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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, amidelvent
proton exchange rates, and spin relaxation rate constants,
depend on changes in molecular structure or chemical state
through well-established theoretical relationsHi@ver the
past decade, solution-state NMR techniques for measuring

spin relaxation rate constants have proven particularly of Biochemistry and Molecular Biophysics at Columbia University. She

powerful for investigations of picosecond to nanosecond and yecejved her Ph.D. in Chemistry with John E. Straub from Boston University
microsecond to millisecond time scale dynamical processesang was a postdoctoral fellow with Arthur G. Palmer at Columbia University.

in proteins and other biomacromolecufe$. Her research interests are protein function and dynamics studied with
Solution-state NMR spin relaxation methods for character- NMR spin relaxation experiments and computer simulations.
izing microsecond to second time scale kinetic processes andhe kinetic or conformational dynamical process. CPMG and
conformational dynamics have been extensively revietvéd. Ry, experiments have been the predominant choices for
Methods in common use includeexchange techniques, line  studying exchange processes that occur in the microsecond
shape analysis, CarPurcel-Meiboom-Gill (CPMG) re- to millisecond time scale and that have highly skewed site
laxation dispersion, anlgy, relaxation dispersion. The choice populations. The accessible range of effective magnetic field
of which technique to apply is based on the time scale of strengths determines the time scale of the process that can
be studied by CPMG arig,, technique$.The effective field
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experiments are most often used to characterize slower,Consequently, the effects of rotational tumbling and chemical
millisecond time scale chemical exchange processes. Theexchange are uncorrelaté®:1° Evolution of the density
effective field strengths typically employed Iy, relaxation operator for a spin system subject to chemical exchange is
experiments are of the order of-8 kHz, although weaker  described by the BlochMcConnell or Stochastic Liouville
fields can be utilized to provide overlap with the CPMG equations (SLE}??°2! For a single uncoupled spin in a
experiment:8 consequentlyR;, experiments are most often  Cartesian basis, the BloetMcConnell equations and SLE
used for faster microsecond time scale chemical exchangeare identical:

processes. Although these techniques have been in use for

many years, a number of advances in theoretical descriptions, dMm(t) L +TM 5
experimental methods, and applicationfgfrelaxation have d (L +DM() (5)
been developed recently!” The purpose of this Review is
to provide a comprehensive description of theory, techniques,in which
and applications oRy, measurements to biomacromolecules. -~

M, (1)
2. Theory M, (1) (6)

Chemical exchange is a ubiquitous phenomenon in NMR M) :
spectroscopy that mediates population transfer among lon- M, (t)
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 L, 0
rotating frame of reference. L L, ‘ (7
2.1. Two-, Three-, and N-Site Chemical Exchange 0 L

N

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 r=K®1, 3)
fields. The most general kinetic scheme is

Mi(t) = [Myi(t), Myi(t), Mz(t)]" is the Cartesian magnetization

A A AHL;A] . vector for spins in theith site, which is understood to
Tl "2 "1k ki represent the deviation of the magnetization from Boltzman
k-1 equilibrium;
An i @
. . . - - . _R2| _QI O
in which spins inN environments mutually exchange with Li=[%% Ry~ 9)
rate constantk; for the exchange from siteto sitej. If any 0 w, —Ry

of the kinetic reactions are not unimolecular, then the kinetic

rate constants in eq 1 are defined to be the appropriate,, js the amplitude of the spin-locking radio frequency (rf)

pseudo-first-order rate constafitsThe equilibrium site  fie|d, assumed without loss of generality to be applied with

populations are given by the solution to x-phase; andsis the 3x 3 identity matrix in the spin space.

KP =0 ?) If the diﬁerences between intrinsic relaxation rate constants

for the N sites are small compared to the kinetic rate

in whichP = [py, pa, ..., p]", pi is the equilibrium population ~ constants, that igRy — Ry| < kj and|Ra — Ry| < k; for

of theith site, the matrix of kinetic rate constants is all i andj, then the site-specific intrinsic relaxation rate
constants can be replaced by the population-average values:

=8, ky o ky N
K=| ‘e TR e 3) R=2PR (=12 (10)
kiy Ky oo =Sy This assumption is valid for the situations normally inves-
) ) tigated byR;, methods and will be made in the following;
and the diagonal elemenssare given by violations of this assumption have been discugded.
N The general scheme has a number of illustrative special
cases. The starlike topology is
$=2k @) poledy

1= kip ki3 Kin
= A As AT oA s ApTAy (1)

A nuclear spin in théth site or environment is characterized

by the resonance offset frequenc§;, and the intrinsic In this model, sites 2, 3, ..N only exchange with site 1 and
relaxation rate constant®; andR,. The intrinsic relaxation ~ not with each other. WhelN = 3, the starlike topology
rate constants result from dipetelipole, chemical shift  reduces to a linear three-site exchange model:
anisotropy, and quadrupolar interactions in solution. These

interactions are modulated stochastically by overall rotational A, g A 42,_3 A (12)
tumbling on a time scaler, < 1/k; for all i and j. kip "1 kay 3
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A second linear three-site exchange model can be formulated S; s,
in which site 1 is located at the end of the linear chain, 0
k12 k23 —————
A o1 Az‘gz‘ Aq (13)

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:

A=A, (14)
1

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:

Sk
Ko Figure 1. Geometric representation of the laboratory and tilted
A=A, (15) reference frames. The relative orientation of the laboratory frame

(S0 S S) and of the tilted rotating frameg(,S,S) is given by the

. . o, . tilt angle 6. The tilted rotating frame is defined for each spin. The
The properties of the effective sitéy, are given by the  qrientation ofS, is parallel to the average effective fielde. The
following:* orientations of the effective fields of the two exchanging sites
and we; are given byd; and 0,, respectively.

N
Ky, = Zkli (16) the average resonance offséBis
- _ N
N Q= Zp-Q- (23)
Ky = Zaim (7) A
1=
and the average effective field in the rotating franté is
N
Ly= > ol (18) w.= (Q%+ w)"? (24)

A similar expression can be derived f&,.1? The geo-
metrical relationship between the laboratory and tilted
N reference frames is illustrated in Figure 1.
o = pi/ij =p/(1—py) (19) Theoretical expressions for rotating-frame relaxation rate
S constants have been derived principally by two approaches.
When exchange is sufficiently fast, the Redfield approach
2.2. Rotating-Frame Relaxation is valid, as introduced for exchange processes by Wenner-
stram.24 In the fast exchange limit, botR,, andR,, can be
calculated by this approach. For all exchange regirRgs,
can be approximated from the BloeMcConnell equation
or SLE, either in a time-domain or Laplace-domain formal-
ism, as introduced by Trott, Abergel, and Palrifeihe
expressions foR,, derived below are summarized in Table
1. The approaches utilized for calculating rotating-frame

the laboratory f to the rotating f This d d relaxation rate constants also can be used to obtain expres-
€ laboratory frame 1o the rotating frame. 1NiS dependenceqiong for |aboratory-frame free-precession transverse relax-

can be removed by measurifgandR; independently. For — a4ian rate constants for spins subject to chemical exchange
example, an effective transverse relaxation rate con&@nt  poxdening.25

is defined as In the fast exchange regime, a general solution\ite

in which

By analogy to the laboratory-frame Bloch equatioRs,
is the relaxation rate constant for magnetization locked along
the direction of the effective field in the rotating frame, and
Ry, 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 fromR; and R; that result from transformation from

_ exchange ¥
R, = Ry/sir? 0 — Ryftarf 0 (200 g

N [y | Qu A,
and the pure exchange contributionRg, is given by?® R, =R, co f + R, Sik 6 + sik 0 0| QAU T2

P 2 2

. - = A2+
R = Ry/Si? 0 — R, — Ry/tarf 0 (1) = AT o
(25)

in which the tilt angle in the rotating frame?fs _ ) ) ) )
in which 4; and u; are theith eigenvalue and eigenvector,

respectively, of the symmetrized matri&'I'S, S is a
(22) diagonal matrix with element§; = d; p*? andQ is a
diagonal matrix with element®; = 0;Qi. For the linear

tanf =

o1].§



Characterization of the Dynamics of Biomacromolecules Chemical Reviews, 2006, Vol. 106, No. 5 1703

