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Solution NMR techniques, such as Carr-Purcell-Meiboom-
Gill (CPMG), Hahn spin-echo (HE), andR1F experiments, are
powerful approaches for site-resolved characterization of dynamic
processes in macromolecules on biologically relevant time scales,
as demonstrated by recent studies of protein folding, catalysis, and
allosteric phenomena (for reviews, see ref 1). These methods
measure the contribution of chemical exchange,Rex, to the
phenomenological relaxation rate constant in the transverse or tilted
rotating frames; however,Rex is independent of protein size and
consequently makes a smaller fractional contribution to relaxation
in larger proteins.TROSY-selected (TS) experiments, such as the
TS-CPMG2 and TS-HE3 pulse sequences, alleviate this problem
by measuring the contribution ofRex to the slowly relaxing or
narrow TROSY4 component of aJ-coupled multiplet. TheR1F

experiment is the most versatile of the three techniques because
both the amplitude,ω1, and resonance offset,Ω, of the spin-lock
field are under experimental control;5 consequently, lack of a TS
version has hindered progress in understanding protein conforma-
tional dynamics.

Here, we present an off-resonance TS-R1F experiment for
quantifying microsecond time scale chemical exchange in [2H, 15N]-
enriched proteins. The pulse sequence for the TS-R1F experiment,
shown in Figure 1A, selectively creates and maintains the15N
TROSY component, resulting from destructive relaxation interfer-
ence between15N chemical shift anisotropy (CSA) and1H-15N
dipole-dipole (DD) interactions in amide groups of the protein
backbone, throughout the relaxation delay,T, and the evolution
period,t1. During the preparation period, antiphase coherenceHzNy

generated by the INEPT sequence (pointa) is converted toHâNz

by the S3E filter6 (point b). Relaxation in the tilted rotating frame
occurs during two spin-lock periods separated by the S3CT selective-
inversion element.7 During each spin-lock period,HâNz is aligned
along the effective field by an adiabatic ramp, generatingHâNz′
coherence,8 allowed to relax forT/2, and returned to the laboratory
framez-axis by a time-reversed adiabatic ramp. After the relaxation
period (pointc), HâNz is rotated to the transverse plane and a two-
dimensional1H-15N chemical shift correlation spectrum is recorded
using the sensitivity- and gradient-enhanced TROSY sequence.9

The longitudinal, transverse, and tilted rotating frame relaxation
rate constants for the relevantHâNz, HâN-, andHâNz′ operators,
respectively, are given by

in which R2
0 (R1) is the transverse (longitudinal) auto-relaxation

rate constant for in-phase (longitudinal)15N magnetization due to
15N CSA and15N-1H DD relaxation mechanisms,ηxy (ηz) is the

transverse (longitudinal)15N CSA/15N-1H DD relaxation interfer-
ence rate constant,µ1H is the relaxation rate constant due to the
DD interactions of1HN with remote1H spins,θâ ) arctan(ω1/Ωâ)
is the tilt angle of the effective spin-lock field, andΩâ ) Ω + πJ.
Contributions of1H-15N DD cross-relaxation and1H CSA interac-
tions toR1F

â are negligible for large proteins.
For comparison, aTROSY-detectedR1F (R1F-TD) pulse se-

quence, based on the CRTR1F-TD experiment10 with a modified
decoupling strategy,11 is shown in Figure 1B. TheR1F-TD
experiment records the decay of in-phase15N magnetization during
T and uses the TROSY sequence for detection only. Consequently,
the relaxation rate constant is given byR1F ) R1 cos2 θ + (R2

0 +
Rex)sin2 θ, whereθ ) arctan(ω1/Ω).

Cross-relaxation between slowly and rapidly relaxing doublet
components in the tilted rotating frame, which otherwise impedes
accurate measurement ofR1F

â , is suppressed effectively by (i)
deuteration of nonexchangeable protein sites to reduceµ1H, (ii)
selective excitation of the slowly relaxing doublet component using
the S3E sequence to ensure that the initial amplitude of the rapidly

Figure 1. Off-resonance (A) TS-R1F and (B)R1F-TD pulse sequences.
In (A), δ is set to zero for conventional or to (Tmax - T)/4 for CRT12 versions
of the TS-R1F experiment.Tmax is the maximum duration of the relaxation
delayT, ∆ ) 2.7 ms,∆′ ) 1.30 ms, and∆′′ ) 2.49 ms. Empty and filled
bars indicate 90 and 180° pulses, respectively. The hatched bar corresponds
to a composite 90y°-180x°-90y° pulse. The last1H 180° pulse is either a
rectangular or a 3-9-19 pulse.13 The 1H carrier frequency is centered in
the amide region between points b and c and is set on the water resonance
during other parts of the sequence. The phase cycle isæ1 ) 4(x, -x), æ2 )
4(135°)4(315°), æ3 ) 2(y, y, -y, -y), æ4 ) -y, æ5 ) -x, andærec ) (x,
-x, -x, x, -x, x, x, -x). The phases are specific to Bruker spectrometers;
for Varian spectrometers,y-phases should be inverted. Gradient pulses are
sine-shaped and have the following durations and amplitudes:g1(z) ) 0.5
ms, 6 G/cm;g2(z) ) 1.0 ms, 10 G/cm;g3(z) ) 0.9 ms, 28 G/cm;g4(xyz) )
1 ms, 20 G/cm;g5(xyz) ) 0.182 ms, 28 G/cm. In (B), the S3E element is
converted to a refocused INEPT sequence by setting∆′ ) 2.7 ms andæ2

) 4(y, -y); equilibrium15N magnetization is destroyed prior to the start of
the sequence by a 90° pulse followed by a gradient pulse (not shown).

