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1. Introduction

Time-dependent dynamical properties of molecules can
be quantified with atomic resolution by using solution-state
NMR spectroscopy. A variety of NMR observables, includ-
ing scalar and dipolar coupling constants, amide-solvent
proton exchange rates, and spin relaxation rate constants,
depend on changes in molecular structure or chemical state
through well-established theoretical relationships.1 Over the
past decade, solution-state NMR techniques for measuring
spin relaxation rate constants have proven particularly
powerful for investigations of picosecond to nanosecond and
microsecond to millisecond time scale dynamical processes
in proteins and other biomacromolecules.2-4

Solution-state NMR spin relaxation methods for character-
izing microsecond to second time scale kinetic processes and
conformational dynamics have been extensively reviewed.2,5,6

Methods in common use includezz-exchange techniques, line
shape analysis, Carr-Purcell-Meiboom-Gill (CPMG) re-
laxation dispersion, andR1F relaxation dispersion. The choice
of which technique to apply is based on the time scale of

the kinetic or conformational dynamical process. CPMG and
R1F experiments have been the predominant choices for
studying exchange processes that occur in the microsecond
to millisecond time scale and that have highly skewed site
populations.2 The accessible range of effective magnetic field
strengths determines the time scale of the process that can
be studied by CPMG andR1F techniques.5 The effective field
strengths typically employed in CPMG relaxation experi-
ments are on the order of 25-500 Hz; consequently, CPMG
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experiments are most often used to characterize slower,
millisecond time scale chemical exchange processes. The
effective field strengths typically employed inR1F relaxation
experiments are of the order of 1-6 kHz, although weaker
fields can be utilized to provide overlap with the CPMG
experiment;7,8 consequently,R1F experiments are most often
used for faster microsecond time scale chemical exchange
processes. Although these techniques have been in use for
many years, a number of advances in theoretical descriptions,
experimental methods, and applications ofR1F relaxation have
been developed recently.7-17 The purpose of this Review is
to provide a comprehensive description of theory, techniques,
and applications ofR1F measurements to biomacromolecules.

2. Theory
Chemical exchange is a ubiquitous phenomenon in NMR

spectroscopy that mediates population transfer among lon-
gitudinal spin operators, affects line shapes in free-precession
NMR spectra, and, of particular interest in the following,
contributes to relaxation of magnetization spin-locked in the
rotating frame of reference.

2.1. Two-, Three-, and N-Site Chemical Exchange
Chemical exchange refers to one or more kinetic processes,

which may be intra- or intermolecular, that transfer nuclear
spins between environments with different local magnetic
fields. The most general kinetic scheme is

in which spins inN environments mutually exchange with
rate constantskij for the exchange from sitei to sitej. If any
of the kinetic reactions are not unimolecular, then the kinetic
rate constants in eq 1 are defined to be the appropriate
pseudo-first-order rate constants.5 The equilibrium site
populations are given by the solution to

in whichP ) [p1, p2, ...,pN]T, pi is the equilibrium population
of the ith site, the matrix of kinetic rate constants is

and the diagonal elementssi are given by

A nuclear spin in theith site or environment is characterized
by the resonance offset frequency,Ωi, and the intrinsic
relaxation rate constants,R1i andR2i. The intrinsic relaxation
rate constants result from dipole-dipole, chemical shift
anisotropy, and quadrupolar interactions in solution. These
interactions are modulated stochastically by overall rotational
tumbling on a time scaleτm , 1/kij for all i and j.

Consequently, the effects of rotational tumbling and chemical
exchange are uncorrelated.1,18,19 Evolution of the density
operator for a spin system subject to chemical exchange is
described by the Bloch-McConnell or Stochastic Liouville
equations (SLE).12,20,21 For a single uncoupled spin in a
Cartesian basis, the Bloch-McConnell equations and SLE
are identical:

in which

M i(t) ) [Mxi(t), Myi(t), Mzi(t)]T is the Cartesian magnetization
vector for spins in theith site, which is understood to
represent the deviation of the magnetization from Boltzman
equilibrium;

ω1 is the amplitude of the spin-locking radio frequency (rf)
field, assumed without loss of generality to be applied with
x-phase; and1s is the 3× 3 identity matrix in the spin space.

If the differences between intrinsic relaxation rate constants
for the N sites are small compared to the kinetic rate
constants, that is|R1i - R1j| , kij and |R2i - R2j| , kij for
all i and j, then the site-specific intrinsic relaxation rate
constants can be replaced by the population-average values:

This assumption is valid for the situations normally inves-
tigated byR1F methods and will be made in the following;
violations of this assumption have been discussed.22

The general scheme has a number of illustrative special
cases. The starlike topology is

In this model, sites 2, 3, ...,N only exchange with site 1 and
not with each other. WhenN ) 3, the starlike topology
reduces to a linear three-site exchange model:

A1 {\}
k12

k21
A2; A1 {\}

k13

k31
A3; ...; Ai {\}

kij

kji
Aj; ...;

A(N-1) {\}
k(N-1)N

kN(N-1)
AN (1)

KP ) 0 (2)

si ) ∑
j)1
i*j

N

kij (4)

dM (t)
dt

) (L + Γ)M (t) (5)

L i ) [-R2i -Ωi 0
Ωi -R2i -ω1

0 ω1 -R1i
] (9)

Rh j ) ∑
i)1

N

piRji (j ) 1, 2) (10)

A1 {\}
k12
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A2; A1 {\}
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k1N
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A2 {\}
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A second linear three-site exchange model can be formulated
in which site 1 is located at the end of the linear chain,

rather than being central, as in the starlike topology. The
two-site exchange model is the simplest possible case and
the one most commonly applied:

Finally, if sites 2, 3, ...,N exchange sufficiently rapidly with
each other, relative to the exchange with site 1, then the
generalN-site scheme is reduced to an effective two-site
system:

The properties of the effective site,A′2, are given by the
following:11

in which

2.2. Rotating-Frame Relaxation
By analogy to the laboratory-frame Bloch equations,R1F

is the relaxation rate constant for magnetization locked along
the direction of the effective field in the rotating frame, and
R2F is the relaxation rate constant for magnetization orthogo-
nal to the direction of the effective field in the rotating frame.
The rotating-frame relaxation rate constants contain contribu-
tions from Rh1 and Rh2 that result from transformation from
the laboratory frame to the rotating frame. This dependence
can be removed by measuringRh1 andRh2 independently. For
example, an effective transverse relaxation rate constantR2

is defined as

and the pure exchange contribution toR1F is given by23

in which the tilt angle in the rotating frame is23

the average resonance offset is23

and the average effective field in the rotating frame is23

A similar expression can be derived forR2F.12 The geo-
metrical relationship between the laboratory and tilted
reference frames is illustrated in Figure 1.

Theoretical expressions for rotating-frame relaxation rate
constants have been derived principally by two approaches.
When exchange is sufficiently fast, the Redfield approach
is valid, as introduced for exchange processes by Wenner-
ström.24 In the fast exchange limit, bothR1F andR2F can be
calculated by this approach. For all exchange regimes,R1F
can be approximated from the Bloch-McConnell equation
or SLE, either in a time-domain or Laplace-domain formal-
ism, as introduced by Trott, Abergel, and Palmer.10 The
expressions forR1F derived below are summarized in Table
1. The approaches utilized for calculating rotating-frame
relaxation rate constants also can be used to obtain expres-
sions for laboratory-frame free-precession transverse relax-
ation rate constants for spins subject to chemical exchange
broadening.11,25

In the fast exchange regime, a general solution forN-site
exchange is12

in which λi and ui are theith eigenvalue and eigenvector,
respectively, of the symmetrized matrixS-1ΓS, S is a
diagonal matrix with elementsSij ) δij pi

1/2, and Ω is a
diagonal matrix with elementsΩij ) δijΩi. For the linear

A1 {\}
k12

k21
A2 {\}

k23

k32
A3 (13)

A1 {\}
k12

k21
A2 (14)

A1 {\}
k′12

k′21
A′2 (15)

k′12 ) ∑
i)2

N

k1i (16)

k′21 ) ∑
i)2

N

Riki1 (17)

L ′2 ) ∑
i)2

N

RiL i (18)

Ri ) pi/∑
j)2

N

pj ) pi/(1 - p1) (19)

R2 ) R1F/sin2 θ - Rh1/tan2 θ (20)

Rex ) R1F/sin2 θ - Rh2 - Rh1/tan2 θ (21)

tanθ )
ω1

Ωh
(22)

Figure 1. Geometric representation of the laboratory and tilted
reference frames. The relative orientation of the laboratory frame
(Sx, Sy, Sz) and of the tilted rotating frame (S′x,S′y,S′z) is given by the
tilt angleθ. The tilted rotating frame is defined for each spin. The
orientation ofS′z is parallel to the average effective field,ωe. The
orientations of the effective fields of the two exchanging sitesωe1
andωe2 are given byθ1 andθ2, respectively.

Ωh ) ∑
i)1

N

piΩi (23)

ωe ) (Ωh 2 + ω1
2)1/2 (24)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ + sin2 θ ∑
i)2

N |〈u1|Ω|ui〉|2λi

λi
2 + ωe

2

(25)
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three-site system given by eq 12,R1F is given by eq 25 with

in which

and∆ωij ) Ωi - Ωj. If the rate constants for the two kinetic
steps differ substantially, such that

then the two steps are independent of each other and eq 25
simplifies to

Results for the linear three-site system given by eq 13 are
obtained by interchanging the site 1 and 2 indices in eqs
26-29. The general fast exchange solution reduces for the
two-site system to

in which kex ) k12 + k21. The quantityφex ) p1p2∆ω21
2

frequently is defined as one of the independent variables in
eq 30.