Table 1. Summary of Expressions forRy,

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

three-site system given by eq 1R, is given by eq 25 with in which kex = k12 + ko1 The quantitygex = pip2Aw2q?
frequently is defined as one of the independent variables in

|y | Qu, TP = (—Ay04 + a)/Z eq 30.
General solutions foRy,, valid for all time scales, can be
|Hul|£2|u3E|]2 = (=404 + ay)/Z obtained approximately for the two-site model whgn>
p2 (typically p; > 0.7) and for theN-site model wherp; >
Ay = (ko + 2)/12 pi, fori = 2, 3, ...,N (typically p; > 0.9). Approximate
solutions are determined from the BloeeRcConnell equa-
Ay = (koy — 2)I2 (26) tion or the SLE as the dominant eigenvalue in the time-
domain or long-time limit of the resolvent in the Laplace
in which domain®? For two-site exchange, the resulting expression
for Ry, accurate whenever relaxation is dominated by a
Kex = Kip 1 Koy + Kyg + Ky single-exponential decay, is given by
_ _ 1/2 B ~
(ke R1P=R1co§6+stir126—|—%x
B = KaiKsy + KyKay + Kpikys sin 6 plpZAw212kex
0 = PP AW + PoPiAws,2 + PiPsAws  (27) Do’ Der 10s + Ko = 2SIMF O pypAwy,” + (1= )y

(31)

_ 2 2
Ay = Py[KpAw,; "+ KAws] in Which s = (Q2 + Y02 e = (©2 + yw)V2, sir? §

Py = KyiKs,/B = yorildd
P, = Ky Ksy/B y=1+ plpZAlez(OZ + wlz - kexz)/ (02 + wlz + kexz)2
P3 = Kyk;o/B (32)

ando = p1Q, + pQ1. Wheny — 1, thend — 0, @ — we,
and s — ws, in which the effective field in the rotating
frame for spins in théth site is given byws = (Qi2 + wd)Y2
Koo+ Kat) — (Koo =+ Koo)| > 2(K, k. )22 28 If the site populations are highly skeweni & p.), then the
(ks Ha) = (Ko ) (ke (28) simple, so-called “asymmetric populations”, result is ob-
then the two steps are independent of each other and eq 24ained?
simplifies to

andAwj = Q; — Q;. If the rate constants for the two kinetic
steps differ substantially, such that

_ _ _ _ sirf 6 p,p,Aw,
R, =R, cog 6 + R, si 6 + Ry, = R, cog 6 + R, sin’ 0 + 1PoAG2 Kex (33)
QZ

2 2 2
+ w,”+ kg
in 3 p(L = P)A®(ky T k) ' )
sin” 0 A (k, + 24,2 (29) This expression has the same functional form as eq 30, except
1 k)" o that the exchange contribution depends on the effective field

for spins in the less-populated site@s, = (Q2 + w192,
rather than on the effective field for the averaged resonance

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 thePosition.
two-site system to Conditions that define the fast exchange limit have been
discussed by Abergel and Palmer and are more complex than
plp2 0y kex those obtained for free-precession chemical exchange line
R, = =R, cog 0+ R,sin’  +sif  —————= > (30) broadening? Comparison of eqs 30 and 31 shows, however,

x We that the fast exchange limit is reached for asymmetric
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Figure 2. Comparison of fast and asymmetric two-site exchange
expressions foRy,. Shown are<{) the exact numerical eigenvalue,
(- - -) the asymmetric population solution fpf > p, given by eq

33, and ¢ - —) the fast exchange limit solution given by eq 33.
Calculations use®; = 1.5 s, R, = 11 51, Aw,; = 2400 st, py

= 0.95, andw; = 1000 s In (a) Q = 1500 s. In (b) kex
1500 s In (b) the abscissa showsQ = Q — wy.
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Figure 3. Comparison of asymmetric and general two-site
exchange expressions fBj,. Shown are<) the exact numerical
eigenvalue, (- - -) the general solution for > p, given by eq 31,
and (— - —) the asymmetric population solution fpf > p, given

by eq 33. Calculations use®y = 1.5 s1, R, = 11 s'1, Awy, =
2400 s, p, = 0.7, andw; = 1000 s*. In (a) @ = 1500 s In (b)

kex = 250 s In (b) the abscissa showsQ = Q — w.
populations if any one of the three following conditions are
met: |Q| > |Awzl, w1 > |Aw2l, OF Kex > [Aw2i].

The accuracy of eqs 31 and 33 is illustrated in Figures 2
and 3. Whemp, > p,, the asymmetric population result is
highly accurate, but the fast exchange limit equation, eq 30,
is accurate only for sufficiently large values &f,, as
illustrated in Figure 2. When the site populations are not

4000

Palmer and Massi

- PP PR IR BRI B
@ 0 2000 4000 6000 8000 10000
o Kex (s
100 b
u"‘—

sof- >~ N

60—

40 -

20

0 ol I ST S S T S N
—4000 2000 O 2000
AQ (s71)

Figure 4. Exchange rate dependence of tRg relaxation rate
constant. Shown are~) the exact numerical eigenvalue; ¢ —)

the general solution fgy > p, given by eq 31, and {+) the solution
given by the linearized Laguerre approximant, eq 34. Calculations
usedR; = 1.5 s, R, = 11 s'1, Aw,; = 2400 st, p; = 0.9, and

w1 = 1000 s In (a) AQ = 1500 s%; the inset shows the region

of kex (2700, 4000)Ry, (28, 28.7). In (b)kex = 1000 s'%; the inset
shows the region oAQ (—500, 100),Ry, (90, 100). In (b) the
abscissa showAQ = Q — w.

4000

Using Laguerre’s method for polynomial root finding,
Miloushev and Palmer derived a general formula Ry
relaxation for two-site chemical exchange as the root of a
(p1,q1) Padeapproximari®
R, = R, co€ 6 + R, sir’ 6 +

sir’ 0 plpZAa)lekex

2 2 2 2
We1 We2 /we +kex -

2kex2(p1we12 + pza’ezz)

2 2 2, 2
We1 Wey T W Koy

sin® 6 pp,Aw,, (1 +

(34)

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 populatigns; p,, or
that of placement of the rf carrier at the average resonance
frequency of the two sitesy; = (Q1 + Q,)/2, the following
result is obtainet$

R1p=|§lco§6+ R, sirf 6 + k,,/2 —
ke 4 sirf 0 p,p,Aw,, v
2

2 2 2 2
Weq wezlwe +kex -

2, 2 2

) (wo + o)

sin’ 6 pp,Aw,,° kex2 621 > 2 :
+ we keX

We1 Wep

(35)

highly asymmetric, then the general expression, eq 31, is This expression has an improved performance over those of

more accurate, as shown in Figure 3.

egs 31 and 34, as illustrated in Figure 5.
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200 the site populations and the absolute signAef,; can be
r determined from the offset dependenceRaf
150 The generaN-site solution, valid wheip, > p; fori = 2,
.., N, is given byt
100
N
— B B i T
50 Ry, = R, cog 0 + R, sir? 6 + Zklizi v (36)
—_— I=
— P S T S TN SO T AN SR S NN S T
b 0 2000 4000 6000 8000 10000 . . ) . ) )
o kex (5~1) in which z is obtained from solving the linear system
& 280 equations (which always can be done analytically and
L b H
240 2\ automatically)
200 Z AT Li+s1,  —kyl, - =kl |2, Liv
160- 4 \ —kpl,  Li+sl - =kl zy || Lav (37)
120 : o : N
80 - kg1, kgl o Li+s,d [z | |Liv

40~

0 ol L L and using the definitions
—4000 —2000 0 2000 4000

AQ (s71)

0 o0
Figure 5. Exchange rate dependence of tRg relaxation rate L'=|Q l —w (38)
constant. Shown are~) the exact numerical eigenvalue; ¢ —) I ! 1
the general solution fop; > p, given by eq 31, +(+) the solution 0 w, O
given by the linearized Laguerre approximant, eq 34, and (- - -)
the solution given by eq 35. Calculations used= 1.5 s, R, = wq
11 s'1, Aw,; = 2400 s, andw; = 500 sL. In (a) wys is set to the V= i 0 (39)
average resonance frequency, gnd= 0.7; the inset shows the Vel O
region ofkex (1900, 2700)Ry, (175, 181). In (b) site populations 1
are equalp; = pp, andke, = 250 s'1; the inset s'hows the region
g AQ (300, 850) Ry, (230, 260). In (b) the abscissa show® = For the starlike topology, the general solution reducés to
— Wxf.
140 B ~ N kliAcz)il2
120+ R]-P: Rl CO§0+ R2 SII’120+SII’]29 2—22
—~ 100 =20 + o, + kg
tn 80
2 40
3 60 (40)
o

40r
20

The linear three-site model correspondd\te= 3 in eq 40

and should be compared to eq 29. WiNerr 2 andp; — 1,
0 egs 33 and 40 are identical. If exchange between sites 2, ...,
10 ® 0 ?3—1) 5 10 N is much slower than exchange between these sites and
site 1, i.e.ky > kj fori, j = 2, ...,N, ther}!

