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1. Introduction

Function in biological systems is exquisitely de-
pendent on spatial and temporal changes in bio-
macromolecules. Innumerable biological processes
ultimately rely on transduction of information through
conformational changes in proteins and nucleic acids
associated with folding and assembly, ligand binding
and molecular recognition, and catalysis. A central
problem in understanding biological processes at a
molecular level is the elucidation of how the active
conformation of biomacromolecules is achieved on
time scales necessary for function. Recent technolog-
ical developments have revolutionized the range of
spectroscopic and other approaches available for the
study of dynamic processes in biomacromolecules;
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however, NMR spectroscopy has a unique capacity
to investigate dynamic properties of molecules over
a range of different time scales with atomic resolution
in both solution and solid states.?

Solution NMR spectroscopy studies of biomolecular
dynamics have become widespread because of the
range of motional time scales that are accessible, the
spatial resolution offered by isotopic labeling of
proteins and nucleic acids coupled with 2D and 3D
spectroscopy, and the relentless advancement in
experimental and computational methods, illustrated
in Figure 1. The purpose of this review is to describe
the principal applications of spin relaxation methods
for investigating conformational dynamic processes
in proteins and nucleic acids. Experimental tech-
niques used for measuring spin relaxation rate
constants have been reviewed recently;>~* therefore,
the present review focuses on the interpretation of
spin relaxation data, rather than its acquisition. By
the same token, fundamental derivations of relax-
ation theory are not presented; comprehensive re-
views are available.5~7 Spin relaxation is not the only
NMR phenomenon available for the investigation of
conformational dynamics in biological macromol-
ecules; other established and emerging techniques
are based on amide proton exchange,®® scalar cou-
pling constants,'® and residual dipole coupling con-
stants.'~17 Other reviews in this special issue de-
scribe applications of these other methods.

Nuclear spin relaxation results from time-depend-
ent stochastic modulation of spin Hamiltonians,
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Figure 1. NMR methods for macromolecular dynamics. (a) Time scales for protein dynamics and NMR techniques. Protein
motions and NMR spin relaxation techniques for studying them span more than 12 orders of magnitude in time scale. (b)
Resolution of 2D NMR spectroscopy. *H—1N TROSY correlation spectrum for 2.0 mM [U-83% 2H, U-98% 1°N] yeast
triosephosphate isomerase (TIM) acquired at 800 MHz (pH 5.8, T = 293 K). TIM is a symmetric dimer with a total molecular
mass of 54 kD and 248 amino acid residues per monomer. Correlations for nearly all backbone amide moeities can be
resolved in the spectrum. (c) New methods for characterizing protein dynamics. As an illustrative example, the TROSY —
CPMG pulse sequence for measuring conformational and chemical exchange in >N-labeled proteins is shown.?'1 All pulses
are x-phase unless otherwise indicated. Narrow and wide bars depict 90° and 180° pulses, respectively; short wide bars
indicate selective 90° pulses; and the open bar represents a 3—9—19 or other water-selective 180° pulse. Delays are A =
2.7 ms, 7 = 0.5 7¢,. The phase cycle for the first FID is ¢1 = 4(X), 4(—X); ¢2 = =Y, ¥, X, =X; ¢3 = Y; ¢4 = X; receiver = x, —X,
=V, Y, =X, X, Y, =Y. The phase cycle for the second FID is ¢1 = 4(X), 4(—X); ¢2 = =V, Y, X, —X; ¢3 = —Y; ¢pa = —X; receiver =
=X, X, =Y, ¥, X, =X, Y, =Y. Gradients (G) are used for suppression of artifacts and water radiation damping. (d) Site-specific
relaxation rate constants.’®N TROSY—CPMG relaxation data for Thr 172 in TIM is shown. The data were acquired using
the pulse sequence of (c) using 7, = 0.8 ms. The relaxation rate constant obtained from the fitted curve (solid line) is 20.39

+0.36 s7L.

including the dipole—dipole, chemical shift anisotropy
(CSA), quadrupolar, isotropic chemical shift, and
scalar coupling Hamiltonians.'® Relaxation rate con-
stants have maximum magnitudes on the order of
Dw?,, in which Dw?Cis the mean square variation
in the local magnetic field resulting from deviation
of the stochastic Hamiltonian from its average value
and 7. is the correlation time for the stochastic
process. Assuming, optimistically, that relaxation
rate constants between 107! and 10° s™! can be
measured experimentally, 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. Thus, motions on ps—ns time scales
are accessible to spin relaxation resulting from
modulation of dipole—dipole, CSA, and quadrupolar
Hamiltonians; motions on us—ms time scales are
accessible to spin relaxation resulting from modula-
tion of isotropic chemical shifts. The magnitude of
the variation in isotropic scalar coupling constants
in proteins and nucleic acids, on the order of 10 Hz,
is too small to have proven broadly useful as a direct
relaxation probe of molecular dynamics. However,

observation of averaged values of scalar coupling
constants provides evidence of dynamic processes
that are too fast to serve as efficient relaxation
mechanisms.®

2. Relaxation Techniques for Fast Time Scale
Dynamics

Conformational dynamics on time scales compa-
rable to or faster than the overall rotational correla-
tion times for biomacromolecules influence spin
relaxation rate constants by stochastically modulat-
ing dipole—dipole, CSA, and quadrupolar Hamilto-
nians. The majority of applications of spin relaxation
methods in proteins utilize the amide 5N spin as a
probe of backbone motions®® and the ?H spin in CH2D
methyl group isotopomers as a probe of side chain
dynamics.?%?1 Relaxation of the carbonyl 3C spin
provides a second probe of the dynamics of the
backbone peptide plane.?

2.1. Laboratory Frame Relaxation Rate Constants

The relaxation rate constants for the S (=N or
13C, typically) spin in an IS spin system subject to
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dipole—dipole interactions with the I (='H or *C,
typically) spin and to CSA of the S spin are given
3

by18,2
R, = (d%/4)[J(w, — wg) + 3I(ws) + 6J(w, + ws)] +
?J(ws) (1)

R, = (d/8)[4J(0) + J(w, — wg) + 3I(ws) +
6J(w,) + 6J(w, + ws)] + (c¥/6) [4I(0) + 3I(we)]
(2)

a1 = ([AA)[6I(, + ws) — I, — wg)]  (3)

in which R; is the spin—Ilattice or longitudinal
relaxation rate constant; R, is the spin—spin or
transverse relaxation rate constant; ois is the dipole—
dipole cross-relaxation rate constant; d = (uohy ys/
872) s 30 ¢ = Aows/+/3; uo is the permeability of free
space; h is Planck’s constant; v, and ys are the
gyromagnetic ratios of the I and S spins, respectively;
ris is the 1-S bond length; w, and ws are the Larmor
frequencies of the | and S spins, respectively; Ao is
the CSA of the S spin; and the chemical shift tensor
is assumed to be axially symmetric. For the quadru-
polar interaction of a spin-1 nucleus, such as 2H1820.23

R; = 36’[I(wp) + 43(2wp)] 4)

R, = (3%/12)[3J(0) + 5J(wp) + 23(2wp)]  (5)
Ryo = 98%3(wp) (6)

Ry, = (36%/2)[33(0) + I(wp) + 23Rwp)]  (7)
Rpq = 3[J(wp) + 23(2wp)] ®8)

in which Rig is the relaxation rate constant for
quadrupolar order, represented by the operator 31,2
— 2; Ry, is the relaxation rate constant for antiphase
coherence, represented by the operator 171, + I,17;
Rpg is the relaxation rate constant for double-
guantum coherence, ¢ = 7e?qQ/(2h) is the quadrupole
coupling constant; e is the charge on the electron; eq
is the principal value of the electric field gradient
tensor; Q is the nuclear quadrupole moment and wp
is the ?H Larmor frequency.

