAME

RELAXATION

Techniques have been reported for measurements of 13C spin
relaxation in carbonyl groups (60–63). The dipolar cross-relaxation rate
constant between 13CO and 13C� spins, �C�CO, is unaffected by the 13CO
CSA or by dipolar interactions with 1H spins and consequently is easier
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to interpret than are 13CO R1 or R2 measurements (64). The cross-
relaxation rate constant can be measured by a transient NOE experiment
(60) or by a steady-state NOE measurement combined with an R1

measurement (63). The latter approach is illustrated in Fig. 8.8. These
experiments are based on the HNCO experiment (Section 7.4.4.1) and
are similar in design to the 15N R1 and NOE experiments. The principal
experimental consideration is that pulses used to saturate the 13C� spins
must be sufficiently band selective so as to leave the 13CO spins
unperturbed. Carbonyl relaxation is important for providing additional
detail on backbone motions in proteins, because both the amide 15N and
the 13CO spins report on motions of the peptide plane (47, 65, 66).
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FIGURE 8.7 The 2H relaxation rate constants for CH2D methyl groups in
ubiquitin (56). (a) R1 and (b) R1� rate constants are shown as a function of
residue position. Data were recorded at a field of 600 MHz and a temperature of
303 K. Data for Ile are shown as grey (black) bars for the � (�) methyl group;
data for Leu are shown as grey (black) for the �1 (�2) methyl group, and data for
Val are shown as grey (black) for �1 (�2) methyl group.
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increment to shift axial peaks to the edge of the spectrum (121).
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8.3 Microsecond^Second Dynamics

Techniques for probing microsecond–second time scale motions rely
upon chemical exchange processes that modulate the isotropic chemical
shift of 1H, 13C, and 15N spins. The main techniques, ZZ-exchange (or
NOESY) spectroscopy, CPMG relaxation dispersion, and R1� relaxation
dispersion, are applicable to millisecond–second, millisecond, and
microsecond–millisecond time scales, respectively. Classical lineshape
analysis is applicable roughly to the same microsecond–millisecond time
scales accessible to CPMG and R1� relaxation dispersion techniques. The
basic theory of chemical exchange in NMR spectroscopy is described in
Section 5.6. The simple two-site exchange mechanism is assumed
throughout this section.

The initial step in characterizing a kinetic process by NMR
spectroscopy is identifying spins subject to chemical exchange. If site
populations are sufficiently large and exchange is slow on the chemical
shift time scale, then additional resonances arising from the additional
conformational or chemical states are observed in the NMR spectra.
These resonances usually are identified during initial efforts to obtain
sequence-specific resonance assignments. NOESY, ROESY, and ZZ-
exchange spectroscopy, discussed in the following sections, are used to
confirm that the additional resonances arise from chemical exchange
processes. However, only a single set of resonances is observed in the
NMR spectra if exchange is fast on the chemical shift time scale or if site
populations are sufficiently low that the minor components are not
observable in the slow exchange limit. In such circumstances, exchange
effects are recognized by an increase in the transverse relaxation rate
constant relative to the value expected for dipolar and CSA interactions
for the observed resonance signals:

R2 ¼ R
0

2 þ Rex, ½8:33�

in which R
0

2 refers to either the relaxation rate constant for an individual
site (for slow exchange) or to the population-averaged relaxation rate
constant (for fast exchange), and Rex is the excess contribution to R2 due
to exchange. The exact relaxation rate constant for the dominant
resonance signal is given by [5.183]. For fast exchange [5.186],
Rex¼ p1p2�!

2 / kex and, assuming p2 � 0.1 and �! � 5000 s–1, then
Rex 
 2.5 s–1 for rates kex5 106 s–1. This result represents a rough upper
bound on kinetic processes in proteins that can be characterized through
methods based on chemical exchange broadening.
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The value of R2 in Eq. [8.33] can be approximated either by R �2 , the
free-precession damping constant including effects of magnetic field
inhomogeneity, or by R2HE, the damping constant observed for a Hahn
spin echo experiment. The value of R �2 is obtained from the resonance
full-width at half-height linewidth, �
FWHH, using R �2 ¼��
FWHH, or
equivalently, from the decay of the time-domain free induction decay
or interferogram (in multidimensional NMR spectra) (67). The size of
the inhomogeneity contribution to R �2 can be estimated using spins not
affected by the exchange process. The value of R2HE is obtained using
the sequence T / 2–1808–T / 2 incorporated into either a one-dimensional
or a multidimensional NMR experiment (68). The 1808 pulse must be
selective to refocus homonuclear scalar coupling interactions, if any such
interactions are significant. Usually, spectra are recorded for relaxation
delays equal to 0 and T and then R2HE is calculated using [8.10]. The
echo time, T, should be long enough that kexT� 1; otherwise, the effects
of exchange on the echo decay are partially suppressed. In either
approach, additional decoupling sequences may need to be applied
during the free-precession evolution period or during the spin echo
delay to prevent evolution into antiphase coherences subject to addi-
tional relaxation mechanisms (36, 37).