Figure 6. Offset dependence & for two-site exchange. Shown
are values oR., determined using eq 21 froRy, calculated from _ —_—
(—) the exact numerical eigenvalue, (- - -) the asymmetric popula- Rlp =R cos 6 + R, sin® 6 +

tion solution forp; > p, given by eq 33, and« — —) the fast N K..
exchange limit solution given by eq 30. Calculations uBed= ir2 0 L
155 R, = 115, Awy = 2400 s, p, = 0.95, andw; = 1000 st > 2
s, andQ = 1500 s, =2Q°+ "t §

The two-site fast exchange solution, eq 30, and the EZ
asymmetric populations solution, eq 33, illustrate fundamen- s =
tal differences between fast-limit and intermediate-to-slow =
exchange regimes fdy, relaxation. When exchange is not

fast, the exchange broadening is maximal when the carrier S1$1A°"i1) (41)
is on resonance with the minor state, as predicted by eq 33,

rather than the average resonance position,.as predicted byqp.o expression reduces to eq 4tkjf= 0 for i, j = 2, ...,
eq 30. This offset dependence is most easily observed byy |t exchange between sites 2, N,is much faster tha
plotting Re, versus offset, as shown in Figure 6. Furthermore, exchange between these sites and site 1,k k; for i,
if exchange is fast, then only the produgl = pip2Aw,? j=2,...N, then egs 1519 yield

and kex = k2 + ko1 can be determined. An independent

m(iji(wlz + ngi) + SzAa}jl +
j T@L TS

measurement of the site populations or equilibrium constant _ _ . K,
is needed to fully characterize the system. Even so, only the Ry, =R, cog 6 + R, sirf 6 + sirt 6 > > >
magnitude ofAw,; can be determined; the sign is ambiguous. Q)+ o" + Ky

In contrast, if exchange is intermediate-to-slow, then both (42)
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400 . . . . . 160
350 | 140 |
300 | 120
250 | < 100
200} 2 80
s
150 | o 60
100 | 40+
__ 50t 20 +
b o 0
~ 160 -6 -4 -2 0 2 4 6
« 140} AQ (s7)
120} Figure 8. Offset dependence & for a general three-site system.
Shown are {) the exact numerical solution—(— —) the ap-
100 proximate solution obtained from eq 41, and (- - -) the approximate
80 | solution obtained from eq 40 for the starlike topology. The solid
60k and long-dashed curves were calculated ukigg ks, = 700 s'%;
the short-dashed curve was calculated udipg+ ks, = 0 s.
40 Other parameters used in the calculations were as follaws=
20t 1 1000 Sl, P1= 0.95,p2 = 003,p3 = 0.02,Aw,1 = 2000 Sl, Awsy
0 = _4000_ S_l, k2 + kog = 500 S_l, kiz + k3p = 1000 S_l, Ri=15
-6 -4 -2 0 2 4 6 s1, andR, = 11 s'1. The abscissa showsQ = Q — wy.
AQ (s71)
. . . 100
Figure 7. Offset dependence d®. for a four-site system with a
starlike topology. Shown are—) the exact numerical eigenvalue 80
and (- - -) the approximate solution obtained from eq 40. Curves
were calculated using (ap; = 500 s and (b)w; = 1000 s 60

Other parameters used in the calculations were as follqws=
0.90,p, = 0.05,ps = 0.03,ps = 0.02, Awz, = 2000 %, Awg =
—3000 51, Aw4, = 4000 Sl, 1(12 + k21 = 200_§l, k13 + k31 =
200 s%, kigs + ke = 4200 s, Ri=1.5s, andR, = 11 s The

abscissa showAQ = Q — wy. "T;
x
in which 20
N 150 ;
[ -1 v’_,v\\\ ,"l
Q,=01-p) Zpigi (43) 100 S
i=
50
In egs 40-42, the substitution has been made thgtwe; ~
wilwe = sin 6. 0 ]
The accuracy of eq 40 is illustrated in Figure 7 for a four- —6000 —~4000 —2000 0 2000 4000 6000
site exchange process with a starlike topology. The important AQ (s71)

qualitative result is that the graph 8« versus resonance Figure 9. Time-scale dependence &, for a linear three-site
offset consists oN — 1 Lorentzian-shaped peaks with local system. Curves were calculated using eq 36 foy Koz + ks = 1
maxima occurring whe®2; = 0 for i = 2, ..., N. Theith SL (-~ -) keg + k32 = 1000 s, and (- - —) ka3 + ks2 = 100 000
Lorentzian has a full-width-at-half-height equal td& + st In (@) kiz + k1 = 500 s, and in (b)kiz + ka1 = 2000 s*.

2\1/2 ; Other parameters used in the calculations were as follaws=
w1?)Y2. Consequently, the number of components inRhe 1000 S ™. py = 0.94,p, = 0.02,p5 = 0.04 Awsr = 2000 SL, Aarey

profile is most easily discerned when is weak, preferably ="~ 4595 g1 Kis+ kg =0SL R =155t andR, = 11 s 1,
w1 = ki, as indicated by comparison of parts a and b of The abscissa showsQ = Q@ — . ’
Figure 7.

Some aspects of three-site exchange are exhibited bya and b of Figure 9, the shape of tRg versus offset profiles
Figures 8 and 9. In Figure & for the linear three-site  depends strongly on the rate of exchange between sites 1
model, eq 12, determined using eq 40, is compared with aand 2.
more general model in which slow exchange occurs between Expressions for th&;, relaxation rate constant have been
sites 2 and 3, calculated using eq 41. The main qualitative derived only for fast exchange limit kinetic proces&e%.
effect of exchange between sites 2 and 3 is an overall increasdn the fast exchange regime, a general solutionNesite
in the value ofRey. In Figure 9, the effect of the rate of exchange i¥
exchange between sites 2 and 3 is illustrated for the linear
three-site model, eq 13. Whéa; + ks, — 0, exchange is Ry, = ﬁgl sin 6 + ﬁgz co< 0 +

accurately described as a two-state process involving only 2

sites 1 and 2. Wheky; + ks, is appreciable, then the three- Ny [|]2{ A

site process is manifest by the appearance of two Lorentizian sin” ¢ 1+— ; (44)
peaks in the plot oRe, versus offset. Whekys + ks, — oo, = 4 \ 24" + wy)

exchange is described as a two-state process between site 1
and an effective average of the properties of sites 2 and 3,The exchange contribution t8,, is the sum of the free-
as given by egs 1519. Finally, as shown by comparing parts precession broadening plus 0.5 times the exchange contribu-
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Figure 10. Pulse sequences f&MN Ry, relaxation measurements. Narrow and wide bars indicateaB8 180 pulses, respectively. All
pulses are applied with phageinless otherwise indicated. Delays &re= %/,Jun, ando is long enough to encompass the enclosed gradients
and gradient recovery delay8N decoupling during acquisition is performed using a GAR#R other decoupling sequence. (a) The basic
pulse sequence for on- and off-resonaRgemeasurements. The phase cycle is as folloys= X, —X; ¢> = 4(X), 4(—X); ¢z = 2(X), 2(y),