The spectral density function describes the fre-
quency spectrum of the stochastic process and is
given by?®

3(@) = 2 [y PLu(O)u(®] cos(wt) dt (9)

in which Py[x] = (3x? — 1)/2, u(t) is a unit vector
defining the orientation of the unique axis of the
relaxation interaction in the laboratory reference
frame, and OOrepresents an ensemble average. The
vector u(t) is parallel to the internuclear vector for
dipolar-coupled nuclei and to the symmetry axis of
axially symmetric CSA or quadrupolar tensors. The
expressions given in eqs 1 and 2 use the same
spectral density function for both the dipole—dipole
and CSA relaxation mechanisms. This is tantamount
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to assuming that the CSA tensor is axially symmetric
with the symmetry axis oriented parallel to the
dipole—dipole internuclear vector. For '°N, the angle
between the CSA and dipole—dipole tensors is ~17°.24
The effect of noncollinearity between the CSA and
dipole tensors has been discussed.?*?> An asymmetric
CSA tensor can be represented by two orthogonal
axially symmetric tensors.

Analyzing dipolar, chemical shift anisotropy, and
guadrupolar relaxation rate constants requires ac-
curate knowledge of the values of ris, Ao, and ¢,
respectively. Experimental and theoretical calcula-
tions suggest that the combinations of Ac = —163
ppm and ryy = 1.04 A should be used for the 15N
spin.?%27 Site-specific variations in Ao values for *°N
spins have been investigated theoretically and
experimentally.?8732 The variations in ®>N and 3CO
CSA values observed in solution are similar to the
ranges (~5—10 ppm) observed in small peptides by
solid-state NMR. Quadrupolar coupling constants for
methyl groups appear to be very uniform with an
average value of e2qQ/h = 167 MHz.%

2.2. Spectral Density Mapping

Relaxation rate constants are linear combinations
of J(w) sampled at the eigenfrequencies of the spin
system. Consequently, discrete values of J(w) can be
obtained formally by inverting the systems of equa-
tions given in egs 1-3 and 4—7. In practice, the
relaxation rate constants can be analyzed directly by
using programs such as ModelFree3* or indirectly by
first determining J(w). In the latter case, the proce-
dure to obtain J(w) from the experimental relaxation
data is called spectral density mapping.3°36

For the backbone amide *N spin, a particularly
elegant and robust approach, termed reduced spec-
tral density mapping, is applicable.3’~%° The linear
combinations of J(wy — ws), J(wy), and J(wny + ws)
that appear in egs 1—3 are approximated to first
order by a single term of the form aJ(Sww), in which
o.and S are constants. The resulting dipolar and CSA
relaxation rate constants are given by

R, = (d%/4) [3J(wy) + 7I(By0,)] + 2 I(wy) (10)

R, = (d%8) [4J(0) + 3J(wy) + 13J(B,0,))] +
(c%/6) [43(0) + 33(wy)] (11)

ONH = (d?/4) 5J(Bswp) (12)

in which 5, = 0.921, g, = 0.955, and 53 = 0.87. The
system of equations can be solved for J(0), J(wn), and
J(Bswn) in one of three ways: assuming J(Biwn) =
J(Bswn), approximating J(Biww) = (B3/6i)2I(Bsww), or
extrapolating values of J(fiwn) from the empirical
static magnetic field dependence of J(Bswn).

As discussed in section 3, the transverse relaxation
rate constant may contain additional contributions
from chemical exchange processes that arise from
us—ms exchange of spins between magnetic environ-
ments, Rex. As a result, values of J(0) obtained from
eq 11 will be overestimated. If data is available at
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multiple static magnetic fields, By, then J(0) can be
determined from#04!

I =R, — IR, — (3d%/4)3(w,)) = (d%/2)3(0) +

2
(2y\°AG”I(0)/9 + ©,,)B,% (13)

in which the result Rex = OcxBo? has been used. The
intercept of a least-squares fit of I' versus the static
magnetic field strength, By?, yields J(0) directly.
Approaches for identifying N spins affected by
chemical exchange processes have been reviewed.*?

For the ?H spin, the quadrupolar relaxation mech-
anism is much more efficient than other relaxation
mechanisms, including the ?H—'2C dipole—dipole
interaction and chemical exchange processes. Con-
sequently, contributions to relaxation other than the
quadrupolar mechanism can be neglected for the
relaxation rate constants given in eqs 4—8. The
relaxation rate constants given in these equations
depend only on three widely separated values of the
spectral density function: J(0), J(wp), and J(2wp).
These equations can be inverted without making any
additional assumptions. Consequently, spectral den-
sity mapping is simplified compared with the *N
spin.

Thus, at each static magnetic field for which spin
relaxation data are recorded, the backbone spectral
density function for >N spin is sampled at J(0), J(wn),
and J(0.87wy) and the spectral density for the ?H spin
is sampled at J(0), J(wp), and J(2wp). This coarse
sampling can be improved somewhat by recording
data at multiple static magnetic field strengths; for
moderate sized (<20 kD) biomacromolecules, data
acquisition between 400 MHz (9.4 T) and 900 MHz
(21.1 T) is feasible.

2.3. Model-Free Formalism

The relaxation data or spectral density values are
most commonly analyzed by fitting simple “model-
free” functional forms for J(w) containing a limited
number of free parameters to the relaxation or
spectral density data.** %6 Other approaches for
analyzing 3C and ®*N relaxation data have been
proposed.4”~54

For a macromolecule with an axially symmetric
rotational diffusion tensor, the model-free spectral
density function is given by*45556

2 S i
J(w) = Z)Aj + (14)
S 1+ 0’r? 1+ 0%t

2 ’r. 1 - 8%

in which Tj_l = 6Dy — jZ(DD - D||), Dy and Dpare the
components of a axially symmetric diffusion tensor;
Ao = (3 cos? 0 — 1)%/4, Ay = 3 sin? 0 cos? 0, A, = (3/4)
sin* 6, the angle between the unique axis of the
diffusion tensor and the equilibrium orientation of
the u(t) vector is 6, S? is the square of the generalized
order parameter characterizing the equilibrium dis-
tribution of orientations of x(t) in a molecular refer-
ence frame, T = (1/zj + 1/ze)72, and 7. is the internal
correlation time for motions of u(t) in a molecular

Palmer

Figure 2. Model-free parameters for axially symmetric
diffusion tensor. The diffusion constants are Dy, for diffusion
around the symmetry axis of the diffusion tensor and Dp
for diffusion around the two orthogonal axes. The equilib-
rium position of the 1—S bond vector is oriented at an angle
6 with respect to the symmetry axis of the diffusion tensor.
Local dynamics of the bond vector are depicted as stochastic
motions within the shaded cone and are characterized by
the order parameter, S?, and the effective internal correla-
tion time, te.

reference frame. If rotational diffusion is isotropic,
then Dy = Dy = D, 2A; =1, and 7, = 1; = 1/(6D) is
the isotropic overall rotational correlation time of the
protein. In this case, eq 14 reduces to the original
formulation of Lipari and Szabo**

SEA L=

I(w) =
14+ 0%, 1+ o??

(15)

with 7 = (Ut + 1/7e)"t. More complex expressions
are necessary for a fully asymmetric diffusion tensor
(Dxx = Dyy = D). The model-free formalism is
essentially identical to the “two-step” model proposed
by Halle and Wennerstrom.% The relationship be-
tween the parameters of eq 14 is illustrated sche-
matically in Figure 2.

If two internal motional processes are necessary
to describe relaxation for sites exhibiting complex
dynamic properties, then*?