General solutions forR1F, valid for all time scales, can be
obtained approximately for the two-site model whenp1 >
p2 (typically p1 > 0.7) and for theN-site model whenp1 .
pi, for i ) 2, 3, ..., N (typically p1 > 0.9). Approximate
solutions are determined from the Bloch-McConnell equa-
tion or the SLE as the dominant eigenvalue in the time-
domain or long-time limit of the resolvent in the Laplace
domain.12 For two-site exchange, the resulting expression
for R1F, accurate whenever relaxation is dominated by a
single-exponential decay, is given by

in which ω̂ei ) (Ωi
2 + γω1

2)1/2, ω̂e ) (Ωh 2 + γω1
2)1/2, sin2 θ̂

) γω1
2/ω̂e

2

andσ ) p1Ω2 + p2Ω1. Whenγ f 1, thenθ̂ f θh, ω̂e f ωe,
and ω̂ei f ωei, in which the effective field in the rotating
frame for spins in theith site is given byωei ) (Ωi

2 + ω1
2)1/2.

If the site populations are highly skewed (p1 . p2), then the
simple, so-called “asymmetric populations”, result is ob-
tained:9

This expression has the same functional form as eq 30, except
that the exchange contribution depends on the effective field
for spins in the less-populated site 2,ωe2 ) (Ω2

2 + ω1
2)1/2,

rather than on the effective field for the averaged resonance
position.

Conditions that define the fast exchange limit have been
discussed by Abergel and Palmer and are more complex than
those obtained for free-precession chemical exchange line
broadening.12 Comparison of eqs 30 and 31 shows, however,
that the fast exchange limit is reached for asymmetric

Table 1. Summary of Expressions forR1G

site chemical shift time scale model assumption eq

2-site fast exchange 30
2-site general single-exponential decay 31
2-site general asymmetric populations 33
2-site general Laguerre approximation 34
2-site general equal populations or average resonance frequency 35
3-site star fast exchange 26-27
3-site fast exchange independent processes 29
N-site fast exchange 25
N-site general single dominant site population 36
N-site star general single dominant site population 40
N-site slow exchange between minor sites single dominant site population 41
N-site fast exchange between minor sites single dominant site population 42

|〈u1|Ω|u2〉|2 ) (-λ3R1 + R2)/Z

|〈u1|Ω|u3〉|2 ) (-λ2R1 + R2)/Z

λ2 ) (kex + Z)/2

λ3 ) (kex - Z)/2 (26)

kex ) k12 + k21 + k13 + k31

Z ) (kex
2 - 4B)1/2

B ) k21k31 + k12k31 + k21k13

R1 ) p1p2∆ω21
2 + p2p3∆ω32

2 + p1p3∆ω31
2 (27)

R2 ) p1[k12∆ω21
2 + k13∆ω31

2]

p1 ) k21k31/B

p2 ) k12k31/B

p3 ) k21k13/B

|(k13 + k31) - (k12 + k21)| . 2(k12k13)
1/2 (28)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ +

sin2 θ ∑
i)2

3 pi(1 - pi)∆ωi1
2(k1i + ki1)

(k1i + ki1)
2 + ωe

2
(29)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ + sin2 θ
p1p2∆ω21

2kex

kex
2 + ωe

2
(30)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ + 1
γ

×
sin2 θ̂ p1p2∆ω21

2kex

ω̂e1
2ω̂e2

2/ω̂e
2 + kex

2 - 2 sin2 θ̂ p1p2∆ω21
2 + (1 - γ)ω1

2

(31)

γ ) 1 + p1p2∆ω21
2(σ2 + ω1

2 - kex
2)/(σ2 + ω1

2 + kex
2)2

(32)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ +
sin2 θ p1p2∆ω21

2kex

Ω2
2 + ω1

2 + kex
2

(33)
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populations if any one of the three following conditions are
met: |Ωh | . |∆ω21|, ω1 . |∆ω21|, or kex . |∆ω21|.

The accuracy of eqs 31 and 33 is illustrated in Figures 2
and 3. Whenp1 . p2, the asymmetric population result is
highly accurate, but the fast exchange limit equation, eq 30,
is accurate only for sufficiently large values ofkex, as
illustrated in Figure 2. When the site populations are not
highly asymmetric, then the general expression, eq 31, is
more accurate, as shown in Figure 3.

Using Laguerre’s method for polynomial root finding,
Miloushev and Palmer derived a general formula forR1F
relaxation for two-site chemical exchange as the root of a
(p1,q1) Padéapproximant26

This expression has a simpler form than eq 31 and in most
cases is equally or slightly more accurate, as shown in Figure
4. In two special cases, that of equal populations,p1) p2, or
that of placement of the rf carrier at the average resonance
frequency of the two sites,ωrf ) (Ω1 + Ω2)/2, the following
result is obtained26

This expression has an improved performance over those of
eqs 31 and 34, as illustrated in Figure 5.

Figure 2. Comparison of fast and asymmetric two-site exchange
expressions forR1F. Shown are (s) the exact numerical eigenvalue,
(- - -) the asymmetric population solution forp1 . p2 given by eq
33, and (- - -) the fast exchange limit solution given by eq 33.
Calculations usedRh1 ) 1.5 s-1, Rh2 ) 11 s-1, ∆ω21 ) 2400 s-1, p1
) 0.95, andω1 ) 1000 s-1. In (a) Ωh ) 1500 s-1. In (b) kex )
1500 s-1. In (b) the abscissa shows∆Ω ) Ω - ωrf.

Figure 3. Comparison of asymmetric and general two-site
exchange expressions forR1F. Shown are (s) the exact numerical
eigenvalue, (- - -) the general solution forp1 > p2 given by eq 31,
and (- - -) the asymmetric population solution forp1 . p2 given
by eq 33. Calculations usedRh1 ) 1.5 s-1, Rh2 ) 11 s-1, ∆ω21 )
2400 s-1, p1 ) 0.7, andω1 ) 1000 s-1. In (a)Ωh ) 1500 s-1. In (b)
kex ) 250 s-1. In (b) the abscissa shows∆Ω ) Ω - ωrf.

Figure 4. Exchange rate dependence of theR1F relaxation rate
constant. Shown are (s) the exact numerical eigenvalue, (- - -)
the general solution forp1 > p2 given by eq 31, and (‚‚‚) the solution
given by the linearized Laguerre approximant, eq 34. Calculations
usedRh1 ) 1.5 s-1, Rh2 ) 11 s-1, ∆ω21 ) 2400 s-1, p1 ) 0.9, and
ω1 ) 1000 s-1. In (a) ∆Ω ) 1500 s-1; the inset shows the region
of kex (2700, 4000),R1F (28, 28.7). In (b)kex ) 1000 s-1; the inset
shows the region of∆Ω (-500, 100),R1F (90, 100). In (b) the
abscissa shows∆Ω ) Ω - ωrf.

R1F ) Rh1 cos2 θ + Rh2 sin2 θ +

sin2 θ p1p2∆ω21
2kex

{ωe1
2ωe2

2/ωe
2 + kex

2 -

sin2 θ p1p2∆ω21
2(1 +

2kex
2(p1ωe1

2 + p2ωe2
2)

ωe1
2ωe2

2 + ωe
2kex

2 ) }
(34)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ + kex/2 -

kex

2 [1 -
4 sin2 θ p1p2∆ω21

2

{ωe1
2ωe2

2/ωe
2 + kex

2 -

sin2 θ p1p2∆ω21
2 kex

2(ωe1
2 + ωe2

2)

ωe1
2ωe2

2 + ωe
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The two-site fast exchange solution, eq 30, and the
asymmetric populations solution, eq 33, illustrate fundamen-
tal differences between fast-limit and intermediate-to-slow
exchange regimes forR1F relaxation. When exchange is not
fast, the exchange broadening is maximal when the carrier
is on resonance with the minor state, as predicted by eq 33,
rather than the average resonance position, as predicted by
eq 30. This offset dependence is most easily observed by
plottingRex versus offset, as shown in Figure 6. Furthermore,
if exchange is fast, then only the productφex ) p1p2∆ω21

2

and kex ) k12 + k21 can be determined. An independent
measurement of the site populations or equilibrium constant
is needed to fully characterize the system. Even so, only the
magnitude of∆ω21 can be determined; the sign is ambiguous.
In contrast, if exchange is intermediate-to-slow, then both

the site populations and the absolute sign of∆ω21 can be
determined from the offset dependence ofRex.