2(—X), 2(—Y); ¢a = X; drec = 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 phas&4°In (b) and (c) open rectangles indica®®l spin-lock periods, always applied

with phasex. The total length of the spin-lock period is equalltoln a conventionaR,, experiment the delaysare set just long enough

to encompass the gradient and gradient recovery delays, and théH §0lIses represented as open bars are not includedRip & Ry
experiment, the value = tmax — T/2, in Which tmax is equal to the sum of the length of the gradient, the gradient recovery delay, and half
of the maximum value of the relaxation periofay. (b) Off-resonancé®,, experiment obtained by inserting the bracketed segment into
(a). The triangles represent the adiabatic sweeps that rotate the magnetization freamithi® the direction of the effective field, and back

to thez-axis3° (c) On-resonanc®,, experiment obtained by inserting the bracketed segment into (a). Magnetization is aligned along the
effective field by the element 96-y—90°, wherey = 1/w;, andw; is the spin-lock field strength. (d) Selective one-dimensional on- and
off-resonanceRy, experiment. ShapetH pulses are selective 9@ulses used for Watergate water suppressiopen?SN bars indicate
pulses with a tip angle equal to arctan(Q2), whereQ is the!>N resonance offset from the spin-lock carrier. Oprbars indicate pulses

with tip angle equal to arctam(,/Qw), wherewy, is the strength of théH cw field applied during the spin lock ar@yy is the resonance
offset from the frequency of water. Open rectanglestorndicate cw fields. The strength of thel cw field applied during the spin-lock
period is equal tav;g27r = 3900 Hz. The strength of the cw fields applied hand>N synchronously during the polarization transfer
period is~90 Hz. After the first water selective pulse, thé carrier is shifted to the amide resonance of interest and is placed back on the
water signal prior to the Watergate element. Fincarrier is placed on the amide resonance of interest during the polarization transfer and
shifted to the desired off-resonance positl@rduring the spin-lock period. The phase cycle is as followsy; = 8(y), 8(—Y); ¢2 = —X,

X; o5 = 4(X), 4(—X); ds = 2(X), 2(—=X); rec = X, =X, =X, X, =X, X, X, =X, X, =X, =X, X; for Qs < 0, ¢3 = —y and¢, =y, for Qs > 0, ¢3

=V s =Y.

tion to Ry,. This result is anticipated on general physical The pulse sequences discussed below have been designed
grounds and indicates th&,, does not provide unique for application to'N, *HN, 13CO, and!3C® nuclear spins in

additional information about a fast exchange process. proteins; however, the modifications necessary for application
to nucleic acids, particularly the isolaté&C spins of the
3. Experimental Methods C-2 and C-8 positions of adenine and the C-8 positions of

) guanine nucleotides, are straightforwafd®
Pulse sequences &, measurements can be categorized

variously as “off-resonance” or “on-resonance” (often called 3.1. Pulse Sequences for N Ry, Measurements
“near-resonance”), depending on the siz&€X%br as “strong The pulse sequences f&iN R, measurements in back-
field” and “weak-field”, depending on the magnitudecof. bone N-H spin systems in proteins are shown in Figure 10.
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A two-dimensional pulse sequence for off-resonance, strong-than the total number dfN spins in a molecule).

field measurements is shown in Figure 10a ard # A The pulse sequences shown in Figure 10 apply rf fields at
two-dimensional pulse sequence for on-resonance, weak-fieldthe *H Larmor frequency, as either rf pulses or CW fields,
Ry, measurements is shown in Figure 10a afid\cselective to suppress cross-correlation betwédr->N dipole—dipole
one-dimensional pulse sequence is shown in Figure 10d; thisand >N chemical shift anisotropy relaxation mechanisms.

sequence can be used for both strong and weakelds The application ofH rf fields while the!>N magnetization

and for both on- or off-resonance experimehts. is spin-locked can result in reintroduction of the heteronuclear
The first two pulse sequences use conventional refocusedscalar coupling Hamiltoniaf® _

INEPT techniques for polarization transfer betwéerand If continuous wave rf fields are applied to bdttH) and

15\ spins. These polarization transfers are broad-band andS (**N) spins during the relaxation delay, then the
allow spectra to be recorded as two-dimensional data setsHamiltonian in the rotating frames of theand S spins is
for optimal resolution of resonance signals. The pulse T

sequences as depicted use an heteronuclear single-quantum A= Q)+ oyl T QS+ w15+ 2mhdl,S, (45)
coherence (HSQC) experiment for recording two-dimensional in which Q
spectra. The HSQC element can be replaced by a transvers !
relaxation optimized spectroscopy (TROSY) experiment for

improved sensitivity and resolution for large proteins at high

static magnetic field strengti%3* The third pulse sequence

uses selective cross-polarization to transfer magnetizationby 0, and s and are rotating with frequenciess andwes,

i i i in 7.35,36 X 3 ) "
between a singléH spin and its attache&N spin. respectively, relative to the singly rotating reference frames.

Selective excitation of a singlé™N spin allows one- | he"oredant discussions and wes are identical tows
dimensional spectroscopy to be employed. If necessary, as

. . and we in the expressions foR;, given above. The first-
discussed elsewhefea >N jump-return element can be De P 1 9

. . ; order average Hamiltonian in the tilted, doubly rotating
incorporated into the pulse sequence to further increase, otarance frame ¥s

(Qg) is the resonance offset of theS) spins,
Do (w1s) is the applied rf field for theé (S) spins, and)s is
the scalar coupling constant. This Hamiltonian can be
transformed to a doubly rotating tilted reference frame for
both| and S spins. These frames haVeand S, axes tilted

selectivity.
When exchange is not fast on the chemical shift time scale, 7 = 27J,{[1,S, cos, cosfs —
selective excitation can affect the initial conditions at the I'S, cos0), sin s sincT/2)] (46)
. . . R . Z | S eS
start of the relaxation period. An assumption inherent in the
derivation of the above expressions Ry is that the initial ~ ynder the assumptions, applicable to the present experimental

state of the spin-locked magnetization is proportionato  design, thatvy > wesandwgT/27 > 1. The spin-lockeds,

the equilibrium site populations. To ensure that this condition magnetization aligned with the effective field commutes with

is met even for selective excitation of a single site, as in the first term in eq 46. The second term is negligible if either

Figure 10d, magnetization is returned to thexis in the T = 2nr/wes, With N a nonzero integer, owesT/27 > 1.

laboratory reference frame for a time periedlong enough  These conditions govern appropriate choicesToh the

to allow exchange of longitudinal magnetization to equili- experiment shown in Figure 10d. This experiment is compat-

brate the site magnetizations. For two-site exchawge, ible with a range oftSN rf fields from w:/27 = 25 Hz to

1/kex — 3lkex is sufficient. 1000 Hz. The main drawback to the experiment is that
For all three pulse sequences(= °N) magnetization  relatively strongH rf fields (wy ~ 4 kHz) must be applied

must be aligned parallel to the effective field in the doubly to satisfy the conditions leading to the above average

rotating tilted frame (Figure 1). Alignment is achieved by Hamiltonian.

different approaches in the three pulse sequences. In Figure The situation is more complicated if periodt¢ hard 180

10d, S, magnetization is transformed & magnetization by ~ pulses are applied while th&N magnetization is spin-locked,

applying a hard pulse witirphase and rotation angle given as shown in Figure 10b. The effect of the pulses is to invert

by tan 6 = w1/Q, whereQ is the offset of the selectively  the sign ofJ;s at pointsT/4 and 3/4. The Hamiltonian in

excited resonance. This approach is accurate only for a singlethe rotating frame of thé& spin is

selective value of2, and the error in the alignment is given

approximately by sih® AQ/w1, in which AQ is the offset A= QS, + 0,5+ 2na(t)Jdl,S, (47)

from Q. In Figure 10c, the desired transformation is effected _ . ) _ ) )

by using the pulse sequence elemenf-96-9C3, ., in in which a(t) is the effective sign qﬂ.s c_iue to the inversion

which y = 1/w1.3” Good alignment is obtained for0.4w; by the'H 18C° p.ulse.s. The Hamlltoman.|s transf_ormed to

< Q < 0.4, corresponding to 68< 6 < 112°.8 In Figure the doubly rotating tilted frame of th&spins. In this case,

10b, magnetization is aligned using an adiabatic swWé#p. the average Hamiltonian®is

Provided thatw, is sufficiently strong, good alignment is

obtained over a bandwidth that encompasses the efiiire 77— JilLS, Sin O sinc sT/2)| — —

spectral width. Using the pulse sequence of Figure 10a and

b, Ry, is measured simultaneously for &N spins from a 1—-wl2r 3— wll2n

single time series of two-dimensional spectra. Using the pulse 4 4

sequence of Figure 10a andRs, is measured simultaneously

for a subset oftSN spins from each time series of two- in whichy(X) is the digamma functioff Provided that 2J,s/

dimensional spectra. The relaxation rate constants for thew; < 1, typically <0.2, then numerical calculations show

full set of 15N spins are obtained by recording multiple time that the effect of the residual scalar coupling Hamiltonian is

series with different rf carrier frequencies. Using the pulse negligible.

sequence of Figure 10&;, is measured independently for The pulse sequence shown in Figure 10c avoids reintro-

each spin of interest (which may be a much smaller number ducing the scalar coupling interaction by returning the