2 2 I

EOAJ- +
= 1+ a)zrjz 1+ a)zrjz

J( )—252 16
‘U—gf (16)

in which S? = S S?, S¢ is the order parameter for
motions on a fast time scale (z; < 10 ps), Ss is the
order parameter for motions on a slow time scale (z;
< 75 < Tm), and 7} = (Uz; + 1/z5)*. The expression of
eq 16 is formally equivalent to the very anisotropic
local motion (VALM) limit of the slowly relaxing local
structure (SRLS) model;®? in this case, Ss = Ssris and
St formally is identified with (3 cos? § — 1)/2, in which
p is the angle between the molecular diffusion axis
and the bond vector. The dependence of the relax-
ation rate constants on the model-free parameters for
the original Lipari-Szabo approach are illustrated in
Figure 3.
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Figure 3. Dependence of 1°N relaxation rate constants on
model-free parameters S? and .. Calculations were per-
formed using eq 15 and 7, = 8.0 ns. (—) Ry contour lines
are drawn at 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, and 1.7
s7L (- — -) R, contour lines are drawn at 1.0, 2.0, 3.0, 4.0,
5.0,6.0,7.0,8.0and 9.0 s7%. (- — -) {*H} —*>N NOE contour
lines are drawn at —3.0, —2.5, —2.0, —1.5, —1.0, —0.6, —0.2,
0.2, 0.4, 0.6, and 0.7. A subset of the contours are labeled
for clarity.

For a moderately anisotropic molecule with 0.5 <
Dy/Dg < 2,57 egs 14 and 16 can be approximated by

SR (1 - S9q

2
J(w) ~ = (17)
S1 + wzrlz 1+ wzriz
St 1-SH7
J(w) ~ %sz s Yl + ( s ) | (18)

1+ o’ 1+ 0%
in which 7, is the overall rotational correlation time
sensed locally by the ith spin

(67) ' =€/ Qg (19)

ei are the direction cosines for the orientation of the
interaction vector u(t) in the principal axis frame of
the diffusion tensor; Q is diagonal with elements Qy
= (Dyy + D2,)/2, Qyy = (Dxx + D2,)/2, and Q,; = (Dx« +
Dy)/2; and 7} = (/7 + 1/te)™t or 7} = (Lm + 1/ts) ™
For an axially symmetric diffusion tensor in the
principal axis system

D; = Dy, — P,(cos 0)[D,, — D]/3 (20)

in which Dj, = (D) + 2Dp)/3 provides one simple
relationship between the local overall rotational
correlation time and the diffusion tensor.58-¢0 If
diffusion is isotropic, then 7, = 7, and eq 17 is
identical to the original expression of Lipari and
Szabo. The approach of eqs 17 and 19 formally
separates the determination of the diffusion tensor
from the determination of the other model-free
parameters because the sets {7}, S?, 7} or {7, S¢?,
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S¢?, 15} are determined independently for each spin.
This is particularly useful if spectral density data are
obtained at more than one static magnetic field
strength.

Relaxation in methyl groups results from rotational
averaging due to fast rotation of the methyl group
around the methyl symmetry axis, motions of the
methyl symmetry axis, and overall rotational tum-
bling. In long side chain amino acids in particular,
motions of the methyl symmetry axis may result from
both fast (librational) and slow (rotameric transi-
tions) processes. Skrynnikov and co-workers have
utilized the spectral density function?!

i L @-s)

1+ wzreﬁz 1+ 0’

3(w) ~ P[00 ] (21)

in which 7 = (Lt + 1/7)7%, Ter represents the
combined effect of the slow local motion of the methyl
symmetry axis and (isotropic) overall rotational dif-
fusion, P[cos Ocn] reflects fast averaging due to
methyl rotation, and ¢y = 70.5° is the angle between
the C—H vector and the methyl symmetry axis. In
this model, S?, 7. characterize the fast dynamics of
the methyl symmetry axis. In the absence of slow
motions, 1. = T and eq 21 is formally equivalent to
the Lipari-Szabo formalism, eq 15, modified for fast
methyl rotation.

Practical aspects of data analysis, including model
selection and error analysis, are not discussed
herein.3461-65 |n general, rotational diffusion tensors
and generalized order parameters are reliably deter-
mined by NMR relaxation measurements. However
Te OF 75 can be characterized precisely only over a
relatively narrow range unless high quality data are
available at multiple static magnetic field strengths.
In most cases, 7. < 30 ps and t., 7s — Tm are poorly
determined. Examples of the results of reduced
spectral density mapping and fitting to the model free
formalism are given in Figure 4.

2.4. Generalized Order Parameter

The generalized order parameter is a measure of
the equilibrium distribution of orientations of the
vector u(t) in a molecular reference frame*

2
S* = (4a/5) y |Y3(6.9)F (22)

m=-2

in which Y7'(0,¢) are spherical harmonic functions of
the orientations of wu(t) in a molecular reference
frame, defined by {6, ¢}. The ensemble average is
defined by

YTO.HC= [ ['p(6.$)Y5(0.4) sin 6 d0 dp (23)

in which the probability, p(9, ¢), of finding the N—H
vector in a given orientation {6, ¢} is given by
p(0.¢) =

exp[—AW(O,0)) [ [ exp[—AW(6,4)] sin 6 d6 dp
(24)
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Figure 4. Spectral density data and model-free analysis
for backbone amide >N spins in E. coli ribonuclease H. (a)
J(w) for (@, —) Gly 20 and (O, - - -) Val 98 obtained from
reduced spectral density mapping using >N R;, R;, NOE,
transverse 'H—15N dipole/*>N CSA relaxation interference,
and longitudinal *H—'>N dipole/**N CSA relaxation inter-
ference data recorded at three static magnetic fields (11.7,
14.1 and 18.8 T).2° Model free results give S2 = 0.96 + 0.01
for Gly 20 and S¢2 = 0.90 4 0.01, S¢2 = 0.87 4+ 0.01, and 7
= 0.8 £ 0.1 ns for Val 98. (b) Values of the local overall
rotational diffusion constants, D; are graphed versus P,-
(cos 6), in which 6 is the polar angle describing the
orientation of the N—H bond vector in the principal axis
system of the diffusion tensor. The diffusion tensor has
principal values Dis, = 1.72 x 107 s71 and Dy/Dg = 1.23.
Model-free results for (c) S? and (d) 7. are illustrated as a
function of amino acid residue number. The secondary
structure elements of ribonuclease H are five a-helices
(residues 43—58, 71—80, 81—88, 100—112, and 127—-142),
and a five -strands (residues 4—13, 18—27, 32—42, 64—
69, and 115—120). All relaxation data were recorded at a
temperature of 300 K. Analysis was performed using a
N—H bond length of 1.04 A and a 15N CSA of —163 ppm.

B = 1/(kgT), kg is the Boltzmann constant, and W(0,¢)
is the potential of mean force (PMF) that constrains
the orientation of u(t). The definition of S? does not
depend on a particular motional model and ranges
from unity for vectors with fixed orientations to zero
for vectors with isotropic orientational distributions.
If motion of u(t) is modeled as restricted diffusion in
a cone, then S? is given by**

S? = [cos 6, (1 + cos 6,)/2]? (25)

and the amplitude of motion is characterized by the
cone semiangle, 6y. In an alternative conceptualiza-
tion, the Gaussian axial fluctuation (GAF) model, %667
the vector diffuses within a parabolic potential on the
surface of a cone and S? is given by

S?=1—3sin? 0 {cos’ O (1 — exp[—o{]) +
0.25 sin” 6 (1 — exp[—40{])} (26)
in which 6 is the (fixed) angle between u(t) and the

director axis for the motion and o is the standard
deviation of the fluctuation in the azimuthal angle.
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Figure 5. Order parameters for simple motional models.
The value of S? is graphed as a function of 6, (—) calculated
using eq 25 and o (- — -) calculated using eq 26 and 0 =
70.5°.

Equation 26 reduces to S? =1 — 3 sin? Oo¢ for small
fluctuations and to S? = P,[cos 6]? for large fluctua-
tions. The relationships between S? and the distribu-
tion of conformations is shown in Figure 5. Statistical
correlations in a database of N—H S? values for 20
proteins have been described,®® an analytical model
has been developed that relates values of the N—H
S? to close contacts between the HN and carbonyl
oxygen atoms of the corresponding peptide plane,®®
and correlations between backbone °N order param-
eters for different sequence positions have been
examined through mutagenesis.”

