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Abstract Activated dynamics plays a central role in pro-

tein function, where transitions between distinct confor-

mations often underlie the switching between active and

inactive states. The characteristic time scales of these tran-

sitions typically fall in the microsecond to millisecond

range, which is amenable to investigations by NMR relax-

ation dispersion experiments. Processes at the faster end of

this range are more challenging to study, because higher RF

field strengths are required to achieve refocusing of the

exchanging magnetization. Here we describe a rotating-

frame relaxation dispersion experiment for 1H spins in

methyl 13CHD2 groups, which improves the characteriza-

tion of fast exchange processes. The influence of 1H–1H

rotating-frame nuclear Overhauser effects (ROE) is shown

to be negligible, based on a comparison of R1q relaxation

data acquired with tilt angles of 90� and 35�, in which the

ROE is maximal and minimal, respectively, and on samples

containing different 1H densities surrounding the monitored

methyl groups. The method was applied to ubiquitin and the

apo form of calmodulin. We find that ubiquitin does not

exhibit any 1H relaxation dispersion of its methyl groups at

10 or 25 �C. By contrast, calmodulin shows significant

conformational exchange of the methionine methyl groups

in its C-terminal domain, as previously demonstrated by 1H

and 13C CPMG experiments. The present R1q experiment

extends the relaxation dispersion profile towards higher

refocusing frequencies, which improves the definition of the

exchange correlation time, compared to previous results.

Keywords Relaxation dispersion � Conformational

exchange � Rotating-frame relaxation

Introduction

Conformational transitions on the micro- to millisecond time

scale are often critical for biological function. A number of

studies have shown that transiently populated high-energy

states play important roles in enzyme catalysis (Boehr et al.

2006; Cole and Loria 2002; Eisenmesser et al. 2002;

Sprangers et al. 2005) or ligand binding by conformational

selection (Bruschweiler et al. 2009; Malmendal et al. 1999).

Rare transitions between alternative conformations generally

lead to modulation of NMR parameters, such as the chemical

shift (Gutowsky and Saika 1953) or residual dipolar couplings

(Igumenova et al. 2007; Vallurupalli et al. 2007), causing

exchange contributions to transverse relaxation rates. Corre-

lation times of biologically relevant exchange processes often

fall in the range of milliseconds to microseconds, which can be

probed by NMR relaxation dispersion methods, such as the

R1q (Akke and Palmer 1996; Deverell et al. 1970; James et al.

1977) or Carr-Purcell-Meiboom-Gill (CPMG) experiment
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(Carr and Purcell 1954; Meiboom and Gill 1958) and

improved variants of these (Hansen et al. 2008; Igumenova

and Palmer 2006; Loria et al. 1999a, b). In favorable cases,

relaxation dispersion experiments yield the exchange rate, kex,

the relative populations of the exchanging states, pi, and the

difference in resonance frequency, Dx, between them. To

date, experiments have been designed to probe conforma-

tional exchange at specific sites in proteins, including the

backbone (Akke and Palmer 1996; Hill et al. 2000; Igumenova

and Palmer 2006; Ishima et al. 1998, 2004; Ishima and Torchia

2003; Loria et al. 1999a, b; Lundström and Akke 2005a, b;

Lundström et al. 2008, 2009a; Mulder and Akke 2003) and

side-chain aliphatic (Hansen et al. 2012; Lundström et al.

2009b), carbonyl/carboxyl (Hansen and Kay 2011; Paquin

et al. 2008), side-chain amide (Mulder et al. 2000) and aro-

matic (Weininger et al. 2012b) groups. Methyl groups take a

special place because they are ideal probes of protein inter-

actions and dynamics due to their favorable NMR relaxation

properties leading to sharp signals in 1H and 13C NMR spectra.

Furthermore, methyl-bearing amino-acid residues are pre-

valent in proteins, where they make up approximately 50 % of

the hydrophobic core and often are present in crevices or

surface regions implicated in protein–ligand or protein–pro-

tein interactions (Kay et al. 1998; Lee et al. 2000). For these

reasons, a number of relaxation dispersion experiments have

been developed previously for studying methyl group

dynamics by 13C CPMG or R1q approaches (Brath et al. 2006;

Ishima et al. 1999; Lundström et al. 2007; Mulder et al. 2002;

Skrynnikov et al. 2001; Weininger et al. 2012a) or 1H CPMG

(Baldwin et al. 2010; Otten et al. 2010b; Weininger et al.