(48)
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magnetization from the tilted to laboratoryaxes prior to
applying*H 180 pulses. This experiment has been shown
empirically to be effective for 2Js/w; < 0.68

The pulse sequences shown in Figure 10b and c can be

performed either as conventiorfal, experiments or aBy,

— Ry experiments! In the former, the 180pulses shown
as open bars during the delaysin Figure 10b are not
included. In both parts b and c of Figure 10js set just

long enough to encompass the gradient, gradient recovery

delays, and any pulses. In the latter case, the value=of
Tmax — T1/2, in which tmax IS equal to the sum of the length
of the gradient, the gradient recovery delay, and half of the
maximum value of the relaxation perioby./2. The average
effective relaxation rate constant in this experiment is given

by3!
Rett = Rlp - I_?1
=R, co€ 6+ R,sin’ § + R, sif 0 — R,
=R,(cos 6 — 1) + R, sin’ 6 + R,, sin” §
=(R,— R, + R,y sir 6 (49)
which gives
Rey= Reg/SIT 0 — R, + Ry (50)
as an alternative formulation &.x compared to eq 21.
Examples of*N Ry, 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 betweepn rotamers® Figure 11a illustrates
the offset dependence @&, predicted by eq 33: when
exchange is not fast, then different valuesgfare obtained
for wy positioned symmetrically on either side of the
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Figure 11. BPTI relaxation dispersion. (a) The solid bars depict
the conformational exchange contribution to transverse relaxation,
Rex, Of Lys 15 for values oAQ = Q — wy approximately given

by +Awi,. Rex data are obtained frorRy, data using eq 21R;

was measured independently by conventional techniteswas
estimated from the relaxation interference rate constant as described
elsewheré#75The solid line shows the fit to eq 33 usifg = 1.5

s, R=6.851 p; =0.984,p, = 0.016,kex = 1100 S, Az =

1780 s1, andw1/27 = 314 Hz determined from CPMG relaxation
dispersior®® (b) R, values for Cysl4 of BPTI measured at a
magnetic field of 14.1 T are plotted versus the effective fielg?®

R, data are obtained frofRy, data using eq 20. Points represented
as circles have been calculated from on-resonaRge rates
measured using the pulse sequence presented in Figure 10c; points
represented as squares have been calculated from off-resdRgnce
rates measured using the pulse sequence shown in Figure 10b. The
solid line shows the fit for the fast exchange limit, eq 30, with

= 7600+ 200 s andpyp,Aw,:2 = 28 800+ 800 s2 The dark

gray and light gray areas of the plot represent the range of effective
fields respectively accessible to CPM&,(= 1 ms) and strong-
field Ry, (w1/27 = 1000 Hz) experiments, respectively.

2.0

observed resonance. The broad range of effective fields thateduced or eliminated by preparing fractionally or alternately
can be accessed using combinations of strong and weak rfC €nriched proteins, as has been done for conventional

fields is illustrated in Figure 11b.

3.2. Pulse Sequences for H and 3C R,
Measurements

Recently, pulse sequences Ry, relaxation measurements
in HN, 13CO, and"C* spin systems have been report&d’*°
Pulse sequences féiN Ry, measurements in backbone-N
spin systems in proteins are shown in Figure 12. A pulse

sequence for on-resonance measurements is shown in Figure

12b1* Two different pulse sequences for off-resonance
measurements are shown in Figure “2and d'’ The
sequence shown in Figure 12d usesRqe— R; approact??
Pulse sequences f&iCO and'3C* R,, relaxation measure-
ments are shown in part$°and b respectively, of Figure
13.

laboratory frame relaxation studi#s* To date, however,
reported applications have used fullZ enriched proteins.
In these circumstances, Hartmaridahn transfer froni*C
S to °C $ is described by

S, - S,{1— sirf ¢ sirqT} + S, sirf ¢ sif(qT) (51)
in which

0= (0 — Wey)® + (W SIN O, SiN O

(52)

_ 1271 sinb, sin 6,
tang = §

We1 ™ Wep

If the resonance frequencies are sufficiently different, such

The main differences between these experiments and theas for*3CO and3C®, or for 33C* and *3C# in most amino

N Ry, techniques are that homonuclear scalar coupling
evolution and dipole-dipole cross-relaxation during the spin-
locking periods must be considered. F&iN R;, measure-
ments, the'HN—IH® scalar coupling interaction can be

acids, values ofv; andw,s can be chosen to keep 3ip <
0.01, in which case the effects of Hartmartdahn matching
are insignificant. However, for certain pairs of spins with
very similar resonance frequencies, such as backb@@

eliminated by preparing proteins that are deuterated atand3C” in Asp and Asn residues dfC* and 3C# in Ser

aliphatic carbon positions;*! alternatively, band-selective
180 pulses also can be used for decoupfifigor °C Ry,
measurement33C—13C scalar coupling interactions can be

and Thr residues, the effects of Hartmarahn matching
may be sufficiently large that the relaxation rate constants
cannot be reliably measuréu®
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Figure 12. Pulse sequences féH R,, 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-resot#uie measurements. The phase cycle is as follows=

X,—X; ¢2 = 2(X), 2(y), 2(—X), 2(=Y); drec = X, —X, —X, X. TheH 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 tn div@ension is achieved by States-TPPI phase cycling; @nd

of the receiver® (b) *H on-resonance and (&H off-resonanceR,, relaxation experiments, respectively, for in-ph&s& magnetization
obtained by inserting the bracketed elements into (afHd)ff-resonancéy,, — R, relaxation experiment for two-spin cohereneés long

enough to encompass the gradient Ge and the recovery delays. The phase cycle is as dgllows:—y; ¢ = 2(X), 2(—X); ¢3 = 4(X),

A(y), 4(—X), 4(—Y); da = X; P5s = X; rec = X, =X, —X, X, —X, X, X, —X. Quadrature detection i is implemented by inverting the phase of

¢s together with the sign of G&:4°

For HN Ry, experiments, the effects 8H—H dipole— than that of pureS.!” The second technique has the
dipole cross-relaxation, due to the NOE, also are significant. advantage that sensitivity-enhanced detection schemes can
Even in deuterated proteins, dipeldipole interactions exist  be used, with a’? gain in sensitivity}44°
betweentH" spins and other exchangeable hydrogen atoms, | the second approach, which can be combined with the
such as otherH" spins and hydroxyl'H spins. Two first approach, as shown in Figure 1& magnetization is
approaches have been utilized to minimize these effects. spin-locked at an anglé = 35°. Under this condition and

In the first approach, the pulse sequence is designed toassuming the macromolecular spin-diffusion limit for relax-
ensure that théHN spins relax with selective dipotedipole ation, row > 1, the NOE and ROE cross-relaxation rate
relaxation rate constants during the spin-locking period. Two constants mutually canc®lIn this case, relaxation dispersion
strategies have been employed to achieve this aim. In onecurves are measured by covaryingandQ to varywe while
strategy, the, period is placed before the spin-locking period, keeping# constant. An experimental difficulty with this
as shown in Figure 12a and%%In the other strategy, shown technique arises because the= 35° condition cannot be
in Figure 12c, relaxation of the two-spin order operat®$2 met simultaneously for all spins in the spectrum due to
(in this operator] = N andS = 'HN), is recorded, rather  resonance dispersion. This difficulty can be circumvented
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Figure 13. Pulse sequences f&iCO and!3C* Ry, relaxation measurements. Unless noted, experimental details are the same as those given
in the caption of Figure 10. (fCO off-resonancéy,, relaxation experimentH decoupling is performed with a Waltz-16 sequefice.
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 decoupling3CO pulses are centered in the middle of the carbonyl region and calibrated to have an excitation null
in the13Ce region of the spectrum. The delays are 2A andTy = 1/(4Jnco). The phase cycle is as followsi = X, —X; ¢2 = 2(x), 2(—X);

#3 = 4(X), 4(—=X); ¢a = 8(X), B(—X); ¢5 = 4(X), 4(=X); 6 = X; drec = X, 2(—X), X, =X, 2(¥), 2(—X), 2(X), =X, X, 2(=X), X. (b) 3C* off-
resonancé, relaxation experiment. The shaped open pulse during the constant time evolution period is used to selectively 1#@ért the
spins. The delay values are= 1/(4Jcy) andTc = 1/(4Jcc). The phase cycle is as followsh; = X, —X; ¢» = X; ¢3 = 2(X), 2(y), 2(—X),

2(=Y); #4 =X rec = X, —X, =X X.

by recording spectra in an interleaved fashion using rf carrier interscan recycle delay for a time peridgmp The spin lock
positions positioned symmetrically upfield and downfield of is applied within the recycle delay so that the recovery of

the center of the NMR spectruth?7:48 IH magnetization between scans is identical for all FIDs.
Accordingly, any'H spin-lock fields must be applied far

3.3. Experimental Considerations for Ry, enough off resonance to avoid perturbitly magnetiza-

Relaxation tion.*%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 valueugfis used

for the entire dispersion experiment, th€gmp = Tmax— T.