Changes in S? upon ligand binding or conforma-
tional transition in a biological macromolecule reflect
altered flexibility and consequent changes in confor-
mational entropy. Order parameters can be used to
estimate an upper bound for the change in the Gibbs’
free energy, AG, or the entropy, AS,, resulting from
conformational restriction’~73

1 - Sn22
AG = —kgTy In[——— 27)
n 1-S,

3-(1-8S,,)"
AS, = —k, ¥ In (28)
P Z 3— (1 - 8S,,)"

in which Sy, is the order parameter for the nth spin
in the mth state and the summation extends over all
affected nuclei. These equations neglect correlations
between the dynamical properties of the spins in-
cluded in the summations and include only the
entropic effects of the part of the conformational
ensemble characterized by the set of order param-
eters. The first limitation has been investigated
through molecular dynamics simulations.” The sec-
ond limitation arises because the spectral density
function is insensitive to motions that do not reorient
the vector u(t). The backbone *CO CSA tensor and
the 13CO—13C« dipole—dipole tensor in proteins have
a different orientation in the peptide plane than does
the ®N—'H dipole—dipole tensor. Combined relax-
ation studies of >N and 2CO spins suggests that
additional motions of the peptide plane may affect
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Figure 6. Comparison of the generalized order parameters
for (O) apo and (@) calcium loaded calbindin Dgk.”® The
order parameters are shown as a function of sequence. The
error bars are on the order of the size of the plotted points.
The location of the four helices in the protein are indicated
by gray rectangles. The calcium binding sites are labeled
as site | and site Il. Using eq 27, an estimate of AG = ~13
kJ mol~! is obtained for the difference in free energy
between the apo and (Ca?"), states.

13CO, but not 5N, relaxation properties.??7> The first
application of these approaches used eq 27 to quan-
tify entropic changes in the protein calbindin Do
resulting from binding of Ca?";7%76 the order param-
eters for the apo and (Ca?*), states of calbindin Doy
are shown in Figure 6.

The temperature dependence of S provides in-
formation on the temperature dependence of the
PMF.77-7° The parameter, A, has been introduced to
characterize the temperature dependence of the order
parameter S8

dIn(l —S)

A= dinT

(29)
The definition of A has the property that A < 1 for a
temperature-independent harmonic PMF. Experi-
mental results give A > 1,8° and molecular dynamics
simulations suggest that, for ordered backbone sites
in proteins, the PMF depends on temperature.8® If
the PMF, W(6, ¢, T), is assumed to depend linearly
on temperature

W(0,4,T) = Wo[1 + (T — TIf(6.4)  (30)

in which Wy is the strength of the potential, a =
(@ In W(6,0,T)/9T)r=1, and f(6,¢) expresses the de-
pendence of the PMF on {6, ¢}. In this case

A

Ag 1—aT, (31)
in which Aq is the value of A calculated for a = 0,
that is, for a PMF that does not depend on temper-
ature. Computational simulations suggest that the
PMF is described for N—H bond vectors in residues
in stable secondary structural elements, by f(6,¢) =
0?; thus, Ao can be calculated using a quadratic
potential energy function.®8! Examples of the experi-
mental temperature dependence of the order param-
eters for the small protein HP36 are shown in Figure
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Figure 7. Representative plots of In(1 — S) versus In(T/1
K) for residues (a) 49, (b) 53, and (c) 68 in HP36.8
Temperature is in units of K. Solid lines are best linear
fits of the data, yielding slopes A equal to (a) 1.87 + 0.97,
(b) 4.31 £ 0.31, and (c) 6.10 &+ 0.57. An average value of
aWo= —0.4 kJ mol~1 K1 is obtained for HP36 from eq 31.

7. Other applications have used the temperature
dependence of S to obtain information about contri-
butions to heat capacity from conformational
fluctuations.”982784

2.5. Diffusion Tensor and Domain Orientation

Measurements of the rotational diffusion tensors
of macromolecules from NMR spin relaxation, using
approaches based on egs 14 and 17 for example,
provides experimental information about overall
hydrodynamic properties. Although hydrodynamic
information also is available from measurements of
translational diffusion by NMR,® rotational diffusion
is more sensitive to details of molecular shape.
Advances in programs for modeling hydrodynamic
properties of proteins using “bead” models have
facilitated the interpretation of experimental data.8¢8’
In proteins consisting of multiple folded domains,
diffusion tensors measured for the individual do-
mains can suggest the degree to which hydrodynamic
motions of the two domains are independent and can
serve to constrain structural models for the
protein.576088-91 Spin relaxation approaches for char-
acterizing relative domain motion have been
described.%?~%* Measurement of residual dipolar cou-
pling constants provides an alternative approach to

determining domain orientation in macromole-
Cu|es_89,90,95,96
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3. Relaxation Techniques for Slow Time Scale
Dynamics

Chemical exchange is a ubiquitous phenomenon in
NMR spectroscopy that provides information on
conformational and chemical kinetic process occur-
ring on us—s time scales. Chemical exchange is the
manifestation of processes that modulate isotropic
chemical shifts by altering the magnetic environ-
ments of spins. The main experimental techniques
for quantifying chemical exchange are longitudinal
magnetization exchange,”® line shape analysis,®’
CPMG relaxation dispersion,® and R;p relaxation
dispersion.®® These techniques are most commonly
applied to 'H, ¥C, N, and 3'P spins in biological
macromolecules.?

3.1. Bloch-McConnell Equations

Chemical exchange between n sites (chemical or
conformational states) is described by the reaction
scheme

klZ kl3 k(nfl)n
A=A, Al=A; . A_ ==A, (32
1k, "2 1 gy 73 n—1 Kn(n—1) n ( )

in which kj is the first-order rate constant for
transitions from state i to j. Ligand-binding or
oligomerization reactions are accommodated by de-
fining the appropriate pseudo-first-order rate con-
stants. The evolution of the density operator is
governed by the Stochastic Liouville equation

do(t
% = (A + E)o(t) + C, (33)
in which o(t)=(04(t), 02(t), ... on(t))", ok(t) is the density
operator for spins in the kth site
|
|_1 0 PP 0

0 L, .- 0

A=
0 0 oo |_r1|
E=TQ®E (34)
Lk = =i/ + Wy, /&« is the Liouvillian for the spins in

the kth site, Wy is the relaxation superoperator for
spins in the kth site, Cy = (_W1001, —W>0ops... —
Whoon)T, ook is the equilibrium density operator for
spins in the kth site, E is the identity matrix, and I’
is the exchange matrix with elements

rijzkji

n
I'n=-»k (35)
i k; jk

k=j

In the following, the constant term C, is ignored,; this
is equivalent to treating o(t) as the deviation of the
density operator from its steady-state value o =
—(A + E)_lco.

The exchange matrix can be symmetrized by the
similarity transformation I'" = SI'S™! with Sy = dy

Palmer

pk Y2, in which pg is the equilibrium fractional
population of the kth site. Consequently, eq 33 can
be transformed using the matrix S®QE

do'(t
d0W _ (A + 20(t) (36)
dt
The Laplace transform of ¢'(t) is given by

5(s) = [y o'(te > dt (37)

which allows eq 36 to be solved in the Laplace domain
asQQ,lOO

F6)=(—-A+Z)'0)=Kdo(0) (38)

If the initial conditions satisfy ox(0) = pko(0), then
the average density operator in the Laplace domain
is given by

[F(S)TF= Wold'(s) = ol Kepold(0) (39)

in which [yol= [p¥2, p3?, ..., pY?]"®E. In the absence
of an applied radio frequency field, the frequency
domain spectrum is obtained from eq 39 by making
the identification s = iw.