An example of a pulse sequence for a WALTZ-16 decoupled Hahn
echo experiment for 15N spins is shown in Fig. 8.9. This experiment is
very similar to the decoupled HSQC experiment (Section 7.1.1.3). The
value of T/4 is adjusted so that an integral number of WALTZ-16
supercycles (Section 3.4.3) are performed in order to minimize effects of
the decoupling sequence on the quality of the spin echo (37, 69).

The value of R
0

2 in [8.33] is obtained by one of the following
approaches: (i) analysis of R1, R2, and NOE data for 13C or 15N spins
using the model-free formalism (70, 71), (ii) use of the magnetic field
dependence of R2 –R1/2 to determine J(0), the spectral density function
at zero frequency (72), or (iii) use of 1H–15N DD/15N CSA relaxation
interference rate constants (10, 45). Using the last approach,

R0
2 ¼ k�xy, ½8:34�

in which k is a constant of proportionality that can be calculated
theoretically using expressions in Chapter 5 (Tables 5.5 and 5.8 and
[5.144]), or determined empirically for residues in the protein of interest
known to be unaffected by chemical exchange processes. Values of Rex

determined from [8.33] and [8.34] are shown in Fig. 8.10. Values of R2HE

were determined using the experiment shown in Fig. 8.9, and values of
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�xy were taken from Fig. 8.4. Chemical exchange line broadening of
the amide 15N spins of residues 23, 25, 55, and 70 of ubiquitin is evident.

8.3.1 LINESHAPE ANALYSIS

Lineshape analysis is a classical approach for analyzing exchange
processes in NMR spectroscopy (73, 74). Applications to proteins
include chemical exchange arising from folding (75–77), ligand binding
(78–80), and oligomerization (81). In each of these applications, the
lineshapes can be altered by varying experimental parameters, such as
temperature, ligand concentration, denaturant concentration, or protein
concentration, which enables a global analysis of lineshapes to be
performed as functions of the adjustable parameters. Typically, line-
shape analysis is applicable to exchange processes in biological
macromolecules with kex � 105 s–1.
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FIGURE 8.9 Pulse sequence for an in-phase Hahn echo pulse sequence for
identifying chemical exchange in small to medium-sized proteins. The pulse
sequence is applicable to isolated IS spin systems. Narrow and wide bars
correspond to 908 and 1808 pulses, respectively. All pulses are applied with
x-phase unless specified otherwise. Decoupling during acquisition is achieved
with the GARP sequence (117). Decoupling during the spin echo periods, shown
as open boxes, is performed using WALTZ-16 (122). Delay durations are �¼ 1/
(4JIS), t

a
1¼�þ t1 / 2, and �4Gd. Two experiments are performed: once with

T¼ 0 (and without WALTZ-16 decoupling) and once with T/4 chosen to be an
integral number of WALTZ-16 supercycles. The phase cycling is �1¼�y, y;
�2¼ x, x,�x,�x; �3¼ x, x,�x,�x; �4¼x; receiver¼x,�x,�x, x. The unla-
beled gradients are used to suppress unwanted coherences and pulse imperfec-
tions (119). PEP gradient coherence selection is achieved with gradients Gd and
Ge. Echo/antiecho signals are recorded in separate experiments by inverting the
amplitude of Ge and phase �4 (120). The �1 and receiver phases are inverted for
each t1 increment to shift axial peaks to the edge of the spectrum (121).
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The NMR spectrum for an exchanging system is given by the
Fourier transformation of [5.172] or [5.181]. Computer optimization of
the parameters in these equations is utilized to fit the experimental
lineshapes. In practical applications, particularly for 1H lineshapes, the
magnetization components should be regarded as representing individ-
ual resonance lines of scalar coupled multiplets. If scalar coupling
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FIGURE 8.10 Values of 15N Rex for ubiquitin. (a) values of �xy taken from
Fig. 8.4 are plotted versus R2HE determined using the experiment shown in
Fig. 8.9 with T¼ 57.9 ms. (b) Rex was calculated from [8.33] and [8.34] and an
empirical value of k¼ 1.57. Values of Rex are shown as a function of residue
position.
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constants are modulated by the exchange process, then a more
general theoretical approach based on a density operator formalism is
required (82).

8.3.2 ZZ-EXCHANGE SPECTROSCOPY

Slow chemical exchange processes can be studied by monitoring the
exchange of longitudinal magnetization between sites (Section 5.6.1) if
the population of the minor site A2 is large enough and exchange is slow
enough to generate observable resonance signals for both sites A1 and
A2 (83). In addition, kex must not be much less than R1 for the
exchanging sites; otherwise, the signals decay due to relaxation faster
than population transfer. Investigations of chemical exchange using 1H
NMR spectroscopy are complicated by the coexisting transfer of
magnetization through the nuclear Overhauser effect, although the
opposite signs of the NOE and rotating-frame Overhauser effect (ROE)
for macromolecules can be used to approximately suppress magnetiza-
tion transfer through dipolar relaxation (84). Isotopic enrichment of
macromolecules enables X-nucleus ZZ-exchange to be utilized instead
of 1H magnetization transfer. Longitudinal relaxation is much slower for
15N and 13C spins than for 1H spins in macromolecules, and X-nucleus
longitudinal magnetization is unaffected by 1H–1H cross-relaxation.
Thus, although either exchange of longitudinal magnetization (85, 86) or
two-spin order (86, 87) can be monitored, the relaxation rate constant
for two-spin order is less favorable than for X-nucleus longitudinal
magnetization. For biological macromolecules, X-nucleus R1 values
typically are on the order of 1 s–1; consequently, ZZ-exchange
measurements are applicable to chemical exchange processes with
1 s–1 � kex � 103 s–1.