The generalN-site solution, valid whenp1 . pi for i ) 2,
..., N, is given by11

in which zi is obtained from solving the linear system
equations (which always can be done analytically and
automatically)

and using the definitions

For the starlike topology, the general solution reduces to11

The linear three-site model corresponds toN ) 3 in eq 40
and should be compared to eq 29. WhenN ) 2 andp1 f 1,
eqs 33 and 40 are identical. If exchange between sites 2, ...,
N is much slower than exchange between these sites and
site 1, i.e.,ki1 . kij for i, j ) 2, ...,N, then11

This expression reduces to eq 40 ifkij ) 0 for i, j ) 2, ...,
N. If exchange between sites 2, ...,N is much faster than
exchange between these sites and site 1, i.e.,ki1 , kij for i,
j ) 2, ...,N, then eqs 15-19 yield11

Figure 5. Exchange rate dependence of theR1F relaxation rate
constant. Shown are (s) the exact numerical eigenvalue, (- - -)
the general solution forp1 > p2 given by eq 31, (‚‚‚) the solution
given by the linearized Laguerre approximant, eq 34, and (- - -)
the solution given by eq 35. Calculations usedRh1 ) 1.5 s-1, Rh2 )
11 s-1, ∆ω21 ) 2400 s-1, andω1 ) 500 s-1. In (a)ωrf is set to the
average resonance frequency, andp1 ) 0.7; the inset shows the
region ofkex (1900, 2700),R1F (175, 181). In (b) site populations
are equal,p1 ) p2, andkex ) 250 s-1; the inset shows the region
of ∆Ω (300, 850),R1F (230, 260). In (b) the abscissa shows∆Ω )
Ω - ωrf.

Figure 6. Offset dependence ofRex for two-site exchange. Shown
are values ofRex determined using eq 21 fromR1F calculated from
(s) the exact numerical eigenvalue, (- - -) the asymmetric popula-
tion solution forp1 . p2 given by eq 33, and (- - -) the fast
exchange limit solution given by eq 30. Calculations usedRh1 )
1.5 s-1, Rh2 ) 11 s-1, ∆ω21 ) 2400 s-1, p1 ) 0.95, andω1 ) 1000
s-1, andΩh ) 1500 s-1.

R1F ) Rh1 cos2 θ + Rh2 sin2 θ + ∑
i)2

N

k1izi
Tv (36)

L ′i ) [0 -Ωi 0
Ωi 0 -ω1

0 ω1 0 ] (38)

v ) 1
ωe1[ω1

0
Ω1

] (39)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ + sin2 θ ∑
i)2

N k1i∆ωi1
2

Ωi
2 + ω1

2 + ki1
2

(40)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ +

sin2 θ ∑
i)2

N k1i

Ωi
2 + ω1

2 + si
2{∆ωi1

2 +

1

si

∑
j)3
i*j

N kij

Ωj
2 + ω1

2 + sj
2
(∆ωji(ω1

2 + Ω1Ωi) + si
2∆ωj1 +

sisj∆ωi1)} (41)

R1F ) Rh1 cos2 θ + Rh2 sin2 θ + sin2 θ
k′12

Ω′2
2 + ω1

2 + k′21
2

(42)
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in which

In eqs 40-42, the substitution has been made thatω1/ωe1 ≈
ω1/ωe ) sin θ.

The accuracy of eq 40 is illustrated in Figure 7 for a four-
site exchange process with a starlike topology. The important
qualitative result is that the graph ofRex versus resonance
offset consists ofN - 1 Lorentzian-shaped peaks with local
maxima occurring whenΩi ) 0 for i ) 2, ..., N. The ith
Lorentzian has a full-width-at-half-height equal to 2(ki1

2 +
ω1

2)1/2. Consequently, the number of components in theRex

profile is most easily discerned whenω1 is weak, preferably
ω1 e ki1, as indicated by comparison of parts a and b of
Figure 7.

Some aspects of three-site exchange are exhibited by
Figures 8 and 9. In Figure 8,Rex for the linear three-site
model, eq 12, determined using eq 40, is compared with a
more general model in which slow exchange occurs between
sites 2 and 3, calculated using eq 41. The main qualitative
effect of exchange between sites 2 and 3 is an overall increase
in the value ofRex. In Figure 9, the effect of the rate of
exchange between sites 2 and 3 is illustrated for the linear
three-site model, eq 13. Whenk23 + k32 f 0, exchange is
accurately described as a two-state process involving only
sites 1 and 2. Whenk23 + k32 is appreciable, then the three-
site process is manifest by the appearance of two Lorentizian
peaks in the plot ofRex versus offset. Whenk23 + k32 f ∞,
exchange is described as a two-state process between site 1
and an effective average of the properties of sites 2 and 3,
as given by eqs 15-19. Finally, as shown by comparing parts

a and b of Figure 9, the shape of theRex versus offset profiles
depends strongly on the rate of exchange between sites 1
and 2.

Expressions for theR2F relaxation rate constant have been
derived only for fast exchange limit kinetic processes.12,27

In the fast exchange regime, a general solution forN-site
exchange is12

The exchange contribution toR2F is the sum of the free-
precession broadening plus 0.5 times the exchange contribu-

Figure 7. Offset dependence ofRex for a four-site system with
starlike topology. Shown are (s) the exact numerical eigenvalue
and (- - -) the approximate solution obtained from eq 40. Curves
were calculated using (a)ω1 ) 500 s-1 and (b)ω1 ) 1000 s-1.
Other parameters used in the calculations were as follows:p1 )
0.90,p2 ) 0.05,p3 ) 0.03,p4 ) 0.02,∆ω21 ) 2000 s-1, ∆ω31 )
-3000 s-1, ∆ω41 ) 4000 s-1, k12 + k21 ) 200 s-1, k13 + k31 )
200 s-1, k14 + k41 ) 4200 s-1, Rh1) 1.5 s-1, andRh2 ) 11 s-1. The
abscissa shows∆Ω ) Ω - ωrf.

Ω′2 ) (1 - p1)
-1∑

i)2

N

piΩi (43)

Figure 8. Offset dependence ofRex for a general three-site system.
Shown are (s) the exact numerical solution, (- - -) the ap-
proximate solution obtained from eq 41, and (- - -) the approximate
solution obtained from eq 40 for the starlike topology. The solid
and long-dashed curves were calculated usingk23 + k32 ) 700 s-1;
the short-dashed curve was calculated usingk23 + k32 ) 0 s-1.
Other parameters used in the calculations were as follows:ω1 )
1000 s-1, p1 ) 0.95,p2 ) 0.03,p3 ) 0.02,∆ω21 ) 2000 s-1, ∆ω31
) -4000 s-1, k12 + k21 ) 500 s-1, k13 + k31 ) 1000 s-1, Rh1 ) 1.5
s-1, andRh2 ) 11 s-1. The abscissa shows∆Ω ) Ω - ωrf.

Figure 9. Time-scale dependence ofRex for a linear three-site
system. Curves were calculated using eq 36 for (s) k23 + k32 ) 1
s-1, (- - -) k23 + k32 ) 1000 s-1, and (- - -) k23 + k32 ) 100 000
s-1. In (a) k12 + k21 ) 500 s-1, and in (b)k12 + k21 ) 2000 s-1.
Other parameters used in the calculations were as follows:ω1 )
1000 s-1, p1 ) 0.94,p2 ) 0.02,p3 ) 0.04,∆ω21 ) 2000 s-1, ∆ω31
) -4000 s-1, k13 + k31 ) 0 s-1, Rh1 ) 1.5 s-1, andRh2 ) 11 s-1.
The abscissa shows∆Ω ) Ω - ωrf.

R2F ) Rh1 sin2 θ + Rh2 cos2 θ +

sin2 θ ∑
i)2

N |〈u1|Ω|ui〉|2

λi
(1 +

λi
2

2(λi
2 + ωe

2)) (44)
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tion to R1F. This result is anticipated on general physical
grounds and indicates thatR2F does not provide unique
additional information about a fast exchange process.

3. Experimental Methods
Pulse sequences forR1F measurements can be categorized

variously as “off-resonance” or “on-resonance” (often called
“near-resonance”), depending on the size ofΩ, or as “strong
field” and “weak-field”, depending on the magnitude ofω1.

The pulse sequences discussed below have been designed
for application to15N, 1HN, 13CO, and13CR nuclear spins in
proteins; however, the modifications necessary for application
to nucleic acids, particularly the isolated13C spins of the
C-2 and C-8 positions of adenine and the C-8 positions of
guanine nucleotides, are straightforward.28,29

3.1. Pulse Sequences for 15N R1G Measurements
The pulse sequences for15N R1F measurements in back-

bone N-H spin systems in proteins are shown in Figure 10.