For uncoupled spins described by a macroscopic
magnetization, the Bloch-McConnell equations'®* are
obtained by replacing ok(t) by IM[{t) = Trace{ok(t)
My} in eq 33. In the rotating frame of reference, if My
= (M, My, Mzx)T are the Cartesian Bloch magneti-
zation components, then

Ry~ 0
Ly = | _ng Wy (40)
0 w, —R%,

in which Qy, R, and R, are the resonance offset,
longitudinal relaxation rate constant, and transverse
relaxation rate constant for spins in the kth site and
w1 is the amplitude of an applied radio frequency (rf)
field, assumed to have x-phase for convenience. The
relaxation rate constants R, and RY, are given by
expressions for R; and R; for dipole—dipole, CSA, and
guadrupolar relaxation given in section Il. Thus

IM(s) 0= oM’ (s) = [l K[1pgM(0)  (41)

3.2. Evolution in the Absence of rf Fields

Within the formalism of the Bloch McConnell
equations, free precession evolution of transverse
magnetization and evolution of longitudinal magne-
tization are described by the above equations with
w1 = 0. In this case, the basis My = (My,*, Mi~, Mz)T
gives

iQ —-RY) O 0
L,=|0 iQ —R) O (42)
0 0 —RY,

which is diagonal. Thus, the different magnetization
components evolve independently. In the absence of
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Figure 8. Chemical exchange line shapes. (a—f) Sym-
metric exchange with p; = p, = 0.5. (g—I) Exchange with
skewed populations p; = 0.75 and p, = 0.25. Values of Kex
are (a, g) 10000, (b, h) 2000, (c, i) 900, (d, j) 200, (e, k) 20,
and (f, I) 0.0 s7%. The spectra are simulated with R,° = 10
s~ and Aw/27 = 180 Hz. Spectra were calculated using eq
43.

an applied rf field, the frequency domain spectrum
is given by

M ()= @yl{i(0 — Q) + p, — I'} |y (0)
(43)

in which Qjx = 0jQx and pajk = kR In general,
differences between R, are unimportant when |A
R = IR) — R3] < |I'w/; this is normally a good
assumption except for very slow exchange and ng
can be replaced by Rg. This approximation is made
in the following when appropriate. Line shape analy-
sis is a classical approach for analyzing exchange
processes in NMR spectroscopy.®”:192103 Computer
optimization of the parameters in eq 43 is utilized to
fit the experimental NMR spectrum.

Numerous approximate solutions to the Bloch—
McConnell equations are known. For fast exchange
between n sites, only a single, population-averaged
resonance is observed in the free-precession spec-
trum. The transverse relaxation rate constant for this
resonance is given by'%

n
R, =R+ Zml|w|ukﬁ//<k (44)
K=

in which Iig is the population-averaged transverse
relaxation rate constant in the absence of exchange
and ux and k¢ are the eigenvectors and absolute
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values of the eigenvalues of I". For very slow ex-
change, n resolved resonances are observed with

Rok = ng — D (45)
Exchange between two sites

S,
A=A, (46)

k21

provides the simplest illustrative example. Simulated
frequency domain spectra calculated using eq 43 for
two site exchange are shown in Figure 8. The
chemical shift time scale is defined by the relation-
ship between kex and Aw, in which kex = K12 + ko1
and Aw = Q;, — Q;. When kex < Aw, exchange is slow
on the chemical shift time scale and two resolved
resonances are observed in the NMR spectrum. When
Kex > Aw, exchange is fast on the chemical shift time
scale and single population-averaged resonance is
observed. Intermediate exchange is obtained when
kex & Aw and coalescence of the resonance lines is
observed.

The exact relaxation rate constant and precession
frequency for the dominant resonance signal are
given by105.106

Kex 1

2 V8
[(Ke” + Aw?)? — 16p,p,A0’k,, T (47)

R, =R+ {Ke” — Aw® +

_Ql-I—QZ 1

Qey=—7—
le 2 \/g
[(Ke + Aw®)? — 16p.p,Aw’ke, 1"} (48)

{A0® — ko> +

in which R, = R), = R} and p; > p,. For fast
exchange, the simple form obtained from eqs 44 or
47 is

R, = Ii20 + plpZszlkex (49)

and Qe = Q = p1Q; + p2Q2. For highly skewed site
populations, p1 > p,'%’

— Aw?
Ry, =R, + pk | ——— (50)
21 2 27ex plgkexz + sz
_ k.2 — Aw?
Q. =Q+p,Aw PaPoRex — A0 (51)

plzkex2 + Aw®

The approximations of eqs 50 and 51 are compared
to the exact results of eqs 47 and 48 in Figure 9. The
approximation is accurate for p, < 0.05.

Analytical solutions to eq 44 quickly become in-
tractable for more than two sites. For fast exchange
in a linear three-site model, represented by

k31 k12
A, ‘k—lg— A o~ A, (52)
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Figure 9. (a) Exchange-broadened transverse relaxation
rate constant is shown for (—) the approximation of eq 50
and (- — -) the exact expression, eq 47 for p; = 0.95. (b)
Resonance offset for two-site chemical exchange constants
is shown for (—) the approximation of eq 51 and (- — -) the
exact expression, eq 48 for p; = 0.95.

the relaxation rate constant is given by eq 44
with108

W, |w|u,B = (—ka0 + 0,)/Z
W |w|usB = (—k,04 + 0,)/Z
Ky = (Ko + 2)/12
kg = (Ko — 2)/12 (53)
in which
Kex = Kip + Ky + Kyg 1 Kgy
Z = (k.2 — 4B)"?
B = Kj1Kay + KyoKay + KoiKyg
oy = PyP,(€2; — Q1)2 + PoPa(R2; — Q2)2 +
P1P5(€25 — Q1)2
0 = Py[Kyp(Q, — Q)7 + Kyg(Q5 — Q)7
P1 = Ky1Ks/B
P, = Kypks/B
P3 = Ky1Ki4/B (54)
Numerical solutions to the Bloch—McConnell equa-
tions are necessary for other reaction schemes or for
relaxation outside of the fast exchange limit.04
Slow chemical exchange processes can be studied
by monitoring the exchange of longitudinal magne-

tization between sites if the population of the minor
sites are large enough to generate observable reso-
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Figure 10. Population transfer due to chemical exchange.
The transfer function amplitudes (—) an(t), (— —) ax(t),
(o @ o) a1o(t), and (- » -) azi(t) calculated using eq 57 are
shown.

nance signals.*® The evolution of longitudinal mag-
netization is given simply by

AM,(t) = exp[(—p; + DIAM,(0)  (55)

in which pyjx = 0jkR%., AMu(t) = Mau(t) — piM9, and
M:? is the equilibrium longitudinal magnetization.
For two site exchange, and assuming that |ARS,| =
IR% = R < [Tl

[Ale(t) _[au®  a,(®) [Ale(O) (56)
AM,(t) () an(t) [|AM,,(0)
in which

ay1(t) = [p; + P, eXp(—Ke,t)] exp(—R31)
a(t) = [P, + P1 eXP(—Ke,t)] exp(—R)
a,5(t) = pal(1 — exp(—Kqt))] exp(—R3t)
21 (t) = P — exp(—Kk.1)] exp(—R3) (57)

The time dependence of a;j(t) is shown in Figure 10.
As shown by eq 57, kex must not be much less than
Rfk for the exchanging sites; otherwise, the signals
decay due to relaxation faster than population trans-
fer.

3.3. Evolution in the Presence of rf Fields: Rip
Relaxation

In an Ry, experiment, magnetization is spin-locked
in the rotating frame by application of a radio
frequency field.%®1%° The relaxation rate constant for
magnetization locked parallel to the effective field in
the rotating reference frame is called Ri,. The de-
pendence of the R;p relaxation rate constant on the
amplitude or offset of the rf field is called relaxation
dispersion.