A three-dimensional 1H–X–1H pulse sequence for a ZZ-exchange
measurement is shown in Fig. 8.11; as described in the figure caption,
either 1H–1H or X–1H two-dimensional pulse sequences can be derived
from the three-dimensional sequence and employed if the resonances due
to exchanging spins are sufficiently well-resolved (85, 88). The evolution
of longitudinal magnetization during the mixing time, T, is described by
the modified Bloch–McConnell equations ([5.171] or [5.175]).

Cross-peak intensity can be observed at T¼0 if exchange is fast
enough to transfer magnetization between sites during the INEPT
periods. If 1H magnetization is frequency labeled during t1, then
exchange effects must be considered between points A–B and C–D in
Fig. 8.11. If only X magnetization is frequency labeled, during t2, then
exchange effects must be considered between points C–D in Fig. 8.11.
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The effects of exchange during the INEPT periods can be approximated
by including the length of the INEPT sequences, 2�, in the mixing time,
provided that |R0

11�R
0
12|�kex and |R0

21�R0
22|�kex for the X nucleus

and |R0
21�R0

22|�kex for the
1H spin, in which R0

1i and R0
2i are the spin–

lattice and spin–spin relaxation rate constants for spins in the ith site. If
these conditions do not hold, then the effects of exchange during the
INEPT periods must be analyzed numerically. If a three-dimensional
experiment is performed, then exchange during the t2 evolution period
must be analyzed numerically unless t2maxkex� 1.

8.3.3 R1� ROTATING-FRAME RELAXATION METHODS

In an R1� experiment, magnetization is spin-locked in the rotating
frame by application of an rf field (89, 90). R1� experiments are sen-
sitive to chemical exchange processes if values of !e near kex are
achievable experimentally. Typically, R1� experiments are limited to
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FIGURE 8.11 Pulse sequence for X nucleus ZZ-exchange NMR spectroscopy.
The pulse sequence is applicable to isolated IS spin systems. Narrow and wide
bars depict 908 and 1808 pulses, respectively. All pulses are x-phase unless
otherwise indicated. Decoupling during the relaxation delay to suppress
heteronuclear dipole–dipole cross relaxation, and dipole/CSA cross-correlation
can be performed using WALTZ-16 (122) or a train of 1H 1808 pulses at 5-ms
intervals. Decoupling during acquisition is achieved with the GARP sequence
(117). Delays are �¼ 1 / (4JIS), t

a
1 ¼�þ t1 / 2, t

a
2 ¼�þ t2 / 2, and T is the mixing

time. A two-dimensional X–1H correlation spectrum is obtained by setting
t1¼ 0; a two-dimensional 1H–1H correlation spectrum is obtained by
setting t2¼ 0. The phase cycle is �1¼ x, �x; �2¼ 4(x), 4(�x); �3¼x, x, y, y,
�x, �x, �y, �y; and receiver¼ x, �x, �x, x. The gradients are used to suppress
unwanted coherences and pulse imperfections (119). Frequency discrimination is
obtained by shifting the phase of the receiver, �1 and �2 according the TPPI–
States protocol (121).
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values of kex � 105 s–1. Sample heating and limitations on the maximum
value of !1, usually �3� 104 s–1 (5 kHz), tolerated by the spectrometer
probe and amplifiers during sustained spin-locking pulses are the princi-
pal experimental constraints on !e. Furthermore, exchange processes
with kex4 106 s–1 result in small exchange line broadening unless �! is
very large. The R1� measurements on biological macromolecules can be
performed using near-resonance (often called on-resonance for conve-
nience) (40, 91) or off-resonance (59, 92, 93) rf fields. In the former case,
the rf transmitter frequency is positioned close to the resonances of
interest (or in the middle of the NMR spectrum) and the minimum value
of !1 is large enough to ensure that 
4 688 over the spectral region of
interest. The relaxation dispersion curve is obtained by varying !1. In the
latter case, the rf transmitter is positioned far enough off-resonance to
ensure that 
5 688. The relaxation dispersion curve is obtained by
varying !1 or the carrier offset, or both, in order to vary !e.

Theoretical expressions for the R1� relaxation rate constant in the
presence of chemical exchange have been presented elsewhere (89, 90,
94–96). For two-site chemical exchange in the fast-exchange limit
(89, 90),

R1� ¼ R1 cos
2
 þ R2 sin2


¼ R1 cos2
 þ R
0

2 sin2
 þ sin2

p1p2�!

2kex
k2ex þ !