Figure 10. Pulse sequences for15N R1F relaxation measurements. Narrow and wide bars indicate 90° and 180° pulses, respectively. All
pulses are applied with phasex unless otherwise indicated. Delays are∆ ) 1/4JNH, andδ is long enough to encompass the enclosed gradients
and gradient recovery delays.15N decoupling during acquisition is performed using a GARP72 or other decoupling sequence. (a) The basic
pulse sequence for on- and off-resonanceR1F measurements. The phase cycle is as follows:φ1 ) x, -x; φ2 ) 4(x), 4(-x); φ3 ) 2(x), 2(y),
2(-x), 2(-y); φ4 ) x; φrec ) x, -x, -x, x. Gd and Ge are used for gradient coherence selection. Gradient PEP coherence selection is
obtained by inverting the sign of gradient Gd and phaseφ4.44,45In (b) and (c) open rectangles indicate15N spin-lock periods, always applied
with phasex. The total length of the spin-lock period is equal toT. In a conventionalR1F experiment the delaysτ are set just long enough
to encompass the gradient and gradient recovery delays, and the 180° 1H pulses represented as open bars are not included. In aR1F - R1
experiment, the valueτ ) τmax - T/2, in whichτmax is equal to the sum of the length of the gradient, the gradient recovery delay, and half
of the maximum value of the relaxation period,Tmax. (b) Off-resonanceR1F experiment obtained by inserting the bracketed segment into
(a). The triangles represent the adiabatic sweeps that rotate the magnetization from thez-azis to the direction of the effective field, and back
to thez-axis.30 (c) On-resonanceR1F experiment obtained by inserting the bracketed segment into (a). Magnetization is aligned along the
effective field by the element 90°-ø-90°, whereø ) 1/ω1, andω1 is the spin-lock field strength. (d) Selective one-dimensional on- and
off-resonanceR1F experiment. Shaped1H pulses are selective 90° pulses used for Watergate water suppression.1 Open15N bars indicate
pulses with a tip angle equal to arctan(ω1/Ω), whereΩ is the15N resonance offset from the spin-lock carrier. Open1H bars indicate pulses
with tip angle equal to arctan(ω1I/ΩW), whereω1I is the strength of the1H cw field applied during the spin lock andΩW is the resonance
offset from the frequency of water. Open rectangles on1H indicate cw fields. The strength of the1H cw field applied during the spin-lock
period is equal toω1S/2π ) 3900 Hz. The strength of the cw fields applied on1H and15N synchronously during the polarization transfer
period is≈90 Hz. After the first water selective pulse, the1H carrier is shifted to the amide resonance of interest and is placed back on the
water signal prior to the Watergate element. The15N carrier is placed on the amide resonance of interest during the polarization transfer and
shifted to the desired off-resonance positionΩ during the spin-lock periodT. The phase cycle is as follows:φ1 ) 8(y), 8(-y); φ2 ) -x,
x; φ5 ) 4(x), 4(-x); φ6 ) 2(x), 2(-x); φrec ) x, -x, -x, x, -x, x, x, -x, x, -x, -x, x; for ΩS < 0, φ3 ) -y andφ4 ) y; for ΩS > 0, φ3
) y; φ4 ) -y.
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A two-dimensional pulse sequence for off-resonance, strong-
field measurements is shown in Figure 10a and b.30-32 A
two-dimensional pulse sequence for on-resonance, weak-field
R1F measurements is shown in Figure 10a and c.8 A selective
one-dimensional pulse sequence is shown in Figure 10d; this
sequence can be used for both strong and weakω1 fields
and for both on- or off-resonance experiments.7

The first two pulse sequences use conventional refocused
INEPT techniques for polarization transfer between1H and
15N spins. These polarization transfers are broad-band and
allow spectra to be recorded as two-dimensional data sets
for optimal resolution of resonance signals. The pulse
sequences as depicted use an heteronuclear single-quantum
coherence (HSQC) experiment for recording two-dimensional
spectra. The HSQC element can be replaced by a transverse
relaxation optimized spectroscopy (TROSY) experiment for
improved sensitivity and resolution for large proteins at high
static magnetic field strengths.33,34The third pulse sequence
uses selective cross-polarization to transfer magnetization
between a single1H spin and its attached15N spin.7,35,36

Selective excitation of a single15N spin allows one-
dimensional spectroscopy to be employed. If necessary, as
discussed elsewhere,7 a 15N jump-return element can be
incorporated into the pulse sequence to further increase
selectivity.

When exchange is not fast on the chemical shift time scale,
selective excitation can affect the initial conditions at the
start of the relaxation period. An assumption inherent in the
derivation of the above expressions forR1F is that the initial
state of the spin-locked magnetization is proportional toP,
the equilibrium site populations. To ensure that this condition
is met even for selective excitation of a single site, as in
Figure 10d, magnetization is returned to thez-axis in the
laboratory reference frame for a time period,ε, long enough
to allow exchange of longitudinal magnetization to equili-
brate the site magnetizations. For two-site exchange,ε >
1/kex - 3/kex is sufficient.

For all three pulse sequences,S () 15N) magnetization
must be aligned parallel to the effective field in the doubly
rotating tilted frame (Figure 1). Alignment is achieved by
different approaches in the three pulse sequences. In Figure
10d,Sz magnetization is transformed toS′z magnetization by
applying a hard pulse withy-phase and rotation angle given
by tanθ ) ω1/Ω, whereΩ is the offset of the selectively
excited resonance. This approach is accurate only for a single
selective value ofΩ, and the error in the alignment is given
approximately by sin2 θ ∆Ω/ω1, in which ∆Ω is the offset
from Ω. In Figure 10c, the desired transformation is effected
by using the pulse sequence element 90°φ-ø-90°φ+π, in
which ø ) 1/ω1.37 Good alignment is obtained for-0.4ω1

< Ω < 0.4ω1, corresponding to 68° < θ < 112°.8 In Figure
10b, magnetization is aligned using an adiabatic sweep.30,32

Provided thatω1 is sufficiently strong, good alignment is
obtained over a bandwidth that encompasses the entire15N
spectral width. Using the pulse sequence of Figure 10a and
b, R1F is measured simultaneously for all15N spins from a
single time series of two-dimensional spectra. Using the pulse
sequence of Figure 10a and c,R1F is measured simultaneously
for a subset of15N spins from each time series of two-
dimensional spectra. The relaxation rate constants for the
full set of 15N spins are obtained by recording multiple time
series with different rf carrier frequencies. Using the pulse
sequence of Figure 10d,R1F is measured independently for
each spin of interest (which may be a much smaller number

than the total number of15N spins in a molecule).
The pulse sequences shown in Figure 10 apply rf fields at

the 1H Larmor frequency, as either rf pulses or CW fields,
to suppress cross-correlation between1H-15N dipole-dipole
and 15N chemical shift anisotropy relaxation mechanisms.
The application of1H rf fields while the15N magnetization
is spin-locked can result in reintroduction of the heteronuclear
scalar coupling Hamiltonian.8,13

If continuous wave rf fields are applied to bothI (1H) and
S (15N) spins during the relaxation delayT, then the
Hamiltonian in the rotating frames of theI and S spins is

in which ΩI (ΩS) is the resonance offset of theI (S) spins,
ω1I (ω1S) is the applied rf field for theI (S) spins, andJIS is
the scalar coupling constant. This Hamiltonian can be
transformed to a doubly rotating tilted reference frame for
both I andS spins. These frames haveI′z andS′z axes tilted
by θI andθS and are rotating with frequenciesωeI andωeS,
respectively, relative to the singly rotating reference frames.
In the present discussion,ω1S and ωeS are identical toω1

and ωe in the expressions forR1F given above. The first-
order average Hamiltonian in the tilted, doubly rotating
reference frame is8

under the assumptions, applicable to the present experimental
design, thatωeI . ωeS andωeIT/2π . 1. The spin-lockedS′z
magnetization aligned with the effective field commutes with
the first term in eq 46. The second term is negligible if either
T ) 2nπ/ωeS, with n a nonzero integer, orωeST/2π . 1.
These conditions govern appropriate choices ofT in the
experiment shown in Figure 10d. This experiment is compat-
ible with a range of15N rf fields from ω1/2π ) 25 Hz to
1000 Hz. The main drawback to the experiment is that
relatively strong1H rf fields (ω1I ≈ 4 kHz) must be applied
to satisfy the conditions leading to the above average
Hamiltonian.

The situation is more complicated if periodic1H hard 180°
pulses are applied while the15N magnetization is spin-locked,
as shown in Figure 10b. The effect of the pulses is to invert
the sign ofJIS at pointsT/4 and 3T/4. The Hamiltonian in
the rotating frame of theS spin is

in which a(t) is the effective sign ofJIS due to the inversion
by the 1H 180° pulses. The Hamiltonian is transformed to
the doubly rotating tilted frame of theS spins. In this case,
the average Hamiltonian is8

in whichψ(x) is the digamma function.38 Provided that 2πJIS/
ω1 , 1, typically <0.2, then numerical calculations show
that the effect of the residual scalar coupling Hamiltonian is
negligible.

The pulse sequence shown in Figure 10c avoids reintro-
ducing the scalar coupling interaction by returning the

H ) ΩIIz + ω1IIx + ΩSSz + ω1SSx + 2πJISIzSz (45)

Hh ) 2πJIS[I′zS′z cosθI cosθS -
I′zS′x cosθI sin θS sinc(ωeST/2)] (46)

H ) ΩSSz + ω1SSx + 2πa(t)JISIzSz (47)

Hh ) JISI′zS′x sin θS sinc(ωeST/2)[-π -

ψ(1 - ωeST/2π
4 ) + ψ(3 - ωeST/2π

4 )] (48)
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magnetization from the tilted to laboratoryz-axes prior to
applying1H 180° pulses. This experiment has been shown
empirically to be effective for 2πJIS/ω1 < 0.6.8

The pulse sequences shown in Figure 10b and c can be
performed either as conventionalR1F experiments or asR1F
- R1 experiments.31 In the former, the 180° pulses shown
as open bars during the delaysτ in Figure 10b are not
included. In both parts b and c of Figure 10,τ is set just
long enough to encompass the gradient, gradient recovery
delays, and any pulses. In the latter case, the value ofτ )
τmax - T/2, in whichτmax is equal to the sum of the length
of the gradient, the gradient recovery delay, and half of the
maximum value of the relaxation period,Tmax/2. The average
effective relaxation rate constant in this experiment is given
by31

which gives

as an alternative formulation ofRex compared to eq 21.
Examples of15N R1F relaxation dispersion data are shown

in Figure 11 for backbone amide spins of Cys14 and Lys15
in basic pancreatic trypsin inhibitor. Previous investigations
by CPMG relaxation dispersion have shown that chemical
exchange line broadening arises from transitions of the side
chain of Cys14 betweenø1 rotamers.39 Figure 11a illustrates
the offset dependence ofR1F predicted by eq 33: when
exchange is not fast, then different values ofRex are obtained
for ωrf positioned symmetrically on either side of the
observed resonance. The broad range of effective fields that
can be accessed using combinations of strong and weak rf
fields is illustrated in Figure 11b.