In the limit of fast exchange, in which a single
population-averaged resonance is observed, expres-
sions for Ry, are obtained by treating the changes in
resonance frequencies resulting from transitions
between sites as stochastic perturbations and utiliz-
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ing Bloch—Wagness—Redfield theory. For n sites, the
relaxation rate constant becomes®
Ry, (w,) = R} cos® 6 + R sin® 6 +
2 L—ml|w|ukﬁ{ %
sin® 6

(58)
k=2 K \Kk2+a)ez

in which @, = (Q2 + w:?)¥2, Q is the population-
averaged resonance offset, and tan 6 = w/Q. For two
sites, this equation reduces to

Ry,(w,) = R} cos® 6 + R sin” 6 +

_ Aw’k
sinze—p1p§ - ;X) (59)

ex we

Using eq 41, Trott and co-workers showed that the
long-time evolution of the average magnetization in
a Ry, experiment can be approximated by00.110

d

M= LPmM(t)O (60)

in which

LG = [E + ppoAlke, — ©) °AT ™ x
[L + pipoAlk,, — C)A] (61)
L =piL; + p,L,
C=p,L; tpil,
A=L,—L, (62)
A general expression for the rotating-frame relax-
ation rate constant for site 1 (p1 > p2), Ry, that

encompasses all conformational exchange time scales
is obtained from eq 61 by approximating the domi-

nant eigenvalue of Lgl). The resulting expression,
accurate whenever relaxation is dominated by a
single-exponential decay, is given by
R,, = R} cos’ 6 + R sin” 0 +

1 sin? Op,p,Aw’Kk,,

Y w§1w§2/w§ + kgx — 2 sin? Gplpzsz + 1 - y)wi

(63)
in which wex = (Q2 + y03)¥2, we = (Q2 + yw12)?, sin2
0 = ywi?lwe®

y=1+ plpzsz(az + wlz - kexz)
(0 + 0, + ko, )

(64)

and o = p,Q1 + p1R22. When y — 1, then we — ®e,
and 6 — 6. If the site populations are highly skewed
(p1 > p2), then the simple result obtained is!®

sin Op,p,Aw’Ke,

Q%+ wy® + ko,
(65)

Ry, = Ry cos’6 + R, sin® 6 +

This expression has the same functional form as eq
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Figure 11. Ry, for 2 site exchange. (—) Numerical solution
to the 6 x 6 dimensional Bloch-McConnell equations.
(- — -) Average magnetization approximation given by eq
63. (- » -) Approximate eigenvalue for highly skewed site
populations given by eq 65. Results are shown for (a) p1, =
0.95 and (b) p; = 0.7. Other parameters were Aw = 2400
s, Q=1500s"% w; =1000s%, RI=1.55"1 and Ry =11
s~1. The insets show the regions (a) (1000, 10) to (9000,
16) and (b) (1000, 65) to (5000, 95).

59, except that the exchange contribution depends
on the effective field for spins in the minor site 2,
rather than on the effective field for the averaged
resonance position. The accuracy of eqs 63 and 65
are illustrated in Figure 11.

As shown by comparison of egs 59 and 65, slow to
intermediate exchange exhibits a different depen-
dence on the rf carrier frequency than does fast
exchange in an Ry, experiment. In particular, the
exchange contribution to eq 59 has a maximum value
for Q = 0 and does not depend on the sign of Q. In
contrast, the exchange contribution to eq 65 has a
maximum value for Q2 + w,? = (Q + p1Aw)? + w42
= 0 and depends on the sign of Q. These differences
between fast and slow exchange in Ry, relaxation
have been confirmed experimentally.’'* The depen-
dence of Ry, on the tilt angle 6 in egs 58, 59, 63, and
65 can be removed by defining the pure exchange
contribution to the relaxation rate constant as

Rex(@e) = Ry /sin® 6 — R) — Rj/tan” 6 (66)

Expressions for fast exchange relaxation rate con-
stants for the three site linear model are obtained
using eqgs 53 and 54 in eq 58. The functional depen-
dence of Ry, on w, is shown in Figure 12.

3.4. Evolution during Spin—Echoes: CPMG
Relaxation

In a CPMG experiment, the relaxation of trans-
verse magnetization is observed during a (z¢,/2—180°
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Figure 12. Ry, for linear three-site exchange. (—) Theo-
retical dispersion curve generated using the fast-limit
approximation, eq 58 (—) for ki = 10 s71, kp; = 1000 s71,
k13 = 100 Sfl, k31 = 10 000 Sfl, Q=0 Sfl, Q, = 250 Sfl,
and Q3 = 750 s~1. The curves are scaled relative to the
value of Re for we = 0. Also shown are the dispersion
profiles for the (- - -) A; < A, and (--+) A; < A3 transitions
treated with independent two-site exchange models ac-
cording to eq 59.

— 7¢p — 180°-7¢p/2), spin—echo sequence, in which ¢,
is the spacing between 180° pulses and n is an
integer.t12113 Evolution during a CPMG experiment
can be analyzed by recognizing that the effect of the
180° pulse in the sequence, 7¢,/2—180°—17p/2, is to
invert the sense of precession of the nuclear spins.
Under conditions for which the evolution of magne-
tization is dominated by a single-exponential decay,
the transverse relaxation rate constant is given by%

1

27,

Ry(1/t,)) =Ry — 5=—1In

in which 1 is the largest eigenvalue of the Hermetian
matrix A

A = exp[(io + DNr,] expl(io + Dzl (67)

In the limit of fast exchange, in which a single
population-averaged resonance is observed, the re-
laxation rate constant becomes

n ﬁu1|w|u,ﬁ{

R ) = RO . 2 tanh[k,z.,/2]
Te) = Ry + -
2 cp. 2 k; ki \

K chp

(68)

For 2 sites, this equation reduces to

R/ ) = RO + plpzszll 2 tanh[kexrcpIZ])
2 cp/ T TM2

kex \ kexTcp

(69)

A general expression for the transverse relaxation
rate constant for site 1 (p1 > p2), Rao(1/tep), that
encompasses all conformational exchange time scales
iS given by98,1l4,115

Ro(1/7p) = RS + ke = Ti cosh[D, cosh(y,) —
op

D_ cos(r7-)]| (70)
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Figure 13. CPMG relaxation dispersion for Cys 38 in basic
pancreatic trypsin inhibitor at (a) 313, (b) 300, and (c) 290
K. Values of Ry(1/7p) at (@) Bo =11.7 T and (O) Bo = 14.1
T are shown at each temperature. In part a, the lines are
the best simultaneous fit of eq 69 to data recorded at By =
11.7 and 14.1 T; in parts b and c, the lines are the best
simultaneous fit of eq 70. Exchange is fast at 313 K,
intermediate at 300 K and slow at 290 K.

in which
1 Y + 2A0° |12
D, = §’i1 M IENT:
W+ &)
T,
ey o (S b R Y

P = Kex® + Aw? and § = —2Awkex(p1 — p2). CPMG
relaxation dispersion for fast and slow exchange is
illustrated in Figure 13.

Expressions for fast exchange relaxation rate con-
stants for the three site linear model are obtained
using eqgs 53 and 54 in eq 68. The functional depen-
dence of Ry(1/7¢p) on 1/zgp, is shown in Figure 14.

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 quan-
tum coherences.'*® For simplicity, only two-site ex-
change is considered; extension to more than two
sites is straightforward. For multiple quantum co-
herences, the value of Aw in the equations given
above should be replaced by the difference in multiple



NMR Characterization of Biomacromolecules

1.0

0.8 a |
0.6 |- _

Ra(1/tcp) — R (5~)

0 02 04 06 08 10 12
1/1gp (Ms™)

Figure 14. Ry(1l/tep) for linear three-site exchange. (a)
(—) Theoretical dispersion curve generated using the fast-
limit approximation, eq 68 (—) for ki = 10 s71, kp; = 1000
Sil, k13 =100 Sil, k31 = 10 000 Sil, Ql =0 Sil, Qz = 250
s71, and Q3 = 750 s~*. The curves are scaled relative to
the value of Ry(1/7¢p) — R for 1/7¢, = 0. Also shown are the
dispersion profiles for the (- - -) Ay < Ay and (-**) A1 < A3
transitions treated with independent two-site exchange
models according to eq 69. (b) >N Rex (/7ep) relaxation
dispersion profiles for Cysl4 in basic pancreatic trypsin
inhibitor at 300 K and static magnetic field strengths of
11.7 (O) and 14.1 T (®). The solid lines represent the best
simultaneous fit of the data at both static magnetic fields
to the linear three-site model. Reproduced with permission
from ref 108. Copyright 2003 Am. Chem. Soc.

quantum frequencies, Awwmg. For 1'S* double (DQ)
and 1-S* zero (ZQ) quantum coherences, respec-
tively, Awpg = Aw| + Aws and Awzg = —Aw, + Aws,
in which Aw, (Aws) is the chemical shift difference
between sites 1 and 2 for the | (S) spin.