2
e

, ½8:35�

in which R1 and R
0

2 are the population average relaxation rate constants
in the absence of exchange. When site populations are highly skewed,
p1� p2, then (95, 96)

R1� ¼ R1 cos2
 þ R2 sin2


¼ R1 cos2
 þ R
0

2 sin2
 þ sin2

p1p2�!

2kex

k2ex þ !
2
1 þ�2

2

½8:36�

is valid for all time scales. When [8.36] rather than [8.35] is applicable,
relaxation dispersion depends on the resonance offset of the minor,
usually unobservable, species. Thus, the value of �2 can be determined
from the resonance offset dependence of R1�.

Pulse sequences for near-resonance (40) and off-resonance (59, 92,
93) R1� experiments for X spins are shown in Fig. 8.12. The near-
resonance pulse sequence, Fig. 8.12a, is designed for rf field strengths as
low as !1/(2�)¼ 1.7JIS. To prevent evolution under an effective scalar
coupling Hamiltonian, the 1H 1808 pulses used to decouple 15N
CSA/1H–15N dipolar relaxation interference are applied only when the
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FIGURE 8.12 Pulse sequences for measuring 15N R1� using (b) near-resonance
and (c) off-resonance experiments obtained by inserting the bracketed segments
into the sequence in panel a. Narrow and wide bars depict 908 and 1808 pulses,
respectively. All pulses are x-phase unless otherwise indicated. Decoupling
during acquisition is achieved with the GARP sequence (117). Delays are
�¼ 1/(4JIS), ta1¼�þ t1/2, T is the relaxation delay, and �4Gd. For a
constant-relaxation-time experiment, �¼ (Tmax�T) / 2; for a conventional
experiment, � is long enough to encompass any pulses and gradients. The
1808 pulse during � in panel c is omitted for a conventional experiment. (b) The
spin lock rf frequency is positioned in the center of the spectral region of interest,
and 	¼ 1 / (2!1) serves to align the magnetization along the direction of the
effective field (118). (c) The spin lock rf frequency is set outside the spectral
region of interest. The adiabatic sweep A rotates z-magnetization to the
direction of the effective field and the adiabatic sweep B rotates the spin locked
magnetization back to the z-axis. The phase cycle is �1¼ x, �x; �2¼ 4(x), 4(�x);
�3¼ x, x, y, y,�x,�x,�y,�y; �4¼ x; receiver¼x,�x,�x, x. The unlabeled
gradients are used to suppress unwanted coherences and pulse imperfections
(119). PEP gradient coherence selection is achieved with gradients Gd and Ge.
Echo/antiecho signals are recorded in separate experiments by inverting the
amplitude of Ge and phase �4 (120). The �1 and receiver phases are inverted for
each t1 increment to shift axial peaks to the edge of the spectrum (121).
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magnetization is stored along the z-axis. Gradient pulses following
the 1808 1H pulses are used to dephase any residual transverse
coherences. For rf field strengths satisfying !1 / (2�) 4 2.7JIS, the R1�

pulse sequence of Fig. 8.1c is satisfactory as well. The off-resonance
pulse sequence, Fig. 8.12b, is identical to the R1� pulse sequence of
Fig. 8.1c except that the magnetization is aligned along the direction of
the off-resonance effective field before the spin-locking period and is
returned to the z-axis after the spin-locking period using adiabatic
sweeps (92).

The dependence of R1� on R1 in [8.23] can be simplified by
the constant-relaxation-time approach (59). If �¼ (Tmax�T) / 2 in
Fig. 8.12, then the effective relaxation rate constant is given by

Reff ¼ R1� � R1 ¼ R1 cos
2
 þ R2 sin2
 � R1 ¼ ðR2 � R1Þ sin

2
: ½8:37�

Chemical exchange line broadening of the amide 15N spins of
residues 23, 25, 55, and 70 of ubiquitin has been identified from elevated
values of transverse relaxation rate constants measured using CPMG
(Fig. 8.3) and Hahn echo techniques (Fig. 8.10). A relaxation dispersion
curve for residue 25 in ubiquitin is shown in Fig. 8.13.
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FIGURE 8.13 The 15N R1� relaxation dispersion for residue Asn25 in ubiquitin
(124). Values of R2 were obtained from R1� using [8.23]. Data were recorded
using both near-resonance and off-resonance pulse sequences shown in
Fig. 8.12 at 500 MHz (	) and 600 MHz (�) at a temperature of 280 K. The
solid line is the best fit of [8.35], yielding kex¼ (2.3�0.2)� 104 s–1.
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8.3.4 CPMG RELAXATION METHODS

In a CPMG experiment, the relaxation of transverse magnetization
is observed during a (��1808�2��1808��)n spin echo sequence, in which
�cp¼ 2� is the spacing between 1808 pulses and n is an integer (33, 34).
CPMG experiments are sensitive to chemical exchange processes if
values of 1/�cp near kex are achievable experimentally. CPMG
experiments in proteins typically are applicable to chemical exchange
processes with values of kex�10

4 s–1 as a result of experimental
constraints on the minimum value of �cp
0.1–1 ms. Sample heating at
high pulsing rates is a major experimental limitation. In addition,
theoretical analyses of relaxation during CPMG experiments assume
that the refocusing pulses have negligible duration (97–99); at pulse duty
cycles 410%, this assumption may not be valid (93).