3.2. Pulse Sequences for 1H and 13C R1G
Measurements

Recently, pulse sequences forR1F relaxation measurements
in 1HN, 13CO, and13CR spin systems have been reported.14-17,40

Pulse sequences for1HN R1F measurements in backbone N-H
spin systems in proteins are shown in Figure 12. A pulse
sequence for on-resonance measurements is shown in Figure
12b.14 Two different pulse sequences for off-resonance
measurements are shown in Figure 12c40 and d.17 The
sequence shown in Figure 12d uses theR1F - R1 approach.31

Pulse sequences for13CO and13CR R1F relaxation measure-
ments are shown in parts a15 and b,16 respectively, of Figure
13.

The main differences between these experiments and the
15N R1F techniques are that homonuclear scalar coupling
evolution and dipole-dipole cross-relaxation during the spin-
locking periods must be considered. For1HN R1F measure-
ments, the1HN-1HR scalar coupling interaction can be
eliminated by preparing proteins that are deuterated at
aliphatic carbon positions;14,41 alternatively, band-selective
180° pulses also can be used for decoupling.40 For 13C R1F
measurements,13C-13C scalar coupling interactions can be

reduced or eliminated by preparing fractionally or alternately
13C enriched proteins, as has been done for conventional
laboratory frame relaxation studies.42,43 To date, however,
reported applications have used fully13C enriched proteins.
In these circumstances, Hartmann-Hahn transfer from13C
S1 to 13C S2 is described by1

in which

If the resonance frequencies are sufficiently different, such
as for 13CO and13CR, or for 13CR and 13Câ in most amino
acids, values ofω1 andωrf can be chosen to keep sin2 φ <
0.01, in which case the effects of Hartmann-Hahn matching
are insignificant. However, for certain pairs of spins with
very similar resonance frequencies, such as backbone13CO
and 13Cγ in Asp and Asn residues or13CR and 13Câ in Ser
and Thr residues, the effects of Hartman-Hahn matching
may be sufficiently large that the relaxation rate constants
cannot be reliably measured.15,16

Reff ) R1F - Rh1

) Rh1 cos2 θ + Rh2 sin2 θ + Rex sin2 θ - Rh1

) Rh1(cos2 θ - 1) + Rh2 sin2 θ + Rex sin2 θ

) (Rh2 - Rh1 + Rex) sin2 θ (49)

Rex ) Reff/sin2 θ - Rh2 + Rh1 (50)

Figure 11. BPTI relaxation dispersion. (a) The solid bars depict
the conformational exchange contribution to transverse relaxation,
Rex, of Lys 15 for values of∆Ω ) Ω - ωrf approximately given
by (∆ω12. Rex data are obtained fromR1F data using eq 21.Rh1
was measured independently by conventional techniques.73 Rh2 was
estimated from the relaxation interference rate constant as described
elsewhere.74,75The solid line shows the fit to eq 33 usingRh1 ) 1.5
s-1, Rh2 ) 6.8 s-1, p1 ) 0.984,p2 ) 0.016,kex ) 1100 s-1, ∆ω21 )
1780 s-1, andω1/2π ) 314 Hz determined from CPMG relaxation
dispersion.39 (b) R2 values for Cys14 of BPTI measured at a
magnetic field of 14.1 T are plotted versus the effective field,ωe.28

R2 data are obtained fromR1F data using eq 20. Points represented
as circles have been calculated from on-resonanceR1F rates
measured using the pulse sequence presented in Figure 10c; points
represented as squares have been calculated from off-resonanceR1F
rates measured using the pulse sequence shown in Figure 10b. The
solid line shows the fit for the fast exchange limit, eq 30, withkex
) 7600( 200 s-1 andp1p2∆ω21

2 ) 28 800( 800 s-2. The dark
gray and light gray areas of the plot represent the range of effective
fields respectively accessible to CPMG (τcp g 1 ms) and strong-
field R1F (ω1/2π g 1000 Hz) experiments, respectively.

S′z1 98
T

S′z1{1 - sin2
φ sin2(qT)} + S′z2 sin2

φ sin2(qT) (51)

q ) [(ωe1 - ωe2)
2 + (πJCC sin θ1 sin θ2)

2]1/2

tanφ ) 1
2(2πJCC sin θ1 sin θ2

ωe1 - ωe2
) (52)
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For 1HN R1F experiments, the effects of1H-1H dipole-
dipole cross-relaxation, due to the NOE, also are significant.
Even in deuterated proteins, dipole-dipole interactions exist
between1HN spins and other exchangeable hydrogen atoms,
such as other1HN spins and hydroxyl1H spins. Two
approaches have been utilized to minimize these effects.

In the first approach, the pulse sequence is designed to
ensure that the1HN spins relax with selective dipole-dipole
relaxation rate constants during the spin-locking period. Two
strategies have been employed to achieve this aim. In one
strategy, thet1 period is placed before the spin-locking period,
as shown in Figure 12a and b.14,40In the other strategy, shown
in Figure 12c, relaxation of the two-spin order operator, 2IzS′z
(in this operator,I ) 15N andS ) 1HN), is recorded, rather

than that of pureS′z.17 The second technique has the
advantage that sensitivity-enhanced detection schemes can
be used, with a 21/2 gain in sensitivity.44,45

In the second approach, which can be combined with the
first approach, as shown in Figure 12c,S′z magnetization is
spin-locked at an angleθ ) 35°. Under this condition and
assuming the macromolecular spin-diffusion limit for relax-
ation, τcω . 1, the NOE and ROE cross-relaxation rate
constants mutually cancel.46 In this case, relaxation dispersion
curves are measured by covaryingω1 andΩ to varyωe while
keeping θ constant. An experimental difficulty with this
technique arises because theθ ) 35° condition cannot be
met simultaneously for all spins in the spectrum due to
resonance dispersion. This difficulty can be circumvented

Figure 12. Pulse sequences for1H R1F relaxation measurements. Unless noted, experimental details are the same as those given in the
caption of Figure 10. (a) The basic pulse sequence for on- and off-resonance1H R1F measurements. The phase cycle is as follows:φ1 )
x,-x; φ2 ) 2(x), 2(y), 2(-x), 2(-y); φrec ) x, -x, -x, x. The 1H carrier is set resonant with the water signal, except during the spin-lock
period, when the carrier is moved to 8.3 ppm. Quadrature detection in thet1 dimension is achieved by States-TPPI phase cycling ofφ1 and
of the receiver.76 (b) 1H on-resonance and (c)1H off-resonanceR1F relaxation experiments, respectively, for in-phase1HN magnetization
obtained by inserting the bracketed elements into (a). (d)1H off-resonanceR1F - R1 relaxation experiment for two-spin coherence.ε is long
enough to encompass the gradient Ge and the recovery delays. The phase cycle is as follows:φ1 ) y, -y; φ2 ) 2(x), 2(-x); φ3 ) 4(x),
4(y), 4(-x), 4(-y); φ4 ) x; φ5 ) x; φrec ) x, -x, -x, x, -x, x, x, -x. Quadrature detection int1 is implemented by inverting the phase of
φ5 together with the sign of Ge.44,45
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by recording spectra in an interleaved fashion using rf carrier
positions positioned symmetrically upfield and downfield of
the center of the NMR spectrum.17,47,48

3.3. Experimental Considerations for R1G
Relaxation

Obtaining the most accurate and preciseR1F measurements
necessitates careful optimization of experimental conditions.
Temperature control, water suppression, and calibration of
ω1 rf fields are particularly important.

3.3.1. Temperature Control
Proper control of the sample temperature, important in all

spin relaxation measurements, is critical inR1F experiments
because conformational dynamics on microsecond to mil-
lisecond time scales typically are extremely temperature
dependent and because significant heating effects can arise
from application of strong rf fields. The main approach to
temperature regulation is to ensure that the same total rf
power is deposited into the sample for each free-induction
decay (FID) recorded.49 This is achieved by applying a
compensating spin-lock field during the beginning of the

interscan recycle delay for a time periodTcomp. The spin lock
is applied within the recycle delay so that the recovery of
1H magnetization between scans is identical for all FIDs.
Accordingly, any1H spin-lock fields must be applied far
enough off resonance to avoid perturbing1H magnetiza-
tion.40,49However, the rf carrier should not be positioned so
far off-resonance that the rf is being applied outside the ideal
tuning range of the probe. If a constant value ofω1 is used
for the entire dispersion experiment, thenTcomp ) Tmax - T.
If ω1 is varied during the course of the dispersion experiment,
thenTcompis adjusted so thatTcompω1max

2 + Tω1
2 is a constant

for all experiments.

