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Dynamic processes on microsecond to millisecqret-(ns)
time scales are important for the functions of proteins, including
recognition, allostery, and catalygi8. Intramolecular motions
onus—mes time scales contribute to nuclear magnetic relaxation

through adiabatic dephasing of coherent states and are exhibite
as conformational exchange phenomena in solution-state NMR

spectroscopy. Nuclear magnetic relaxation in the rotating frame
(i.e., in the presence of a radiofrequency (rf) field) constitutes
a unique source of information on chemical and conformational
exchange processés.This communication presents a new
rotating frame technique for studying intra- and intermolecular
exchange in proteifis® that overcomes several difficulties

associated with existing spin-lock and spin-echo experiments.

First, rotating frame and laboratory frame relaxation rate

constants are averaged during a novel constant relaxation time

(CRT) period in order to simplify the off-resonance effects

normally encountered in spin-lock experiments. Second, an off-

resonance spin-lock rf field!! is used to increase the magnitude
of the effective magnetic field in the rotating frame in order to
access faster dynamic processes. The off-resonBieeR;
CRT nuclear magnetic relaxation experiment allows determi-

nation of conformational exchange times at least as short as 25

us in proteins.

The effect of conformational (or chemical) exchange on the
off-resonance rotating frame relaxation rate constaﬁﬁ is
described by

R =R, cog 0 + R, sir’ 0 + R, sin’ 0 (1)
in which 8§ = arctanpi/Aw) is the “tilt angle” between the
directions of the reduced static fieldw = w — wo, and the
effective field,we = (w12 + Aw?)2, in the rotating framegp is
the spin-lock rf frequencyy; is the spin-lock field strength in
units of rad/syo is the population-averaged chemical shif;
and R, are the spirlattice and spirspin relaxation rate
constants, respectively; anBex is the contribution to the

transverse relaxation rate from exchange processes. For ex;

change between two sitésandB,8

Rex = (6w)2pApBre>J(l + Texzwez) (2)
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in which p; is the population of spins in siiedw = wa — ws

is the chemical shift difference between the two sites, and

= 1/Kex = pa/ka—s = pa/ks—a is the time constant for the
exchange process. The off-resonance spin-lock experiment
allowswe to be varied by changing while keepingw; constant

in order to minimize sample heating effects. In addition,
complications that arise because the resonance frequencies for
the (two) individual conformations (e.gua andwg) differ from

wo are mitigated becausdw > dw. The desired exchange
parameters dw)?paps andrey, cannot be determined in practice
simply by measurlngR° as a function ofw,, because césy

— 1 and siA 6 — 0 aso is shifted off-resonance.

The pulse sequence for the off-resonarRg—R; CRT
experiment is illustrated in Figure 1. Following an initial
refocused INEP¥3polarization transfer frorh (*H) to S (15N)

pins (point a), theS spin coherence is aligned along the

irection of the effective field of the off-resonance spin lock
(point b). After a spin-locking period of length(point c), the
S spin coherence is returned to tlzeaxis (point d) for a
laboratory frame relaxation peridd— t, in whichT is the total
CRT period (point ). Finally, th8spin coherence is returned
to the transverse plane, frequency-labeled duringand
transferred back to thespins for detection. The signal intensity
is given by

I(t) = 1, exp[~RIt] exp[—Ry(T — 1)]
= |y exp[-R,T] exp[— (R} — R))1]
= To exp[—Reqt] (3)

in whichTo = 1o exp[—RyT] is the signal intensity at = 0, Io
is a constant, and

_ poff —
Ref‘f - Rcip - Rl - (
Equation 4 can be recast using eq 2 as

+ (00)*PaPpTed (1 + To ) (5)

The resonance offset dependence is reduced to a scaling factor
sir? 6 that is determined solely by the known parameters

w1, andwo. The number of free parameters is also reduced
compared with egs 1 and 2, becal®eandR; appear only as

the differenceR; — R;. Experimentally Ret is measured as a
function of we by varying w, and the parametergd)2paps,

Tex, aNdR, — Ry are determined by nonlinear curve-fitting to

eq 5.