Theoretical expressions for the effective R2 relaxation rate constant
observed in a CPMG experiment in the presence of chemical exchange
have been presented elsewhere (89, 97, 98, 100). For the case of two-site
exchange, a general expression for the transverse relaxation rate constant
for site 1 (p14p2), R2(1/�cp), is given by (89)

R2 1=�cp
� �

¼ R
0

2 þ
1

2
kex �

1

�cp
cosh�1 Dþ cosh �þð Þ �D� cos ��ð Þ½ �

� �
,

½8:38�

in which

D� ¼
1

2
�1þ

 þ 2�!2

 2 þ �2ð Þ
1=2

" #1=2

,

�� ¼
�cp
2
� þ  2 þ �2

� �1=2h i1=2
,

½8:39�

where  ¼ k2ex þ�!2 and � ¼ �2�!kex p1 � p2ð Þ. In the fast-exchange
limit, [8.38] simplifies to

R2 1=�cp
� �

¼ R
0

2 þ
p1p2�!

2

kex
1�

2 tanh kex�cp=2
� �

kex�cp

� �
: ½8:40�

The maximum value of �cp for CPMG experiments applied to X
spins is limited by evolution under the one-bond heteronuclear scalar
coupling Hamiltonian, which interconverts in-phase and antiphase mag-
netization during the spin echo period [8.19]. The range of �cp values
that can be utilized is expanded by CPMG experiments designed to
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FIGURE 8.14 Pulse sequences for relaxation-compensated CPMG experiments in
(a) IS, (b) I2S, and (c) I3S spin systems. Narrow and wide bars depict 908 and
1808 pulses, respectively. All pulses are x-phase unless otherwise indicated.
Decoupling during acquisition is achieved with the GARP or WALTZ-16
sequences (117, 122). Delays are �¼ �cp /2, �¼1/ (4JIS), and �4Gd;
(a) t a1 ¼�þ t1 /2; (b) "¼1/ (8JIS), t

a
1 ¼ �þ t1 /2, and �4Ge; (c) �¼1 / (10JIS).
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average in-phase and antiphase magnetization. Relaxation-compensated
CPMG pulse sequences for IS (101), I2S (102), and I3S (103) are shown
in Fig. 8.14. In these experiments, in-phase and antiphase coherences
are interchanged during the period U in order to eliminate any �cp-
dependent effects arising from differential relaxation rates.

The principles of the relaxation-compensated pulse sequences are
illustrated for the simplest case of an IS spin system. The pulse sequence
is shown in Fig. 8.14a. Following the initial INEPT period, the density
operator at point A is proportional to 2IzSy. Between points A and B,
the relaxation of the density operator is described by [8.19], with
"AB¼ 0.5 [1þ sinc[2�JIS�cp)] (36, 37). The period U converts antiphase
2IzSy coherence to in-phase Sy coherence and suppresses CSA/dipolar
cross-correlation to first order. Gradients G4 eliminate any imperfec-
tions in the 1808 pulses, and the 1H 908 pulse at the end of the U period
converts any residual antiphase magnetization to multiple-quantum
coherence, which is not detected. Between points C and D, the relaxa-
tion of the density operator is described by [8.19], with "CD¼ 0.5
[1� sinc[2�JIS�cp)]. The total decay of the magnitude of the density
operator between points A and D is given by

Ið8n�cpÞ ¼ I0 exp �4n�cp R2ð1=�cpÞ þ "ABRext


 �� �
� exp �4n�cp R2ð1=�cpÞ þ "CDRext


 �� �
¼ I0 exp �8n�cp R2ð1=�cpÞ þ Rext=2


 �� �
, ½8:41�

in which the efficiency of U is incorporated into I0. Thus, the effective
transverse relaxation constant for relaxation mechanisms other than
chemical exchange is independent of �cp. After the final spin echo period,
the magnetization is then frequency labeled during t1 and returned back

FIGURE 8.14—Continued
Unlabeled gradients are used to suppress unwanted coherences and pulse
imperfections (119). In panels a and b, the phase cycle is �1¼x,�x; �2¼4(x),
4(�x); �3¼x, x, y, y,�x, �x, �y, �y; �4¼x; receiver¼x,�x,�x, x. Gradient
coherence selection are achieved with gradients Gd and Ge. Echo/antiecho
signals are recorded in separate experiments by inverting the amplitude of Gd
and phase �4 (120). The �1 and receiver phases are inverted for each t1 increment
to shift axial peaks to the edge of the spectrum (121). In panel c, the phase cycle
is �1¼x, �x; �2¼2(x), 2(�x); �3¼ 8(x), 8(�x); �4¼ 4(x), 4(y), 4(�x), 4(�y);
receiver¼x, �x, �x, x, �x, x, x, �x. Frequency discrimination during t1 is
obtained by shifting the phase of �2 and the receiver according the TPPI–States
protocol (121).
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to the I spins for detection by the refocused INEPT period. One
drawback of the illustrated sequence is that the minimum relaxation
delay is 4�cp. Conventional CPMG pulse sequences for measuring R2 are
self-compensating for evolution of the scalar coupling if �cp¼m/JIS, in
which m is an integer (104). Hahn spin echo measurements, self-
compensated CPMG experiments, and relaxation-compensated CPMG
experiments can be used in combination to cover the widest possible
range of �cp values (104).