3.3.2. Water Suppression
Modern NMR pulse sequences suppress the water signal

either by techniques that saturate or dephase the solvent
magnetization or by techniques that return the solvent
magnetization to the+z-axis prior to acquisition.1 The pulse
sequences used forR1F relaxation experiments shown in
Figures 10, 12, and 13, with the exception of Figures 10d
and 13a, use pulsed field gradients to dephase water
magnetization. While these approaches provide high quality
water suppression, sensitivity losses can result from saturation

Figure 13. Pulse sequences for13CO and13CR R1F relaxation measurements. Unless noted, experimental details are the same as those given
in the caption of Figure 10. (a)13CO off-resonanceR1F relaxation experiment.1H decoupling is performed with a Waltz-16 sequence.77

Flanking 90° pulses serve to align the water magnetization along the Waltz-16 rf field before decoupling and to return water magnetization
back to thez-axis after decoupling.13CO pulses are centered in the middle of the carbonyl region and calibrated to have an excitation null
in the13CR region of the spectrum. The delays areκ ) 2∆ andTN ) 1/(4JNCO). The phase cycle is as follows:φ1 ) x, -x; φ2 ) 2(x), 2(-x);
φ3 ) 4(x), 4(-x); φ4 ) 8(x), 8(-x); φ5 ) 4(x), 4(-x); φ6 ) x; φrec ) x, 2(-x), x, -x, 2(x), 2(-x), 2(x), -x, x, 2(-x), x. (b) 13CR off-
resonanceR1F relaxation experiment. The shaped open pulse during the constant time evolution period is used to selectively invert the13CO
spins. The delay values are∆ ) 1/(4JCH) andTC ) 1/(4JCC). The phase cycle is as follows:φ1 ) x, -x; φ2 ) x; φ3 ) 2(x), 2(y), 2(-x),
2(-y); φ4 ) x; φrec ) x, -x, -x, x.
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transfer from the water1H spins. Incorporating water flip-
back techniques into the sequence of Figure 10b, for example,
particularly at high static magnetic field strengths, is
infeasible because the 180° 1H pulses applied during the15N
spin-locking period invert the solvent magnetization and
result in radiation damping. In contrast, modification of the
pulse sequence shown in Figure 10c to incorporate water
flip-back techniques may be possible because the 180° 1H
pulses during the relaxation delay are applied only when the
S magnetization is stored on thez-axis. For example, the
simple 180° 1H pulses potentially could be replaced by soft
180°-hard 180° pulse sandwiches, in which the soft 180°
pulse is water selective, to avoid exciting the water signal.
The sequence shown in Figure 10d spin locks the water
magnetization by the strong1H spin-lock rf field applied
during the relaxation period. This simple approach allows
the water magnetization to be returned to the+z-axis prior
to acquisition, with the expected increase in sensitivity.1

Although not yet demonstrated, similar approaches may
allow water flip-back techniques to be incorporated into the
1HN pulse sequences of Figure 12. Any pulse sequence for
measuring relaxation rate constants that incorporates water
flip-back methods must be carefully validated to ensure that
the initial state of the magnetization does not depend on the
evolution of the water magnetization during the relaxation
periodT or Tcomp.

3.3.3. Calibration of Radio Frequency Fields and
Validation of Alignment

The amplitude of theω1 rf field is calibrated using off-
resonance cw decoupling during either the indirect evolution
or acquisition periods of either a one-dimensional or two-
dimensional NMR experiment. The reduced scalar coupling
constant is given by5,50

The reference coupling is obtained from a control experiment
performed without decoupling. This equation can be rear-
ranged to yield

A plot of tan θ versusΩ-1 yields ω1 as the slope of the
resulting line. An example of the measurement is shown in
Figure 14 for15N.

Accurate alignment of magnetization along the direction
of the effective field in the tilted reference frame is essential
for optimal results. Components of the magnetization that
are orthogonal to the effective field dephase rapidly due to
R2F processes and the effects ofB1 inhomogeneity. This
dephasing leads to an artifactual rapid initial decay of
magnetization and reduces overall sensitivity. The accuracy
of alignment obtained using either the adiabatic sweep of
Figure 10b or the 90°-ø-90° pulse sequence element of
Figure 10c can be evaluated by incorporating the pulse
sequence elements shown in the insets to Figure 15 into the
pulse sequence of Figure 10a. Examples of the quality of
alignment obtained by these methods are shown in Figure
15. As expected from the above discussion, the adiabatic
sweep is effective in obtaining alignment over the full15N
spectral width, while the pulse technique achieves alignment
for a spectral region of-0.4ω1 < Ω < +0.4ω1.8,30,32

However, the adiabatic sweep is ineffective at weak field
strengths,ω1/2π < 500 Hz, because the duration of the sweep
leads to significant relaxation losses.

4. Applications

Chemical exchange processes arise due to conformational
transitions or chemical reactions on the chemical shift time
scale that modify the magnetic environment of a given spin
and consequently stochastically modulate its isotropic chemi-
cal shift.R1F spin relaxation in the rotating frame is one of
a set of NMR techniques that can be used to characterize
chemical exchange processes occurring on the microsecond

Figure 14. Calibration of 15N field strengths using eq 54. The
partially collapsed scalar couplingJeff was measured from a1H-
15N HSQC experiment with off-resonance cw decoupling. The15N
decoupling field was applied at 1000 Hz upfield of the center of
the 15N spectrum. Values of tanθ calculated from the15N
resonances of ubiquitin are plotted as a function of 2π/Ω. A value
of ω1/2π ) 1020( 5 Hz was obtained from a least-squares fit to
the data.

Jeff ) JIS cosθ (53)

tanθ ) [(JIS/Jeff)
2 - 1]1/2 ) ω1/Ω (54)

Figure 15. Alignment of magnetization in the tilted reference
frame. Alignment was measured by incorporating the bracketed
sequence elements shown in the insets into the pulse sequence of
Figure 10a. In each experiment, two data sets were acquired in
which the phase of the15N 90° pulse prior to thet1 period in Figure
10a was inverted. Adding the two data sets yields signal intensities
that are proportional to sinθ, and subtracting the two data sets
yields signal intensities proportional to cosθ. The ordinateθ̂ is
calculated forω1/2π ) 500 Hz. (a) A 4 msadiabatic sweep with
a tan/tanh profile30 was used. (b)ø ) 1/ω1 ) 0.32 ms. In (b), the
dashed lines indicate the region betweenθ̂ ) 68° and 112°.
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to millisecond time scale.2,5 In biological macromolecules,
these processes often reflect time dependent phenomena that
are critical to functions such as protein folding, ligand
binding, and catalysis. Analysis ofR1F relaxation dispersion
data allows determination of the kinetic and thermodynamic
properties of the conformational transitions or chemical
reactions that give rise to exchange broadening and evalu-
ation of the changes in isotropic shifts between the different
molecular conformations or chemical species.R1F experi-
ments have three principal advantages compared with other
techniques, such as CPMG relaxation dispersion: (1) a wider
range of effective fields in the rotating frame is accessible,
allowing investigation of a large range of exchange rate
constants, (2) combined variation of bothω1 andωrf allows
complete characterization of the exchange process using data
recorded at single static magnetic field strengths, and (3)
the absolute sign of chemical shift changes can be determined
if exchange is outside the fast exchange limit.9

Values of isotropic chemical shift differences,∆ωij,
obtained from dispersion measurements contain structural
information about normally unobservable minor molecular
or chemical species. However, chemical shifts depend on
multiple conformational parameters, such as backbone and
side chain dihedral angles, electrostatic interactions, and
hydrogen bonding.51,52Furthermore, a given conformational
transition can affect the chemical shifts of different nuclei

in different ways. These issues complicate the interpretation
of chemical shift differences for any limited set of nuclear
spins. Therefore, measurements ofR1F dispersion data for
multiple nuclei (for example,15N, 1HN, 13CO, and13CR for
the protein backbone) provide a more detailed picture of the
exchange process.

As an example of15N R1F dispersion data and data analysis,
Figure 16 shows the relaxation dispersion profile for residues
Ile23 and Asn25 of ubiquitin at 280 K.53 The dispersion data
are described by a two-site fast exchange model, eq 30. The
kinetic exchange rate constant,kex, is ∼25 000 s-1 for the
backbone amide15N spins of residues Ile23, Asn25, Thr55,
and Val70, suggesting that each spin is affected by the same
conformational transition. Althoughp1p2 cannot be separated
from ∆ω21 in the limit of fast exchange, a model for the
exchange process was proposed, based on calculation of
chemical shifts54,55and analysis of a chemical shift database.56

For example, Figure 16d shows that a change in the side
chain dihedral angleø1 from -60° to +60° corresponds to
an average upfield15N chemical shift of Ile of≈4.5 ppm,
while the15N shift of Asn is independent ofø1, on average.
The model suggests that the exchange process affecting
residues Ile23, Asn25, and Thr55 is due to disruption of
N-cap hydrogen bonds of theR-helix and repacking the side
chain of Ile23. This mechanism is supported by the agree-
ment between the calculated and measured ratios of∆ω21

2

Figure 16. Ubiquitin 15N R1Frelaxation dispersion.53 (a) Ribbon representation of ubiquitin that shows the positions of the residues Ile 23,
Asn 25, Thr 55, and Val 70 with exchange-broadened15N resonances. The boxed region is expanded in (b) to show hydrogen bonds
(dashed lines) and side chain conformations. The transverse relaxation rate,R2, is plotted as a function of the effective field,ωe

2, at T )
280 K for (c) Ile 23 and (e) Asn 25. Circles and squares represent data collected at magnetic fields of 11.7 and 14.1 T, respectively. Solid
and dashed lines show the fitting of the data to a two-site fast exchange model, eq 30.R2 data were obtained fromR1F data using eq 20.
Rh1 was measured independently by conventional techniques.73 The dependence of the15N chemical shift on the side chain angleø1 is shown
for all (d) Ile and (f) Asn residues in the RefDB chemical shift database.56 The structural representations in (a) and (b) were drawn using
MOLMOL.78
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for residues Ile23 and Thr55 and by amide proton solvent
exchange protection factors.57

The following sections describe selected applications of
R1F measurements to study protein and nucleic acid biological
function and dynamics.