Using eq 50, applicable when p; > p,, the difference
in relaxation rate constants for DQ and ZQ coherence
is given by’
ARyo = R;0 — Rpg = RYq — Rbo +

4I312I32A“’|AC"skex3

F’14k<ex4 + 2p12kex2(AwI2 + Awsz) + (Awl2 - AC"sz)z
(72)

The difference ROQ RO is small; consequently, the
sign of ARwq gives the relatlve sign of the chemical
shift differences for | and S spins.*8 This information,
which cannot be obtained from single quantum
experiments, is helpful for mechanistic interpreta-
tions of exchange phenomena. Multiple quantum
analogues of the single quantum CPMG experiment
have begun to be utilized in studies of protein
conformational dynamics.19-12

For a heteronuclear spin system (S = *N or 3C
and | = 'H), the HMQC experiment records the
average of the DQ and ZQ evolution frequencies,
whereas the HSQC experiment records the single
gquantum frequency. Using eq 51, applicable when p;
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Figure 15. >N-1H multiple quantum relaxation in basic
pancreatic trypsin inhibitor. (a) ARmg measured at 14.1 T
and 300 K.'7 Prominent exchange broadening is evident
in the vicinity of the Cys 14-Cys 38 disulfide bond. The
negative value of ARwq for Lys 15 indicates that Awy and
Awy have opposite signs. (b) AQ determined from HSQC
and HMQC experiments recorded at 11.7 T and 280 K.108
The negative values of AQ for Cys 14 and Lys 15 indicate
that Awy is negative for these two residues.

> py, the difference between the frequencies recorded
in the HSQC and HMQC experiments is given by'??

AQ = Qpsoc - Crmac
ex

P 2Key” + Awrg®

l 3p,%ke,” + A, — Awg®

_ plpZAwSAwlzk 2

X

AU)SZ)Z
(73

p14k6x4 + 2p12kex2(AwI2 + Awsz) + (Awl2 -

As shown by Skrynnikov and co-workers,'?? the
second bracketed term is positive for a wide range of
applicable parameters and therefore the sign of AQ
is the same as the sign of Aws. Thus, provided that
exchange is not in the fast limit, the sign of Aws can
be determined simply by comparing HSQC and
HMQC spectra. Examples of ARyg and AQ2 measured
for basic pancreatic trypsin inhibitor are shown in
Figure 15.

3.6. Interpretation of Chemical Exchange
Processes

Experimental techniques described above enable
chemical exchange constants to be determined over
a range from 0.1 to 10° s~ using ZZ exchange, line
shape, CPMG, and R;, methods. Data analysis nor-
mally involves fitting appropriate theoretical expres-
sions, given above, to time series, frequency domain
spectra, and relaxation dispersion curves. As indi-
cated by eqgs 49 and 53, in the fast exchange limit,
site populations cannot be determined independently
of the squares of the chemical shift differences (; —
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Figure 16. ®N Ry, relaxation dispersion for Ala 11 of
PSBD.'%6 (a) Data recorded at 304 (O), 313 (a), and 323 K
(V). Rex data for Ala 11 were obtained from eq 66. The best
least-squares fitted line is drawn for each data set. (b) ®ey
= p1p2Aw is plotted versus the isotropic shift Q at each
temperature. The solid line is the best fit to determine the
x intercepts Q; = 118.80 + 0.02 ppm and Q, = 126.7 £ 0.4
ppm with Aw = 7.9 £ 0.4 ppm. The chemical shift of the
(unobserved) unfolded PSBD species is in good agreement
with the predicted random coil chemical shift of 126.0 ppm
for an Ala residue preceded by a Tyr residue.?? (c)
Arrhenius plot for (@) folding (k-;) and (O) unfolding (ki)
rate constants. The apparent activation barriers are 17 +
14 kJ mol~1 for folding and 125 + 19 kJ mol~! for unfolding.

Q2. Outside of the fast exchange limit, site popula-
tions and the absolute sign of Q; — Q potentially can
be determined independently.t19122 Thus, manipula-
tion of the time scale of chemical exchange by varying
the temperature, pH, or ligand concentration facili-
tates complete analysis of the exchange param-
eters.108.123.124 Eyrthermore, the field dependence of
exchange broadening provides information on the
exchange time scale and increases the reliability of
curve-fitting through global data analysis.'?> Data
analysis is facilitated if R is known independently,
rather than being treated as an adjustable parameter
during curve-fitting; methods for determining Rg
have been reviewed.#

The temperature dependence of chemical exchange
parameters can be analyzed to determine apparent
Arrhenius and Boltzmann parameters for activation
barriers and energetic differences between sites. An
example of such an analysis is illustrated in Figure
16 for the peripheral subunit binding domain (PSBD)
from the dihydrolopoamide acetyltransferase compo-
nent of the pyruvate dehydrogenase multienzyme
complex from Bacillus stearothermophilus.'?® The
exchange process arising from the equilibrium un-
folding of the molecule was characterized using °N
R, measurements. The relaxation dispersion curve
was linearized by plotting 1/Rex(we) Versus we?, as
shown in Figure 16a. In the fast-exchange limit, only
values of kex and @ = pip2Aw? are obtained from
the data analysis at each temperature. Values of Q;
and €, and hence Aw, can_be obtained from the
temperature dependence of Q and ®.y, because Py
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Figure 17. Global analysis of the temperature dependence
of chemical exchange for Cys 14. 5N Ry(1/t;,) relaxation
rate constants for Cys 14 at static magnetic field strengths
of (a) 11.7 and (b) 14.1 T and temperatures of 300, 290,
and 280 K were measured for 7o, = 1 (@, —), 2 (W, ---), 6
(a,-+-)and 10 ms (#®, - - -). The lines represent the global
fit of the dispersion data at both fields and the three
temperatures to egs 69 and 70 expressed as a function of
temperature by optimization of the activation parameters
and Aw for the exchange kinetic process. Reproduced with
permission from ref 108. Copyright 2003 Am. Chem. Soc.

= —Q2 4+ (Q; + Q) — Q:Q,. Once Aw is known, p,
P2, K12, and ky; are obtained from @y and ke at each
temperature.

An additional example is shown in Figure 17. A
global analysis of CPMG relaxation dispersion at
three temperatures and two static magnetic fields
was performed for Cys 14 in BPTI.1% At 290 K, the
exchange process occurs with forward and reverse
rate constants of 35 and 2500 s™1, respectively, and
the minor state conformation is populated by 1.4%
of the molecules at equilibrium. The absolute value
of Aw was determined from the global analysis and
the sign of Aw was obtained from comparing HSQC
and HMQC spectra, as shown in Figure 15. The
chemical shift information was used to develop a
model for the unknown minor conformational state
by both inspection of a chemical shift database'?” and
calculation of chemical shifts using the SHIFTX
program.'?® The agreement between calculated and
experimental shifts suggests that the exchange pro-
cesses results from rotamer transitions of the Cys 14
x1 dihedral angle.108

4. Applications to Proteins and Other Biological
Macromolecules

The first global analysis of protein dynamics by
modern NMR spin relaxation methods was reported
in 1989. By 1997, the number of applications to
proteins, nucleic acids, and other biological macro-
molecules already had grown too large to be indi-
vidually cited in review articles.? In 2004, the use of
spin relaxation techniques to investigate conforma-
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tional dynamics in biological molecules has become
a standard approach in structural biology. The ap-
proaches described above have been extensively
applied to investigate ligand binding and chemical
modifications, enzyme catalysis, and folding. The
large majority of applications are to proteins; how-
ever, applications to nucleic acids!?*~12 and oligo-
saccharides'3*137 are increasing. Selected applica-
tions in these areas are presented below.