For I2S and I3S spin systems, relaxation is multiexponential and
constant-relaxation-time experiments are necessary to obtain accurate
results (102, 103). In this approach, relaxation rate constants are
determined from measurements recorded with a relaxation delay of 0
and T using [8.10]. The relaxation dispersion curve is generated by
varying �cp such that T is constant. If relaxation is multiexponential due
to, for example, multiple dipole–dipole interactions, then

Ah i Tð Þ ¼ exp �Rex 1=�cp
� �

T
� � X

j

aj exp �RjT
� �

Ah i 0ð Þ, ½8:42�

in which ai and Ri are the amplitude and rate constant for the ith term in
the multiexponential expansion, respectively, and Rex(1/�cp) is the
exchange damping constant, given, for example, by R2 1=�cp

� �
� R

0

2 in
[8.38]–[8.40]. Thus, using [8.10], an effective relaxation rate constant is
defined:

Reff 1=�cp
� �

¼ 1=Tð Þ ln Ah ið0Þ= Ah i Tð Þ½ �

¼ Rex 1=�cp
� �

� 1=Tð Þ ln
X
j

aj exp �RjT
� �" #

:
½8:43�

The second term does not depend on �cp and consequently represents
a constant offset to the relaxation dispersion curve and is determined as
part of the curve-fitting analysis.

A pulse sequence for a relaxation-compensated CPMG experiment
for 1H spins is shown in Fig. 8.15 (105). This experiment is applicable to
1H spins that do not have significant homonuclear scalar coupling
interactions; for example, the 3JHNH� scalar coupling interaction is
eliminated in uniformly 15N/2H-enriched proteins. In this experiment,
the 15N frequency-labeling period is placed before the CPMG element.
As a result, the 1H spins relax as unlike spins, even in the limit of fast
pulsing (106). In addition, any ROESY cross-peaks that do arise from
cross-relaxation when pulsing is fast are not degenerate with the main
HSQC peaks, unless the 15N shifts are degenerate. This experiment is
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performed using the constant-relaxation-time approach described
previously to reduce the effects of multiexponential 1H dipole–dipole
relaxation on the measured dispersion curves.

8.3.5 CHEMICAL EXCHANGE IN MULTIPLE-QUANTUM

SPECTROSCOPY

If two spins are affected by the same chemical exchange kinetic
process, then the chemical shift changes for the two spins resulting from
transitions between sites will be correlated. This correlation gives rise to
exchange effects that can either broaden or narrow resonance line-
shapes for multiple-quantum coherences (107). In essence, for multiple-
quantum coherences, the value of �! in the equations given here and in
Section 5.6 should be replaced by the difference in multiple-quantum
(MQ) frequencies, �!MQ; thus, for double-quantum (DQ) and zero-
quantum (ZQ) coherences, respectively, �!DQ¼�!Iþ�!S and
�!ZQ¼�!I��!S, in which �!I (�!S) is the chemical shift difference
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FIGURE 8.15 Pulse sequence for an amide 1H CPMG experiment in 15N/2H-
labeled proteins. Narrow and wide bars depict 908 and 1808 pulses, respectively.
All pulses are x-phase unless otherwise indicated. Decoupling during acquisition
is achieved with the GARP or WALTZ-16 sequences (117, 122). Delays are
�¼1 / (4JIS), and � is longer than the included gradients. Unlabeled gradients
are used to suppress unwanted coherences and pulse imperfections (119). The
phase cycle is �1¼x, �x; �2¼2(x), 2(�x); �3¼8(x), 8(�x); �4¼4(x), 4(y),
4(�x), 4(�y); receiver¼x, �x, �x, x, �x, x, x, �x. Frequency discrimination
during t1 is obtained by shifting the phase of �1 and the receiver according the
TPPI–States protocol (121).
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between sites A1 and A2 for the I (S) spin. Hahn spin echo pulse
sequences for measuring the difference between the relaxation rate
constants for DQ and ZQ coherences have been developed for 1H–15N
backbone amide moieties (108) and for 13C�–13C� moieties (109) in
proteins. In some cases, selection of the narrower of the DQ or ZQ
coherences (depending on the relative chemical shifts) results in
improved resolution and sensitivity of multidimensional NMR spectra
(107, 110).