If w1 is varied during the course of the dispersion experiment,
thenTeompis adjusted so that.omgvima? + Tw4? is a constant

Obtaining the most accurate and predfggmeasurements
necessitates careful optimization of experimental conditions.
Temperature control, water suppression, and calibration of
w, If fields are particularly important.

3.3.1. Temperature Control for all experiments.
Proper control of the sample temperature, important in all 3.3.2. Water Suppression
spin relaxation measurements, is criticaRp experiments Modern NMR pulse sequences suppress the water signal

because conformational dynamics on microsecond to mil- either by techniques that saturate or dephase the solvent
lisecond time scales typically are extremely temperature magnetization or by techniques that return the solvent
dependent and because significant heating effects can arisenagnetization to the-z-axis prior to acquisitiod.The pulse
from application of strong rf fields. The main approach to sequences used fd®,, relaxation experiments shown in
temperature regulation is to ensure that the same total rfFigures 10, 12, and 13, with the exception of Figures 10d
power is deposited into the sample for each free-induction and 13a, use pulsed field gradients to dephase water
decay (FID) recordetf This is achieved by applying a magnetization. While these approaches provide high quality
compensating spin-lock field during the beginning of the water suppression, sensitivity losses can result from saturation
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Figure 14. Calibration of 5N field strengths using eq 54. The
partially collapsed scalar couplinys was measured from d1—

15N HSQC experiment with off-resonance cw decoupling. ¥ihe
decoupling field was applied at 1000 Hz upfield of the center of
the 1N spectrum. Values of tar® calculated from the!SN
resonances of ubiquitin are plotted as a function;o€2 A value

of w1/2r = 1020+ 5 Hz was obtained from a least-squares fit to
the data.

0 3.0

transfer from the watetH 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 18 pulses applied during tHéN
spin-locking period invert the solvent magnetization and
result in radiation damping. In contrast, modification of the
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pulse sequence shown in Figure 10c to incorporate waterFigure 15. Alignment of magnetization in the tilted reference

flip-back techniques may be possible because the 130
pulses during the relaxation delay are applied only when the
S magnetization is stored on tteaxis. For example, the
simple 180 'H pulses potentially could be replaced by soft
18C°—hard 180 pulse sandwiches, in which the soft 280
pulse is water selective, to avoid exciting the water signal.
The sequence shown in Figure 10d spin locks the water
magnetization by the strontH spin-lock rf field applied
during the relaxation period. This simple approach allows
the water magnetization to be returned to #heaxis prior

to acquisition, with the expected increase in sensitivity.
Although not yet demonstrated, similar approaches may
allow water flip-back techniques to be incorporated into the

IHN pulse sequences of Figure 12. Any pulse sequence for

measuring relaxation rate constants that incorporates wate
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
period T or Teomp

3.3.3. Calibration of Radio Frequency Fields and
Validation of Alignment

The amplitude of thew, 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 0

Jett = Jig COSO (53)
The reference coupling is obtained from a control experiment
performed without decoupling. This equation can be rear-
ranged to yield
tand = [(JdJn)? — 11*? = 0,/Q (54)
A plot of tan 6 versusQ! yields w; as the slope of the

resulting line. An example of the measurement is shown in
Figure 14 for'>N.

r

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 thEN 90° pulse prior to the; period in Figure

10a was inverted. Adding the two data sets yields signal intensities
that are proportional to sifl, and subtracting the two data sets
yields signal intensities proportional to cés The ordinated is
calculated forw,/2r = 500 Hz. (a) A 4 msadiabatic sweep with

a tan/tanh profil® was used. (by = l/w; = 0.32 ms. In (b), the
dashed lines indicate the region betweéen 68° and 112.

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
R,, processes and the effects Bf 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 96-y—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 faNl
spectral width, while the pulse technique achieves alignment
for a spectral region of-0.4w; < Q < +0.4w,.83032
However, the adiabatic sweep is ineffective at weak field
strengthsq/27 < 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. Ry, 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
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Figure 16. Ubiquitin 15N Ry relaxation dispersioP (a) Ribbon representation of ubiquitin that shows the positions of the residues lle 23,
Asn 25, Thr 55, and Val 70 with exchange-broadef®d resonances. The boxed region is expanded in (b) to show hydrogen bonds
(dashed lines) and side chain conformations. The transverse relaxatioRytaseplotted as a function of the effective fielde?, at T =
280 K for (c) lle 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, Rgda@a were obtained from,, data using eq 20.
R; was measured independently by conventional techni¢uBse dependence of tH&N chemical shift on the side chain angjgis shown
for all (d) Ille and (f) Asn residues in the RefDB chemical shift datat5&3éne structural representations in (a) and (b) were drawn using
MOLMOL.78

to millisecond time scalé® In biological macromolecules, in different ways. These issues complicate the interpretation
these processes often reflect time dependent phenomena thatf chemical shift differences for any limited set of nuclear
are critical to functions such as protein folding, ligand spins. Therefore, measurementsRyf dispersion data for
binding, and catalysis. Analysis &, relaxation dispersion ~ multiple nuclei (for example!®N, *HN, 3CO, and*3C* for
data allows determination of the kinetic and thermodynamic the protein backbone) provide a more detailed picture of the
properties of the conformational transitions or chemical exchange process.

reactions that give rise to exchange broadening and evalu-  As an example of®N Ry, dispersion data and data analysis,
ation of the changes in isotropic shifts between the different Figure 16 shows the relaxation dispersion profile for residues
molecular conformations or chemical speci&s, experi- lle23 and Asn25 of ubiquitin at 280 B.The dispersion data
ments have three principal advantages compared with otherare described by a two-site fast exchange model, eq 30. The
techniques, such as CPMG relaxation dispersion: (1) a widerkinetic exchange rate constaht,, is ~25 000 s? for the
range of effective fields in the rotating frame is accessible, backbone amidé&N spins of residues lle23, Asn25, Thr55,
allowing investigation of a large range of exchange rate and Val70, suggesting that each spin is affected by the same
constants, (2) combined variation of bath andwy allows  conformational transition. Althougbyp, cannot be separated
complete characterization of the exchange process using datdrom Aw,; in the limit of fast exchange, a model for the
recorded at single static magnetic field strengths, and (3) exchange process was proposed, based on calculation of
the absolute sign of chemical shift changes can be determinedthemical shift&5%and analysis of a chemical shift databse.
if exchange is outside the fast exchange lifnit. For example, Figure 16d shows that a change in the side
Values of isotropic chemical shift differencedw;, chain dihedral anglg; from —60° to +60° corresponds to
obtained from dispersion measurements contain structuralan average upfield®N chemical shift of lle of~4.5 ppm,
information about normally unobservable minor molecular while the®N shift of Asn is independent gf;, on average.
or chemical species. However, chemical shifts depend onThe model suggests that the exchange process affecting
multiple conformational parameters, such as backbone andresidues 1le23, Asn25, and Thr55 is due to disruption of
side chain dihedral angles, electrostatic interactions, andN-cap hydrogen bonds of thehelix and repacking the side
hydrogen bonding*®?Furthermore, a given conformational chain of 1le23. This mechanism is supported by the agree-
transition can affect the chemical shifts of different nuclei ment between the calculated and measured ratidsanf?
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Figure 17. 15N Ry, relaxation dispersion profile for Alall of
PSBD?8 (a) Circles, filled triangles, and open triangles represent
the data collected at 304, 313, and 323 K, respectiilyrates
were calculated fronRy, rates using eq_21R; was measured
independently by conventional techniqué®&, was estimated from
the relaxation interference rate constant as described elsetfiere.
The solid lines represent the fit to eq 30. ¢a)k = piPAw»? is
plotted as a function of the isotropic chemical shiff at each
temperature. The solid line is the best fit to the functiw =
—Q? + (Q; + Q)Q — Q;Q,. Thex intercepts ar€2; = 118.80

+ 0.02 ppm and?; = 126.7+ 0.4 ppm; thusAw,; = 7.9+ 0.4
ppm. The fitted value of2; is in good agreement with the predicted
random coil chemical shift of 126 ppm.