4.1. Protein Folding
R1F methods can characterize the kinetics of folding and

can provide structural information concerning the ensemble
of unfolded structures under equilibrium native state condi-
tions, provided that the population of unfolded states is large
enough to provide a broadening mechanism. Typically, the
population of unfolded molecules must be approximately
>0.005 forR1F experiments to be feasible. Folding studies
that use a two-site model to fit relaxation dispersion data
implicitly assume that kinetic transitions within the unfolded
ensemble are fast.

A study of the peripheral subunit-binding domain (PSBD)
of the dihydrolopoamide acetyltransferase component of the
pyruvate dehydrogenase multienzyme complex fromBacillus
stearothermophilusis the first example of15N R1F off-
resonance relaxation measurements applied to protein fold-
ing.58 Figure 17a shows relaxation dispersion curves for
residue A11 at temperatures of 31, 40, and 50°C. A fast
exchange two-site model, eq 30, was used to fit the data.
The temperature dependence of the exchange parameters was
used to evaluate the independent values ofp1p2 and∆ω21,
that otherwise cannot be separately determined in the fast
exchange limit, using the relationshipp1p2∆ω21 ) -Ωh 2 +
(Ω1 + Ω2)Ωh - Ω1Ω2, as shown in Figure 17b. The values
of Ω1 and Ω2 obtained are consistent with a fully helical
folded conformation and a fully random-coil unfolded
conformation. The activation barriers for the folding and
unfolding transitions were obtained from the temperature
dependence of the folding and unfolding rate constants using
the Arrhenius equation.

In a recent study,15N off-resonanceR1F relaxation rate
constants were measured using spin-lock fields as low as
25 Hz to study folding of the Gly48Met mutant of the Fyn
SH3 domain.7 In this experiment, theR1F relaxation rate

constant for a single residue is measured using a one-
dimensional NMR experiment with selective Hartmann-
Hahn polarization transfer (Figure 10d). Figure 18 shows
the relaxation dispersion profiles for residues Thr14, Glu11,

Figure 17. 15N R1F relaxation dispersion profile for Ala11 of
PSBD.58 (a) Circles, filled triangles, and open triangles represent
the data collected at 304, 313, and 323 K, respectively.Rex rates
were calculated fromR1F rates using eq 21.Rh1 was measured
independently by conventional techniques.73 Rh2 was estimated from
the relaxation interference rate constant as described elsewhere.74,75

The solid lines represent the fit to eq 30. (b)φex ) p1p2∆ω21
2 is

plotted as a function of the isotropic chemical shiftδN at each
temperature. The solid line is the best fit to the functionφex )
-Ωh 2 + (Ω1 + Ω2)Ωh - Ω1Ω2. Thex intercepts areΩ1 ) 118.80
( 0.02 ppm andΩ2 ) 126.7( 0.4 ppm; thus,∆ω21 ) 7.9 ( 0.4
ppm. The fitted value ofΩ2 is in good agreement with the predicted
random coil chemical shift of 126 ppm.

Figure 18. 15N off-resonanceR1F relaxation profiles for selected
residues of the G48M Fyn SH3 domain.15N R1F data measured at
a static magnetic field of 14.1 T, and best fit (solid) curves for
residues (a) Thr14, (b) Glu11, and (c) Val55 are shown as a function
of the spin-lock field strength,ω1, and of the resonance offset from
the spin-lock carrier,∆Ω. The parameters obtained from the fits
are as follows:kex ) 345 ( 6 s-1, p2 ) 0.0605( 0.0009, and
∆ω21 ) 4.30 ( 0.01 ppm for Thr14;kex ) 379 ( 12 s-1, p2 )
0.0578( 0.0016, and∆ω21 ) -5.78 ( 0.01 ppm for Glu11;kex
) 316( 20 s-1, p2 ) 0.0688( 0.0044, and∆ω21 ) 16.21( 0.02
ppm for Val55. (Reprinted with permission from ref 7. Copyright
2005 American Chemical Society.)

1714 Chemical Reviews, 2006, Vol. 106, No. 5 Palmer and Massi



and Val55. The two-site exchange process is accurately
characterized using the dispersion profiles collected at one
static magnetic field strength and a spin-lock field strength
of the same order of magnitude as the exchange rate constant.
The same system has previously been characterized exten-
sively using CPMG relaxation dispersion using three static
magnetic field strengths.59 A significant advantage of theR1F
approach, compared to CPMG techniques, is that complete
characterization is possible using only a single static magnetic
field strength.

A partially folded intermediate of the villin headpiece
N-terminal domain (HP67) was very recently characterized
using a combination of15N on- and off-resonanceR1F and
CPMG relaxation measurements.60 This intermediate, char-
acterized by an unfolded N-terminal subdomain and a folded
C-terminal subdomain, is at equilibrium with the native state.

At neutral pH and at 293 K the forward and reverse rate
constants are equal to 60 and 5600 s-1, respectively. The
comparative study of the wild-type (WT) and the His41Tyr
mutant HP67 indicates that, in the partially folded intermedi-
ate, the majority of the residues in the N-terminal region
sample random-coil conformations, while some residues
maintain residual interactions with the His41 in the WT
protein that are absent in the mutant protein (see Figure 19).
These results suggest that the partially folded intermediate
contains a relatively stable core around His41. The15N R1F
relaxation dispersion data of all the residues in HP67 are
analyzed using four exchange models: absence of chemical
exchange broadening, two-state fast chemical exchange, two-
state chemical exchange not constrained to be fast on the
chemical shift time scale, and three-state fast chemical
exchange. The rules for the selection of a particular chemical

Figure 19. Structural interpretation of chemical exchange line broadening in HP67. (a)φex values of WT HP67 are plotted versus the
square of the15N secondary chemical shift,Ωsec,N

2. The secondary shiftΩsec,N ) Ωrc - Ω0, whereΩrc is the random coil chemical shift
expected for an unfolded conformation andΩ0 is the chemical shift observed in the native state. The straight line corresponds to the
weighted least-squares slope ofp1p2 ) (1.10 ( 0.09) × 10-2, with a correlation coefficientr ) 0.90. Residues represented with open
symbols have been excluded from the analysis and maintain residual interactions with the His41 in the WT protein. (b)φex values of
His41Tyr HP67 are plotted versus the square of the15N secondary chemical shift,Ωsec,N

2. The straight line corresponds to the weighted
least-squares slope ofp1p2 ) (1.14 ( 0.07) × 10-2, with a correlation coefficientr ) 0.94. Residues represented with open symbols
maintained residual interactions with the His41 in the WT protein that are absent in the His41Tyr HP67 mutant protein. (c) The combined
deviation of amide1H and15N chemical shift changes from the secondary chemical shift,Ωsec,H andΩsec,N, [(∆ωH - Ωsec,H)2 + (∆ωN -
Ωsec,N)2]1/2, in units of angular frequency for a static magnetic field strength of 11.7T, is mapped onto the structure of HP67; the color is
interpolated between white (0 s-1) and red (g3000 s-1). Residues for which data are not available are represented in gray. The structural
representation was drawn using MOLMOL.78

Figure 20. Chemical exchange in WT HP67 at pH 7.0 and 293 K. (a) Residue-specific exchange model selection for the analysis of15N
R1F relaxation data is highlighted on the structure of HP67. The spheres represent the backbone nitrogen atoms. The different exchange
models are represented with different colors: absence of relaxation (gray), two-state fast chemical exchange (orange,kex ) (5.7 ( 0.1) ×
103 s-1, and blue,kex ) (4.2 ( 0.5) × 104 s-1), and three-state fast chemical exchange (yellow). (b) Representative15N R2(ωe) relaxation
dispersion profiles measured at static magnetic field strengths of 11.7 T (open symbols) and 14.1 T (closed symbols) are shown for Phe16,
Asp19, Thr24, and Asn60. The best fits of the experimental data obtained from the global analysis of the relaxation dispersion data for all
exchanging residues at both static magnetic field strengths are shown as solid and dashed lines for 14.1 and 11.7 T, respectively. The
structural representation was drawn using MOLMOL.78
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exchange model are explained in detail in this study.60 Figure
20 illustrates the models selected for the analysis of the15N
R1F relaxation dispersion data of the different residues of
HP67. The dispersion data for residues that yielded similar
values ofkex are globally fitted to obtain a single global value
of kex and residue-specific values ofRh1, Rh2, andφex.