A pulse sequence for MQ relaxation in 1H–15N backbone amide
moieties is shown in Fig. 8.16. The experiment creates 2IySy coherence at
the beginning of the relaxation period T and detects 2IySy coherence in
one experiment and 2IxSx coherence in the second experiment. The
cross-relaxation rate constant is obtained from 2IxSxh i(T) / 2IySy

	 

(T)

using [8.13]. The relaxation of these operators is described by

d

dt

2IxSxh i tð Þ
2IySy

	 

tð Þ

� �
¼ �

R2 �
� R2

� �
2IxSxh i tð Þ
2IySy

	 

tð Þ

� �
: ½8:44�

Recall from Section 2.7.5 that

2IxSxh i tð Þ
2IySy

	 

tð Þ

� �
¼

1 1
1 �1

� �
DQx

	 

tð Þ

ZQx

	 

tð Þ

� �
½8:45�

gives

R2 �

� R2

� �
¼

1

2

1 1

1 �1

� �
RDQ 0

0 RZQ

� �
1 1

1 �1

� �

¼
RDQ þ RZQ

� �
=2 RDQ � RZQ

� �
=2

RDQ � RZQ

� �
=2 RDQ þ RZQ

� �
=2

" #
: ½8:46�

Thus, 2� ¼ RDQ � RZQ

� �
¼ �RMQ.

For two-site chemical exchange in the fast-exchange limit (108),

�RMQ ¼ RDQ � RZQ ¼ R
0

DQ � R
0

ZQ þ 4p1p2�!I�!S=kex, ½8:47�

in which R1 and R
0

2 are the population average relaxation rate constants
in the absence of exchange. When p1� p2, �RMQ is given by (2, 111)

�RMQ ¼ R
0

DQ � R
0

ZQ þ
4p21p2�!I�!Sk

3
ex

p41k
4
ex þ 2p21k

2
ex �!2

I þ�!2
S

� �
þ �!2

I ��!2
S

� �2
½8:48�

for all time scales. The difference R
0

ZQ � R
0

DQ typically is small;
consequently, the sign of �RMQ gives the relative sign of the chemical
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shift differences for I and S spins (108). This information, which cannot
be obtained from single-quantum experiments, is helpful for mechanistic
interpretations of exchange phenomena.

Examples of the measurement of �RMQ for ubiquitin are shown
in Fig. 8.16. Residue 25 exhibits a large exchange broadening in SQ

e
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∆ ∆  
1H ∆ ∆ ∆ ∆ 

y y y -x 
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d d
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t1 e
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<
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FIGURE 8.16 Multiple-quantum relaxation in ubiquitin. (a) Pulse sequence for
measuring 1H–15N �RMQ. Narrow and wide bars correspond to 908 and 1808
pulses, respectively. All pulses are applied with x-phase unless specified
otherwise. The shaped pulse is a band-selective 1808 pulse centered on the
amide 1H spectral region. Delay durations are �¼1/ (4JIS), �4Gd, and,
"4Ge. Two experiments are performed for each value of the relaxation period
T. In the first experiment, �2¼y, and 2IxSx magnetization is detected. In the
second experiment, �2¼x, and 2IySy magnetization is detected. Decoupling is
achieved with the GARP sequence during acquisition. The phase cycling is
�1¼y,�y; �3¼x, x, �x, �x; �4¼x, x, �x, �x; �5¼x; receiver¼x, �x, �x, x.
The unlabeled gradients are used to suppress unwanted coherences and pulse
imperfections (119). PEP gradient coherence selection is achieved with gradients
Gd and Ge. Echo/antiecho signals are recorded in separate experiments by
inverting the amplitude of Ge and phase �6 (120). The �1 and receiver phases are
inverted for each t1 increment to shift axial peaks to the edge of the spectrum
(121). (b) Relaxation decay curves for residues 23 (�) and 70 (	) in ubiquitin,
known to be subject to chemical exchange broadening (124). Data were recorded
at 500 MHz and a temperature of 280 K. Solid lines are the best fits to [8.17],
yielding �RMQ¼ 25.2� 1.5 s–1 and 7.2 �0.4 s–1 for residues 23 and 70,
respectively. (c) Values of �RMQ are shown as a function of residue position.
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experiments (Fig. 8.10), but a small value of �RMQ; consequently, �!H

must be close to zero for the exchange process affecting this residue.
In contrast, residue 23 shows large exchange broadening in both SQ
and MQ experiments; consequently, both �!H and �!N must be
significant.

For a heteronuclear spin system (S¼ 15N or 13C and I¼ 1H), the
HMQC experiment records the average of the DQ and ZQ evolution
frequencies, while the HSQC experiment records the single-quantum
frequency (Section 7.1). When p1� p2, the difference between the
frequencies recorded in the HSQC and HMQC experiments is given by
(2, 112)

��¼�HSQC��HMQC

¼
p1p2�!S�!2

I k
2
ex

p21k
2
exþ�!2

S

� �
3p21k

2
exþ�!2

I ��!2
S

p41k
4
exþ 2p21k

2
ex �!2

I þ�!2
S

� �
þ �!2

I ��!2
S

� �2
" #

:

½8:49�

As shown by Skrynnikov and co-workers (112), the second bracketed
term is positive for a wide range of applicable parameters. Therefore, the
sign of �� is the same as the sign of �!S. Thus, provided that exchange
is not in the fast limit, the sign of �!S can be determined simply by
comparing HSQC and HMQC spectra recorded under identical
conditions.