R1
â ) R1 - ηz + µ1H

R2
â ) R2

0 - ηxy + µ1H + Rex ) R2
â,0 + Rex

R1F
â ) R1

â cos2 θâ + R2
â sin 2 θâ (1)
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relaxing component is zero, and (iii) selective inversion of one of
the 15N doublet components using the S3CT sequence to refocus
cross-relaxation to first order.14 In contrast, only (i) and (iii) are
necessary to suppress cross-relaxation for purely transverse coher-
ence in the TS-CPMG2 and TS-HE3 experiments.

As a model system, we chose [90%-15N, 70%-2H] ubiquitin, a
76-residue protein, whose hydrodynamic properties at 280 K are
similar to those of a∼19 kDa protein at 308 K. As a result, ubiquitin
displays an appreciable TROSY effect even at a relatively modest
magnetic field strength of 500 MHz. Chemical exchange behavior
of ubiquitin at 280 K, characterized previously using conventional
R1F methods,15 provides a reference for validation of the TS-R1F

experiment.
Figure 2 highlights the importance of selective excitation and

inversion in TS-R1F, using as an example the relaxation decay
curves for A28, a residue that does not exhibit chemical exchange
line broadening. As shown in Figure 2A, if the S3E and S3CT
elements are removed from the TS-R1F sequence, then the result-
ing relaxation decay curve (green) contains an appreciable contribu-
tion from the cross-relaxation between the slowly and rapidly
relaxing 15N doublet components. This contribution results in
overestimation ofR1F

â , especially at small anglesθâ, where the
contribution ofR1

â to R1F
â is relatively large. Figure 2B shows that

either selective inversion or excitation substantially suppresses cross-
relaxation, but both elements are needed to achieve complete
suppression. Numerical simulations (Supporting Information) in-
dicate that TS-R1F is applicable to backbone amide moieties in
proteins with molecular weights at least up to 50 kDa.

Figure 3 compares TS-R1F (red) andR1F-TD (blue) relaxation
dispersion curves for two exchange-broadened residues in ubiquitin,
I23 and N25. TS-R1F andR1F-TD data are fitted accurately using
the same chemical exchange parameters,15 indicating that the cross-
relaxation between slowly and rapidly relaxing15N doublet
components is completely suppressed in the TS-R1F experiment.
The same results hold for the other two exchange-broadened
residues in ubiquitin, V70 and T55 (Figure S1). The median values
of R2

0 andR2
â,0 obtained from fitting the dispersion curves are 9.93

s and 4.72 s-1, respectively. The 52% reduction in the transverse
relaxation rate constants in TS-R1F compared to that inR1F-TD
dramatically increases the relative contribution of chemical ex-
change to the observed transverse relaxation rates.

In summary, the TS-R1F experiment efficiently suppresses cross-
relaxation between the doublet components of spin-locked15N
magnetization and allows accurate measurement of the chemical
exchange contribution to the slowly relaxing doublet component.

The TS-R1F experiment completes the repertoire of TS experiments
for investigation of dynamic processes on microsecond time scales
in large proteins.
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Figure 2. R1F relaxation decay curves for A28 collected with a spin-lock
field strengthω1/2π ) 1768 Hz and tilt anglesθ ) 30.3° andθâ ) 30.4°.
The experimental data and numerical simulations (see Supporting Informa-
tion for details) are shown with symbols and solid lines, respectively. In
(A), the TS-R1F (red) andR1F-TD (blue) data are contrasted with the
relaxation decay curve obtained using the TS-R1F sequence without S3CT
and S3E elements (green). In (B), the TS-R1F simulation (red line) is
contrasted with the data obtained without selective excitation (diamonds)
and without inversion in the middle of the spin-locking period (triangles).

Figure 3. Relaxation dispersion curves for two exchange-broadened
residues in ubiquitin, N25 (circles) and I23 (squares), collected using the
TS-R1F (red) and the controlR1F-TD (blue) experiments.ωe

(â) ) (ω1
2 +

(Ω(â))2)1/2 is the strength of the effective spin-lock field. Solid lines represent
the fits to the experimental data obtained using the chemical exchange
parameters of Massi et al.15 and R2

â,0 (or R2
0) as the only adjustable

parameter. TheR2
â,0 values obtained in the TS-R1F experiment are 5.27(

0.05 and 5.62( 0.07 s-1 for I23 and N25, respectively, as compared to
the R2

0 values of 10.8( 0.1 and 10.6( 0.1 s-1 obtained in theR1F-TD
experiment. Representative TS-R1F relaxation dispersion curve for one of
the nonexchanging residues, T66, is shown with triangles. The error bars
are smaller than the symbol size.
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