4.2. Ligand Binding
Conformational dynamics are important in recognition of

one or more binding partners by proteins and other macro-
molecules, such as RNA/DNA aptamers. A macromolecule
in solution samples an ensemble of different states. A ligand
might either select among preexisting states that are capable
of binding61-64 or induce a transition to a state that is capable
of binding.65 These two mechanisms are referred to as

“selected-fit” or “induced-fit”, respectively. In either case,
the interchange between competent and incompetent states,
relative to binding, can be measured withR1F relaxation
methods.

R1F relaxation experiments for15N, 1HN, 13CO, and13CR

have been used to characterize the transition between open
and closed states of the Ca2+-loaded state of the Glu140Gln
mutant of the calmodulin C-terminal domain.15,16,40,64Figure
21 shows15N relaxation dispersion data for residues Arg86,
Ser101, and Asp131. The data were fit to a two-site fast
exchange model, eq 30. Analysis of the exchange rates
indicated that the residues are clustered in three groups, as
shown in Figure 22b. Correlation of the15N chemical shift
difference between the apo and (Ca2+)2 states and the
measured values ofp1p2∆ω21 allowed the evaluation of the
equilibrium populations of the two states, as shown in Figure
22c, yieldingp2 ) 0.50 ( 0.17. The kinetic rate constants
measured for the different nuclear species are in good
agreement: the weighted average values ofkex are 47 600
( 6800 s-1, 52 600( 19 400 s-1, and 40 000( 12 800 s-1

for 15N, 1H, and13CR, respectively. Suprisingly, the chemical
shift differences for13CR are not correlated with the chemical

Figure 21. Off-resonance15N R1F relaxation for the Glu140Gln
mutant of the camodulin C-terminal domain, Tr2C. Relaxation
dispersion data are represented for the residues (filled circles) Arg86,
(filled triangles) Ser101, and (open squares) Asp131. (a) Relaxation
decay curves and exponential fitI(t) ) I(0) exp(-R1FT), obtained
at θ ) 57.5° with R1F ) 8.0 ( 0.2 s-1 for Arg86, obtained atθ )
57.5° with R1F ) 15.8( 0.5 s-1 for Ser101, and obtained atθ )
52.1° with R1F) 10.4( 0.2 s-1 for Asp131. (b)R1F rate constants
are plotted as a function of the tilt angle,θ. (c) R1F rate constants
are plotted as a function of the effective field,ωe

2. The solid lines
show the fit to a two-site fast exchange model. The dashed lines
show the profiles expected in the absence of chemical exchange.
In the fits, the four parametersRh1, Rh2, τex, andφex are simultaneously
optimized for each15N spin. The optimized values ofkex, φex are
49 300( 5000 s-1, (269 ( 27) × 103 s-2 for Arg86, 59 000(
6000 s-1, (980 ( 104) × 103 s-2 for Ser101, and 43000( 3000
s-1, (484 ( 36) × 103 s-2 for Asp131. (Reprinted from ref 64,
Copyright 2001, with permission from Elsevier.)

Figure 22. Chemical exchange correlation time,τex ) 1/kex. Three
different groups of residues have been identified using cluster
analysis of the values ofkex: red triangles,kex ) 54 100( 7100
s-1; green circles,kex ) 39 700( 4200 s-1; and blue diamonds,
kex ) 24 300( 6000 s-1. (a) τex is presented as a function of the
amino acid sequence. (b) The distribution ofτex values is shown
for the three groups. (c)φex values of (Ca2+)2-Glu140Gln Tr2C are
compared to the Ca2+ induced15N chemical shift changes in wild-
type Tr2C; the same color coding applies. (Reprinted from ref 64,
Copyright 2001, with permission from Elsevier.)
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shift difference between the apo and (Ca2+)2 states. This
observation suggests that the conformational transition is
more complex than anticipated solely from the15N results.
The exchange rate constants match the estimated Ca2+ off-
rate, indicating that Ca2+ release may be gated by the
conformational transition.

The transition between open and closed conformations of
the Ca2+-loaded regulatory domain of the cardiac troponin
C has been studied using the1HN R1F relaxation experiment
presented in Figure 12c.17 Figure 23a and b depicts the1HN

relaxation dispersion curves of two representative residues.
The flat profile shown in Figure 23b is a control indicating
that artifact-free data are obtained for residues not subject
to exchange. The exchange rate constant calculated from the
fit of 16 of the 20 residues that show relaxation dispersion
is ∼35 000 s-1, indicative of a concerted motion of the
residues. These residues are located at the hinge regions and
in the so-called defunct Ca2+-binding site as shown in Figure
23c. The range of effective fields used in this experiment is
very large, which allows extensive sampling of the dispersion
curve and studies of motions characterized by time scales
shorter than 100µs.

4.3. Catalysis
Conformational transitions needed to open/close the active

site or to position key functional groups during enzyme
catalysis may be rate limiting.66-69 Elucidation of such

conformational processes is of great importance for a
molecular understanding of enzyme catalysis. Use of sub-
strate analogues, transition state mimics, and inhibitors can
help identify the distinct contributions of the enzyme
dynamics at different stages of the catalytic process, as the
reaction coordinate evolves from substrate binding to ca-
talysis to product release.66,68In addition, for some reversible
enzymes, chemical exchange broadening can be measured
under conditions in which the enzyme is actively turning
over substrate.70

Apo and inhibitor-bound forms of HIV-1 protease have
been studied using15N and 1HN R1F relaxation experi-
ments.14,71 In these studies, chemical exchange processes
occurring in two different regions of the enzyme are
identified. The flaps that cover the active site in the inhibitor-
bound form exhibit a conformational transition on the 100
µs time scale in the apo state. On the other hand, residues at
the dimer interface are mobile on the millisecond time scale.
Even in the fast exchange limit, the ratio of the chemical
shift difference∆ω21

H /∆ω21
N ) (φex

H /φex
N )1/2, obtained from

1HN and15N R1F relaxation dispersion measurements, provides
qualitative structural information on the types of conforma-
tional transitions determining the exchange process.

Figure 23. 1HN relaxation dispersion profile of the Ca2+-loaded
regulatory domain of the cardiac troponin C (Ca2+-NcTnC) at a
static magnetic field strength of 600 (filled circles) and 800 (open
circles) MHz atT ) 286 K. Rh1F

mod andωj e are determined from two
experiments acquired with the rf carrier positioned symmetrically
upfield and downfield of the center of the1HN spectral region, as
described elsewhere.17 Relaxation dispersion curves are shown for
residues Leu 41 (a) and Ala 22 (b); the latter does not show
detectable dispersion and serves as a control. (a) The solid curves
show the best fit to a two-site fast exchange model, withkex )
34 700( 6000 s-1 andp1p2∆ω21

2 ) (1.19( 0.14)× 106 s-2 (at
14.1 T) for Leu 41. (c) Ribbon representation of Ca2+-NcTnC.
Residues are color coded according to the value of 1/kex from white
(0) to red (40µs). The structural representation was drawn using
MOLMOL.78 (Reprinted Figure 5 from ref 17 with kind permission
of Springer Science and Business Media. Copyright 2005.)

Figure 24. R1F relaxation dispersion for the lead-dependent
ribozyme. The spectra were collected atT ) 298 K and at a static
magnetic field of 11.7 T. (a) Relaxation dispersion curves are shown
for A25 C2 (upper curve) and A12 C2 and A8 C2 (lower curves).
(b) Relaxation dispersion curves for A18 C8 (upper curve) and A18
C2 (lower curve). (c) Relaxation dispersion curve for G7 C8. Solid
curves are the fits to a two-site fast exchange model, except for
the two lower curves in (a), which are third-degree polynomials.
Estimated values ofkex are 13 000( 2000 s-1 for G7 C8, 13 000
( 3000 s-1 for A18 C8, 5300( 4600 s-1 for A18 C2, and 25 000
( 1000 s-1 for A25 C2. (Reprinted with permission from ref 28.
Copyright 2000 American Chemical Society.)

Characterization of the Dynamics of Biomacromolecules Chemical Reviews, 2006, Vol. 106, No. 5 1717



A smaller number of applications ofR1F relaxation
dispersion measurements for nucleic acids have been re-
ported.28,29 The conformational dynamics of the lead-de-
pendent ribozyme has been investigated using13C R1F
relaxation experiments.28 Residues in the active site present
conformational dynamics with an exchange rate constant in
the range 5000-25 000 s-1, as shown in Figure 24. Residues
in the GAAA tetraloop loop motif are also flexible, sug-
gesting the presence of a dynamic network of stabilizing
H-bonds. This study emphasizes the importance of dynamics
in the catalytic function of RNA molecules.

5. Conclusions
Although line shape analysis and CPMG relaxation disper-

sion have been more commonly utilized thanR1F relaxation
dispersion, recent theoretical and experimental advances have
madeR1F measurements much more powerful for character-
izing microsecond to millisecond conformational dynamics
and chemical kinetics in proteins and other biomacromol-
ecules. The number of applications that useR1F techniques
is increasing, and new insights are already emerging about
dynamic events in folding, recognition, and catalysis. Most
importantly, new experimental techniques allow measure-
ments to be made over a very wide range of resonance offsets
and effective fields in the rotating frame to take advantage
of new theoretical descriptions relatingR1F to two-site and
N-site exchange processes that are not in the fast-exchange
limit. The combination of these developments opens exciting
new vistas for experimental investigations of the linkage
between structure and dynamics in the function of biomac-
romolecules.
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