8.3.6 TROSY-BASED APPROACHES

Hahn echo (113) and CPMG (106, 114, 115) pulse sequences
have been modified to select the narrow TROSY (Chapter 7) doublet
component during the relaxation, indirect labeling, and detection
periods. These modifications facilitate the quantification of exchange
line-broadening contributions in larger macromolecules because the
relative conformational exchange contribution to the phenomenological
relaxation rate constant is enhanced and the improved resolution and
sensitivity of TROSY 1H–15N correlation spectra are obtained.

Fig. 8.17 shows a TROSY pulse sequence for measuring relaxation
of the two scalar-coupled doublet components to simultaneously
determine Rex and �xy (113). During the spin echo period of
Fig. 8.17a, the signal intensities of the narrow and wide components
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of the 15N doublet, SþI�
	 


Tð Þ and SþI�
	 


Tð Þ, respectively, decay
according to

SþI�
	 


Tð Þ ¼ I 0ð Þ exp �R�2T
h i

,

SþI�
	 


Tð Þ ¼ I 0ð Þ exp � R�2 þ 2�xy

� �
T

h i
,

½8:50�

in which the initial intensity I(0) is identical for both doublet compo-
nents, and

R�2 ¼ R
0

2 � �xy þ Rext=2þ Rex: ½8:51�

f1

y
rec.

Ge

Ge

y

Gd

t1

y y y

T T/2a

∆ ∆∆ ∆

e e z

∆ ∆

b

y

y y

A B BA

x x

15
N

1
H

Grad

f2

f3

f4f1 f2f1

FIGURE 8.17 TROSY-based methods for detecting 15N Rex in large, deuterated
proteins. The sequence shown in panel a detects relaxation of the narrow
doublet component during the Hahn spin echo period �he¼ 2� when the grey
pulse element is (90x8 90y8 90�y8 90�x8 ) and detects relaxation of the broad doublet
component when this element is (90x8 90y8 90y8 90x8). Relaxation of longitudinal
two-spin order is detected if the elements between points A and B in panel
a are replaced with pulse elements in panel b; the gray element in panel b is
(90x8 90y8 90y8 90x8). These pulses are applied at the center of the amide 1H region to
minimize off-resonance effects. Other delays are �¼ 1 / 4JIS, x4Ge, "¼� – � /
2, �4Gd. All pulses have x-phase unless otherwise stated. Phase cycles are
�1¼ x, �x; �2¼ x, x, �x, �x; �3¼ y; �4¼ x; receiver phase¼�x, x, x, �x.
Gradients Ge and Gd are used for coherence selection; other gradients are for
artifact suppression. Echo/antiecho quadrature detection is achieved
by inverting �3, �4, and the sign of gradient Ge. The �1 and receiver phases
are inverted for each t1 increment to shift axial peaks to the edge of the
spectrum (121).
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Cross-relaxation between the two doublet components is suppressed by
choosing T¼ n/JIS, where n is a positive integer. The experiment is
performed twice: once in which the signal SþI�

	 

Tð Þ is detected and once

in which the signal SþI�
	 


Tð Þ is detected. Thus,

�xy ¼ ð1=2TÞ ln SþI�
	 


Tð Þ= SþI �
	 


Tð Þ
� �

: ½8:52�

The relaxation rate constant R�2 � R2IzSz

1 =2 is obtained by recording a
third spectrum using the sequence shown in Fig. 8.17b. During the
relaxation period of length T/2, the signal decays according to

2IzSzh i T=2ð Þ ¼ I 0ð Þ exp �R2IzSz

1 T=2
� �

: ½8:53�

Therefore,

R�2 � R2IzSz

1 =2 ¼ ð1=TÞ ln 2IzSzh i T=2ð Þ= SþI�
	 


Tð Þ
� �

: ½8:54�

The relaxation rate constant for two-spin order is given approximately by
R2IzSz

1 ¼ R1 þ RH
1 . For proteins with a molecular mass420 kDa, the 15N

R1 is negligibly small. Thus, Rex can be determined from

Rex ¼ R�2 � R2IzSz

1 =2� k� 1ð Þ�xy: ½8:55�

A minimum of three two-dimensional NMR spectra are sufficient to
determine Rex using this approach.

Figure 8.18 shows a CPMG pulse sequence used for measuring 15N
R�2 1=�cp
� �

as a function of �cp for the narrow component of the 1H–15N
scalar-coupled doublet (115). The pulse sequence is designed to
suppress cross-relaxation between the doublet components during the
CPMG relaxation period, which would otherwise contribute to
the apparent �cp dependence of the phenomenological relaxation rate
constants. As shown by [5.146], the cross relaxation rate constant
�0 ¼ RDD

2I � RDD
2IS

� �
=2 for free-precession evolution. In a CPMG experi-

ment, the cross-relaxation rate constant also depends on �cp because the
average overlap of the SþI � and SþI� operators depends on the relative
phase angles acquired by the operators during the spin echo period (37).
Thus, the effective cross-relaxation rate constant �¼�0 sinc(�J�cp).
In the limit where �cp!0, �!�0, and as �cp!1, �! 0. Suppression
of the effects of cross-relaxation is achieved by the pulse sequence
element U, which uses the S3CT sequence element (116) to selectively
invert one of the doublet components at a time T/2. Thus, U is given by
[8.7] and the decay of magnetization is described by [8.8].
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