4.1. Ligand Binding and Chemical Modifications

Spin relaxation has been used in a number of
systems to investigate ligand binding and chemical
modifications, such as changes in redox'38-140 or
phosphorylation state.'#142 Both ps—ns and us—ms
time scale processes have been of interest in these
studies. Equations 28 and 27 suggest that changes
in configurational entropy resulting from changes in
intramolecular dynamics on multiple time scales may
contribute significantly to protein thermodynamics.
Chemical exchange line broadening in the apo or
unmodified states of proteins may reflect Kkinetic
transitions between active (competent) and inactive
(uncompetent) conformations within an ensemble of
states. Chemical exchange line broadening in ligated
states may reflect binding kinetics and conforma-
tional transitions associated with gating of ligand
into protein active sites.#3144 Although a large num-
ber of studies have been reported in the literature, a
smaller number of systems have been the subject of
extensive investigation with multiple techniques,
homologues or mutants, and ligands. These systems
include, adenylate kinase;>>'45-147 calmodulin and
other calcium-binding proteins, such as calbindin
Do, 6148149 S100B,*° and troponin C;51-152 fatty acid
binding proteins;’>*15 HIV-1 protease;6°-163 3 cavity
mutant of T4 lysozyme;**4164-167 and SH2
domains.168-171

Applications in which conformational entropy is
deduced from changes in generalized order param-
eters present a complex picture in which both
increases’®1727174 and decreases!’>'¢ in rigidity are
observed for protein—ligand interactions; in addition,
substantial differences in the response to ligand
binding can be observed between backbone and side
chain probes of conformational flexibility.1”? In some
cases, important correlations between changes in
flexibility and calorimetric measurements of the
entropy of binding or equilibrium affinity constants
have been elucidated.'”>"174 Substantial questions
remain concerning how information for multiple
probes (33CO and *N, for example) should be com-
bined,?>177:178 how side chain and backbone studies
should be integrated,'”® and how site-to-site correla-
tions between dynamic processes affecting individual
spins should be handled.”

Measurements of chemical exchange broadening
increasingly are being used to support models for
ligand-binding or conformational changes in which
binding or modification selects compenent conforma-
tions from a preexisting ensemble 141142180 Thys, at
equilibrium in the apo or unmodified state, individual
molecules fluctuate stochastically between active and
inactive conformations. Binding of ligand or chemical
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modification shifts the equilibrium increasingly to-
ward the active conformation. Observation of similar
kinetic rates for intramolecular conformational
changes and ligand binding provide suggestive evi-
dence that conformational transitions are coupled to
binding or release of ligand.'** This emerging view
is in contrast to both lock-and-key and induced fit
models for ligand binding.8!

4.2. Enzyme Catalysis

Elucidation of the dynamic properties of enzymes
that are correlated with catalytic activity is an
important goal of longstanding interest in
NMR spectrocopy. Recent studies of adenylate
kinase,52145-147 cyclophilin A,*?3 dihydrofolate reduc-
tase (DHFR),182183 HlV-1 protease,'®163 ribonu-
cleases,”®184 serine proteases,'®187 and triosephos-
phate isomerase'®818 have identified conformational
exchange processes on picosecond—nanosecond and
microsecond—millisecond time scales in enzyme ac-
tive sites that may play roles in catalysis as well as
substrate binding. Similar studies have begun to be
applied to RNA ribozymes.'®? The information avail-
able from NMR spin relaxation studies about the
effects of substrate binding and product release is
similar to that discussed above for ligand binding.
The dependence of the dynamic properties of the
protein on ligand concentration can be used to
distinguish contributions from substrate binding or
product release and contributions from catalysis.'?®
Investigations are facilitated if the enzyme system
has been highly characterized biochemically, so that
a well-developed kinetic mechanism exists and mul-
tiple substrate analogues, inhibitors, and transition
state analogues are available. The large body of
information available on adenylate kinase, DHFR,
and HIV-1 protease exemplify these approaches.
Most studies of enzymes to date have been performed
on inhibited proteins or in the absence of substrates.
In the case of cyclophilin A, however, measurements
of exchange broadening were performed while the
protein was actively turning over substrate.'>? Simi-
lar studies on other enzymes catalyzing reversible
reactions, or for which regeneration systems can be
developed, are likely to be extremely powerful in the
future.

4.3. Protein Folding

Investigations of protein folding by NMR spin
relaxation techniques have included measurements
of protein folding kinetics and characterization of the
ensemble of unfolded conformations. Although useful
information can be obtained by monitoring resolved
aromatic or methyl 'H resonances in 1D NMR
spectra, for example in line shape analysis of protein
folding,1%01°1 the use of isotopically labeled molecules
allows the range of spin relaxation techniques to be
applied with site specific resolution. These ap-
proaches are particularly important for unfolded or
non-native states that frequently display reduced
chemical shift dispersion.19?

Kinetics of protein folding have been investigated
by techniques based on chemical exchange phenom-
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ena, including zz-exchange spectroscopy,®*%%* line
shape analysis,'%1%1 CPMG dispersion,%41% and Ry,
dispersion.'?® Notably, the choice of experimental
technique can be made based on the time scale of
folding. As illustrated for PSBD, values of Aw derived
from the analysis of chemical exchange provide
unique information about the unfolded ensemble of
conformations at equilibrium under native state
conditions.*?® Comparisons between folding rate con-
stants for different sites in a protein, a particular
strength of NMR techniques, potentially provides
important insights into the mechanism of fold-
ing.1941% These experiments complement amide pro-
ton solvent exchange techniques for studying protein
folding.1%¢

Spin relaxation in unfolded or non-native proteins
potentially is a powerful approach for characterizing
the conformational ensemble of thermally accessible
states. Because an ensemble of structures with
unique overall and internal motions contributes to
the observed relaxation parameters, the interpreta-
tion of experimental results is correspondingly more
complex than for compact globular proteins; conse-
guently, in addition to spectral density mapping and
model free approaches, methods based on distribu-
tions of correlation times have been utilized to
analyze relaxation data.53% Computational simula-
tions are essential in augmenting and interpreting
experimental results.*®” Myoglobin,?8-201  SH3
domains,194202-204 gnd staphylococcal nucleasg?05-208
have been extensively studied by spin relaxation
techniques. A general result is that, under unfolding
conditions, the residual structure in some regions of
the polypeptide chain and (partially) collapsed states
can be identified by spin relaxation measurements.
Relaxation studies of non-native states have been
complemented recently by investigations of residual
dipolar couplings.?®®

The possible contribution of conformational dy-
namics to the thermodynamics of protein folding has
attracted interest, both because a large change in
heat capacity is observed for proteins upon folding
and because theoretical estimates suggest substantial
loss of conformational entropy in the native folded
state. The contributions of backbone entropy to
thermodynamic stability in protein G B1 domain has
been inferred by comparison of generalized order
parameters in a series of site specific mutant pro-
teins.?1% The temperature dependence of the general-
ized order parameter also has been used to estimate
heat capacity changes resulting from folding.”®17°

5. Conclusion

Over the past 15 years, the experimental and
theoretical methods for analyzing molecular dynam-
ics by NMR spin relaxation spectroscopy have grown
inexorably more powerful. Applications of these
methods have expanded to encompass investigations
of conformational dynamics on multiple time scales
for diverse functional states of biological macromol-
ecules in order to characterize folding, stability, and
biological activity. Continued development and ap-
plication of NMR spin relaxation techniques promise
to enhance understanding of the biological functions

Palmer

of proteins, nucleic acids, and other biological mac-
romolecules.
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