1/Rgy (8)
o
N

for residues lle23 and Thr55 and by amide proton solvent
exchange protection factots.

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

4.1. Protein Folding

Ri, 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 35
enough to provide a broadening mechanism. Typically, the
population of unfolded molecules must be approximately "
>0.005 forR,, experiments to be feasible. Folding studies 251"
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) 1o
of the dihydrolopoamide acetyltransferase component of the
pyruvate dehydrogenase multienzyme complex fBanillus ~400 -
stearothermophiluss the first example ofSN Ry, off- 4 400 T 200 2
resonance relaxation measurements applied to protein fold- Q/@ 800 \3

)
%)

400 300

sofF”

207

150

resonan nts applied o

ing58 Figure 17a shows relaxation dispersion curves for 1200 00 @\\

residue All at temperatures of 31, 40, and°&0 A fast

exchange two-site model, eq 30, was used to fit the data. igure 18. 15N off-resonanceR,, relaxation profiles for selected

The temperature dependence of the exchange parameters WEF sidues of the G48M Fyn SH3 domaifiN R,, data measured at

used to evaluate the independent values:pf and Awo,, a static magnetic field of 14.1 T, and best fit (solid) curves for
that otherwise cannot be separately determined in the fastresidues (a) Thri4, (b) Glul1, and (c) Val55 are shown as a function
exchange limit, using the relationshipp,Aw,; = —Q? + of the spin-lock field strengthy1, and of the resonance offset from

(Q1+ QZ)Q — Q1Q,, as shown in Figure 17b. The values the spin-lock carrierAQ. The parameters obtained from the fits
of Q; and Q, obtained are consistent with a fully helical Z‘rs as fi"gé’)"i: %XOT sgr?] :?0?%?122&:92385:? 1%05999p and
folded conformation and a fully random-coil unfolded 325g., 0.0016, andAwz, — —5.78 -+ 0.01 ppm for Gldllzkex
conformatlon. The activation barrlers for the foldlng and _ 316+ 20 51, p, = 0.0688+ 0.0044, and\w; = 16.214 0.02
unfolding transitions were obtained from the temperature ppm for Val55. (Reprinted with permission from ref 7. Copyright
dependence of the folding and unfolding rate constants using2005 American Chemical Society.)

the Arrhenius equation.

In a recent study!*N off-resonanceR,, relaxation rate constant for a single residue is measured using a one-
constants were measured using spin-lock fields as low asdimensional NMR experiment with selective Hartmann
25 Hz to study folding of the Gly48Met mutant of the Fyn Hahn polarization transfer (Figure 10d). Figure 18 shows
SH3 domairt. In this experiment, theR,, relaxation rate the relaxation dispersion profiles for residues Thr14, Glul1l,
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Figure 19. Structural interpretation of chemical exchange line broadening in HP6 % £{ajalues of WT HP67 are plotted versus the
square of thé>N secondary chemical shifs.cn? The secondary shifRsecy = Qe — Qo, WhereQ,. is the random coil chemical shift
expected for an unfolded conformation afX is the chemical shift observed in the native state. The straight line corresponds to the
weighted least-squares slope mf, = (1.10 + 0.09) x 1072, with a correlation coefficient = 0.90. Residues represented with open
symbols have been excluded from the analysis and maintain residual interactions with the His41 in the WT progeinvaloes of
His41Tyr HP67 are plotted versus the square of'fiNesecondary chemical shiff2s.cn? The straight line corresponds to the weighted
least-squares slope @ip, = (1.14 &+ 0.07) x 1072, with a correlation coefficient = 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 amidéH and!®N chemical shift changes from the secondary chemical SRift; yand Qsecn [(Avn — RQsecH? + (Awn —

Qsee Y2 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% and red £3000 s). Residues for which data are not available are represented in gray. The structural
representation was drawn using MOLMGL.
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Figure 20. Chemical exchange in WT HP67 at pH 7.0 and 293 K. (a) Residue-specific exchange model selection for the arielsis of

Ry, 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 exchangé&dora(®e,+ 0.1) x

10° s7%, and bluekex = (4.2 + 0.5) x 10* s71), and three-state fast chemical exchange (yellow). (b) Representati:(we) relaxation

dispersion profiles measured at static magnetic field strengths of 11.7 T (open symbols) and 14.1 T (closed symbols) are shown for Phel6,

Aspl9, 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.

and Val55. The two-site exchange process is accuratelyAt neutral pH and at 293 K the forward and reverse rate
characterized using the dispersion profiles collected at oneconstants are equal to 60 and 5600, sespectively. The
static magnetic field strength and a spin-lock field strength comparative study of the wild-type (WT) and the His41Tyr
of the same order of magnitude as the exchange rate constantnutant HP67 indicates that, in the partially folded intermedi-
The same system has previously been characterized extenate, the majority of the residues in the N-terminal region
sively using CPMG relaxation dispersion using three static sample random-coil conformations, while some residues
magnetic field strength®.A significant advantage of th;, maintain residual interactions with the His41l in the WT
approach, compared to CPMG techniques, is that completeprotein that are absent in the mutant protein (see Figure 19).
characterization is possible using only a single static magneticThese results suggest that the partially folded intermediate
field strength. contains a relatively stable core around His41l. TiheR,,

A partially folded intermediate of the villin headpiece relaxation dispersion data of all the residues in HP67 are
N-terminal domain (HP67) was very recently characterized analyzed using four exchange models: absence of chemical
using a combination ofN on- and off-resonanck,, and exchange broadening, two-state fast chemical exchange, two-
CPMG relaxation measureme§fsThis intermediate, char-  state chemical exchange not constrained to be fast on the
acterized by an unfolded N-terminal subdomain and a folded chemical shift time scale, and three-state fast chemical
C-terminal subdomain, is at equilibrium with the native state. exchange. The rules for the selection of a particular chemical
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Figure 21. Off-resonancé*N Ry, relaxation for the Glu140GIn . . O (PP o
mutant of the camodulin C-terminal domain,,Cr Relaxation  Figure 22. Chemical exchange correlation timey = 1/ke. Three
dispersion data are represented for the residues (filled circles) Argge,different groups of residues have been identified using cluster
(filled triangles) Ser101, and (open squares) Asp131. (a) Relaxation5‘[‘1<"‘|y3's of the values dé:_red tnangleslkex = 54 100+ 7100
decay curves and exponential ffft) = 1(0) exp(-R,T), obtained S green circleskex :139 7004 4200 s*; and blue diamonds,
at® = 57.5 with Ry, = 8.0+ 0.2 5% for Arg86, obtained af = kex = 24 300+ 6000 s. (a) 7ex is presented as a function of the
57.5 with R, = 15.8+ 0.5 s'L for Ser101, and obtained t= amino acid sequence. (b) The distributionzgf values is shown
52.1° with Ry,= 10.4+ 0.2 s for Asp131. (b)Ry, rate constants  for the three groups. (@ex valllées of (C&"),-Glu140GIn TgC are
are plotted as a function of the tilt angle, (c) Ry, rate constants ~ compared to the Cainduced™N chemical shift changes in wild-
are plotted as a function of the effective field2. The solid lines  tyPe TEC; the same color coding applies. (Reprinted from ref 64,
show the fit to a two-site fast exchange model. The dashed lines Copyright 2001, with permission from Elsevier.)
show the profiles expected in the absence of chemical exchange., e . . .
In the fits, the four parameteR, Ry, 7ex, andgexare simultaneously  selected-fit” or “induced-fit", respectively. In either case,
optimized for eachH®N spin. The optimized values ¢, ey are the interchange between competent and incompetent states,

49 300+ 5000 s?, (269 + 27) x 10° s~2 for Arg86, 59 000+ relative to binding, can be measured wi, relaxation
6000 s, (9804 104) x 10° s 2 for Ser101, and 43008 3000 methods.
s1, (484 4+ 36) x 10° s72 for Asp131. (Reprinted from ref 64, R,, relaxation experiments fIEN. THN. 13CO. andiice

Copyright 2001, with permission from Elsevier.) have been used to characterize the transition between open

and closed states of the €doaded state of the Glu140GIn
mutant of the calmodulin C-terminal domdint®4%84Figure
21 shows™N relaxation dispersion data for residues Arg86,
Serl01, and Aspl31. 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 tHe&N chemical shift
: - difference between the apo and {Ca states and the