The off-resonanc&;,—R; CRT experiment is demonstrated
for a 1 mM uniformly *>N-labeled sample of the fibronectin
type Il domain of the extracellular matrix protein tenasdify (
= 10.1 kDa)!>16 Representative relaxation curves for the
backbone amidé®N spin of residues D30)(= 118.81 ppm),
R45 (¢ = 123.11 ppm), and N5%)(= 120.35 ppm) are shown
in Figure 2. Values foReg/sir? 6 determined at eight effective
field strengths are shown in Figure 3. For maximum precision,
R, — Ry were fixed at values calculated from laboratory frame
R; and NOE measurements (P. A. Carr and A. G. Palmer,
unpublished results) using the model free formalism of Lipari
and Szab¥ and a rotational correlation time of 4.4 ns. The

R, — R, + R, sin’ @ (4)

Ry/si’ 0 = R, —
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Figure 1. Pulse sequence for the off-resonafge—R; CRT experiment. The narrow and wide solid bars depictéd@l 180 pulses, respectively.

The narrow empty bars depict pulses with a flip anglé 9@rctanf./Awc). High-power pulses are applied with a field strength and with the
transmitter frequency. centered in thé>N spectrum. The wide gray bar depicts a homospoil gradient pulse. The wide hatched bars depict high-
power purge pulses of 0:5..0 ms duration'H decoupling is applied during the relaxation delays using the WALTZ-16 seqtferca train of

1H 180 pulses®N decoupling during acquisition is performed using GARP-The off-resonance spin-lock field is applied as continuous irradiation
with a constant field strengtl; and offsetAw. = w — w¢. The frequency is switched phase-coherently fiogto w at point b and switched back

at point c. The elements between a and b and between ¢ and d serve to rotate the coherences betadsratitethe directions of effective field

for the >N spins. Numerical solutions of the Bloch equations indicate that the detawi/(dwe® + w1?) — 2lwicis optimal forwic > |wo — wql;

¢ = 0 is satisfactory when this formula yields a negative value, providedi#hat |w, — w¢|. The first term of¢ is determined by the contribution

to 6 due to chemical shift offséf;?* and the second term compensates for evolution during pt#8eShe phase yle is ¢p1 = y,—y; ¢2 =
VYV YYY Y Y 903 = 4(X),4(—X); receiver= X, —X,—X,X,— XXX, —X. Quadrature detection in the indirect dimension uses the States-TPPI phase
cycling schemé? The sequence can be elaborated to include sensitivity enhanc&geadjent coherence selecti$fipr coherence transfer using
cross polarizatiof?
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Figure 2. Representative relaxation curves for #d off-resonance Figure 3. Curve fits of eq 5 to the experimentBLy/sir? 6 data for
CRT Ry,—R: experiment obtained using a spin-lock field strength of = residues D30@), R45 @), and N55 [1) obtained at eight different
23304+ 30 Hz and an offset of 46 ppm from the center of #id effective fields. The spin-lock field strength was 238080 Hz. The
spectrum. Residue D3@( 6 = 45.T), R45 @, 6§ = 42.9), and N55 offsets from the center of théN spectrum were 138, 115, 92, 69, 57,
(@, 6 = 44.Z). The decay was monitored using eight spin-lock periods, 46, 34, and 23 ppm (corresponding to nominal tilt angles of 18.4, 21.8,
two of which were obtained in duplicate in order to assess the peak 26.6, 33.7, 38.7, 45.0, 53.1, and 63.4A duplicate data set was
intensity error. acquired for an offset of 92 ppm.

optimized values ofre and Pw)?paps are D30, 88+ 68 us  Ry5, 351 9 s and (2.8t 0.8) x 10°'s 2 N55, 24+ 9 us and

and (61+ 24) x 10° s7% R45, 46+ 5 us and (2.15= 0.05) x i L
10 52 and N55, 27+ 2 us and (4.5+ 0.2) x 1P 52, (5.5 £ 3.7) x 10; data for D30 could not be fit reliably.

Assuming equa”y populated Conformem (= ps = 05)’6(1) In conclusion, the Oﬁ'resonan(ﬁlp_Rl CRT relaxation
=492+ 308 s (1.5+ 1.0 ppm), 927+ 141 s1(2.94+ 0.4 experiment offers significant advantages for characterizing
ppm), and 1342t 264 s1 (4.2 + 0.8 ppm) for D30, R45, and exchange processes @s—ms time scales in complex biological
N55, respectively. For comparison,® —R; is treated as a  macromolecules: (i) the dynamics of multiple sites in a complex
free parameter, the optimized valuesref and Pw)?paps are molecule can be investigated in a single experiment, (ii) only
moderate spin-lock field strengths are required, and (iii)
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