4.2. Ligand Binding measured values @hp,Aw»; allowed the evaluation of the

Conformational dynamics are important in recognition of equilibrium populations of the two states, as shown in Figure
one or more hinding partners by proteins and other macro- 22c, yieldingp, = 0.50+ 0.17. The kinetic rate constants
molecules, such as RNA/DNA aptamers. A macromolecule measured for the different nuclear species are in good
in solution samples an ensemble of different states. A ligand agreement: the weighted average valueg.pfire 47 600
might either select among preexisting states that are capablet 6800 s, 52 6004+ 19 400 s?, and 40 00G: 12 800 s*
of binding®*~%4 or induce a transition to a state that is capable for >N, *H, and*3C*, respectively. Suprisingly, the chemical
of binding® These two mechanisms are referred to as shift differences fot3C* are not correlated with the chemical

exchange model are explained in detail in this sttdsigure

20 illustrates the models selected for the analysis ofike

Ry, relaxation dispersion data of the different residues of
HP67. The dispersion data for residues that yielded similar
values ofke are globally fitted to obtain a single global value
of kex and residue-specific values B, R, and ¢ex.
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Figure 23. HN relaxation dispersion profile of the €aloaded
regulatory domain of the cardiac troponin C &&NcTnC) at a 70
static magnetic field strength of 600 (filled circles) and 800 (open
circles) MHz atT = 286 K. F?I;,“d anda. are determined from two
experiments acquired with the rf carrier positioned symmetrically
upfield and downfield of the center of tHelN spectral region, as 50
described elsewhef@ Relaxation dispersion curves are shown for

60

residues Leu 41 (a) and Ala 22 (b); the latter does not show 2000 m‘g’i (Hz)6°°°

detectable dispersion and serves as a control. (a) The solid curves !

show the best fit to a two-site fast exchange model, With= Figure 24. Ry, relaxation dispersion for the lead-dependent
34 700+ 6000 st and pypoAwar? = (1.194 0.14) x 10° 572 (at ribozyme. The spectra were collectedlat 298 K and at a static
14.1 T) for Leu 41. (c) Ribbon representation of?G&cTnC. magnetic field of 11.7 T. (a) Relaxation dispersion curves are shown
Residues are color coded according to the valuelef ftbom white for A25 C2 (upper curve) and A12 C2 and A8 C2 (lower curves).

(0) to red (40us). The structural representation was drawn using () Relaxation dispersion curves for A18 C8 (upper curve) and A18

MOLMOL. 78 (Reprinted Figure 5 from ref 17 with kind permission ~ C2 (lower curve). (c) Relaxation dispersion curve for G7 C8. Solid

of Springer Science and Business Media. Copyright 2005.) curves are the fits to a two-site fast exchange model, except for
the two lower curves in (a), which are third-degree polynomials.

shift difference between the apo and tates. This Estimated values df., are 13 000+ 2000 s for G7 C8, 13 000
P {Oa states + 3000 s for A18 C8, 5300+ 4600 s for A18 C2, and 25 000

observation suggests that the conformational transition isjE 1000 s for A25 C2. (Reprinted with permission from ref 28
more complex than anticipated solely from thN results. Copyright 2000 American Chemical Society.) '
The exchange rate constants match the estimatéd @t
rate, indicating that Ca release may be gated by the contormational processes is of great importance for a
conformational ransition. , molecular understanding of enzyme catalysis. Use of sub-
The transition between open and closed conformations of gyrate analogues, transition state mimics, and inhibitors can
the C&"-loaded regulatory domain of the cardiac troponin pe|y jdentify the distinct contributions of the enzyme
C has been studied using the" Ry, relaxation experiment  gynamics at different stages of the catalytic process, as the
presented in Figure 12¢ Figure 23a and b depicts thei" reaction coordinate evolves from substrate binding to ca-
relaxation dispersion curves of two representative res'dues-talysis to product relea$és8In addition, for some reversible

The flat profile shown in Figure 23b is a control indicating  gnzymes, chemical exchange broadening can be measured
that artifact-free data are obtained for residues not subject,, der conditions in which the enzyme is actively turning

to exchange. The exchange rate constant calculated from they,or substrat@

fit of 16 of the 20 residues that show relaxation dispersion Apo and inhibitor-bound forms of HIV-1 protease have
is ~35000 s?, indicative of a concerted motion of the been studied usingN and HN Ry, relaxation experi-

residues. These residues are located at the hinge regions angh o nt<14.71 | these studies. chemical exchange processes
in the so-called defunct C&a-binding site as shown in Figure occurring in two different, regions of the enzyme are
23c. The range of effective fields used in this experiment i jyenified. The flaps that cover the active site in the inhibitor-
very large, which allows extensive sampling of the dispersion ,,,nd form exhibit a conformational transition on the 100
curve and studies of motions characterized by time scalesﬂS time scale in the apo state. On the other hand, residues at

shorter than 10@s. the dimer interface are mobile on the millisecond time scale.
43, Catalvsi Even in the fast exchange limit, the ratio of the chemical
0. Lalalysis shift difference Awh/Awh; = (ph/ph)¥2 obtained from

Conformational transitions needed to open/close the active!HN and!*N Ry, relaxation dispersion measurements, provides
site or to position key functional groups during enzyme qualitative structural information on the types of conforma-
catalysis may be rate limiting.®® Elucidation of such tional transitions determining the exchange process.
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A smaller number of applications oR,, relaxation

Palmer and Massi

(19) Abergel, D.; Palmer, A. GJ. Phys. Chem. B005 109, 4837.

dispersion measurements for nucleic acids have been re- (20) McConnell, H. M.J. Chem. Phys195§ 28, 430.

ported?®2° The conformational dynamics of the lead-de-
pendent ribozyme has been investigated usi#g Ry,
relaxation experiment$.Residues in the active site present

conformational dynamics with an exchange rate constant in

the range 500025 000 s?, as shown in Figure 24. Residues
in the GAAA tetraloop loop motif are also flexible, sug-

(21) Ernst, R. R.; Bodenhausen, G.; Wokaun,Pkinciples of nuclear
magnetic resonance in one and two dimensi@vsford University
Press: Oxford, U.K., 1987.

(22) Ishima, R.; Torchia, D. AJ. Biomol. NMRin press.

(23) Desvaux, H.; Berthault, Prog. Nucl. Magn. Reson. Spectro899
35, 295.

(24) Wennerstim, H. Mol. Phys.1972 24, 69.

(25) Abergel, D.; Palmer, A. GCChemPhysCher2004 5, 787.

gesting the presence of a dynamic network of stabilizing (26) Miloushev, V. Z.; Palmer, A. GJ. Magn. Reson200§ 177, 221.

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 tHan relaxation

(27) Michaeli, S.; Sorce, D. J.; Idiyatullin, D.; Ugurbil, K.; Garwood, M.
J. Magn. Reson2004 169, 293.

(28) Hoogstraten, C. G.; Wank, J. R.; Pardi, Biochemistry200Q 39,
9951.

(29) Maltseva, T. V.; Foldesi, A.; Ossipov, D.; Chattopadhyay&jagn.
Reson. ChenR00Q 38, 403.

(30) Mulder, F. A. A.; de Graaf, R. A.; Kaptein, R.; Boelens JRMagn.
Reson199§ 131, 351.

(31) Akke, M.; Palmer, A. GJ. Am. Chem. Sod.996 118 911.

dispersion, recent theoretical and experimental advances have(32) Kim, S.; Baum, JJ. Biomol. NMR2004 30, 195.

madeR;, 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 &g techniques

is increasing, and new insights are already emerging about
dynamic events in folding, recognition, and catalysis. Most
importantly, new experimental techniques allow measure-

(33) Kempf, J. G.; Jung, J. Y.; Sampson, N. S.; Loria, J.IAm. Chem.
Soc.2003 125, 12064.

(34) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad.
Sci. U.S.A1997, 94, 12366.

(35) Pelupessy, P.; Chiarparin, E.; Bodenhaused, ®agn. Resoril999
1138 178.

(36) Pelupessy, P.; Chiarparin, Eoncepts Magn. Reso200Q 12, 103.

(37) Yamazaki, T.; Muhandiram, R.; Kay, L. BE. Am. Chem. S0d994
116, 8266.

ments to be made over a very wide range of resonance offsets(38) Abramowitz, M.; Stegun, I. AHandbook of mathematical functions

and effective fields in the rotating frame to take advantage

of new theoretical descriptions relatifij, 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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