2012a). Compared to CPMG-based experiments, R1q experi-

ments generally can achieve higher refocusing frequencies,

which are limited in the former case by the duty cycle of the

CPMG train,xCP = p/sCP, where sCP is the delay between the

high-power 180� pulses. In the case of R1q experiments, 1H is

an advantageous nucleus since the refocusing frequency

scales with the gyromagnetic ratio and the RF field amplitude,

x1 = c B1. These considerations provide a strong impetus for

the development of 1H R1q pulse sequences. Here we present

R1q pulse sequences for 1H spins in methyl groups, designed to

suit 13CHD2 isotopomers that are either isolated or located in

spin systems containing neighboring 13C nuclei. Further we

show that in highly deuterated background R1q measurements

are not affected by Overhauser effects (ROE).

Materials and methods

Protein samples

Uniformly 13C/15N and partially 2H labeled human ubiq-

uitin was purchased from ASLA Biotech. The protein was

expressed in M9 medium containing 99.9 % D2O and

supplemented with protonated 13C-glucose and 15NH4Cl.

Calmodulin was expressed and purified as described pre-

viously using M9 minimal media containing 99.9 % D2O,

0.5 g/l 15NH4Cl, 4 g/l non-isotope enriched glucose and

100 mg/l 12CaH–(12CD2)2–S–13CHD2 methionine (Gifford

et al. 2011; Weininger et al. 2012a).

NMR spectroscopy

All NMR experiments were conducted using Varian Di-

rectDrive 500 MHz and Varian Inova 600 MHz and

900 MHz spectrometers. Ubiquitin data was recorded on a

1.2 mM sample in 50 mM KPi pH 6.9, 50 lM NaN3, 10 %

D2O at 25 �C with the constant time version of the pulse

sequence described in Fig. 1. R1q rate constants were

measured at 600 MHz at a nominal tilt angle of 90� at

twelve different spin-lock fields ranging from x1 = 4,122

to 67,419 s-1. The carrier position was 0.75 ppm, corre-

sponding to the middle of the Ile, Leu and Val region of the

spectrum. The experiment was repeated with the same

spin-lock fields but with carrier positions equivalent to

nominal tilt angles of 35�. Apo calmodulin data was

recorded on a 1 mM sample in 20 mM Tris pH 6.5, 7 %

D2O at 25 �C using the non-constant time version of the

pulse sequence. Experiments were performed at 500 MHz

with nominal tilt-angles of 90� and 35� and nine different

spin-lock fields ranging from x1 = 1,608 to 50,347 s-1.

The experiments with nominal tilt-angles of 90� were

repeated at 900 MHz for twelve different spin-lock fields

ranging from x1 = 1,891 to 37,762 s-1.

Data analysis

All data was processed in NMRpipe (Delaglio et al. 1995)

and visualized in NMRview (Johnson and Blevins 1994)

and Sparky (Goddard and Kneller). Peaks were integrated

and the rotating-frame relaxation rate constants (R1q) were

extracted from fits to exponential functions or linear two-

point approximations of these. In the fast exchange limit

the rotating-frame relaxation rate constant is given by

R1q xeff ; h
� �

¼ cos2 h R1 þ sin2 h R0
2 þ sin2 h

/exkex

k2
ex þ x2

eff

ð1Þ

where R1 and R2
0 are the longitudinal and exchange-free

transverse relaxation rate constants, respectively, h is the

tilt angle, given by tan h ¼ B1=X, where B1 is the strength

of the spin-lock field and X is the resonance offset from the

carrier position of the spin-lock field, xeff is the effective

field given by xeff ¼ B2
1 þ X2

� �0:5
, /ex is the product of the

relative populations of the exchanging states and the square

of their difference in resonance frequencies and kex is the
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exchange rate. Here, we fitted the R1q rate constants to

models that either included or excluded fast chemical

exchange, assuming a constant tilt angle for all effective

fields, i.e.

R1qðxeff ; hÞ ¼ R0
1q ð2Þ

R1qðxeff ; hÞ ¼ R0
1q þ sin2 h

/exkex

k2
ex þ x2

eff

ð3Þ

where R0
1q ¼ cos2 h R1 þ sin2 h R0

2 is the rotating-frame

relaxation rate in the limit of an infinitely strong effective

field. The ubiquitin data was fitted to Eq. 2. Only data

points with tilt angles 85� \ h\ 95� and 34� \ h\ 36�,

respectively, were considered. The data for CaM was fitted

to Eqs. 2 and 3 on a residue-by-residue basis, using data

points with tilt angles 82� \ h\ 98� and 33� \ h\ 39�.

This slightly higher variance in tilt angles in CaM is

compensated by lower differences between R1 and R2.

Residues for which the chemical exchange model was

significant were subsequently refitted to Eq. 3 using a

global exchange rate. The uncertainties in the fitted

parameters were estimated by Monte Carlo simulations

(Press et al. 1988).

Results

The pulse sequence for measurement of methyl proton R1q

rate constants is shown in Fig. 1. Following Skrynnikov

and coworkers we applied the spin-lock to density operator

terms corresponding to anti-phase coherences and longi-

tudinal two-spin order (Eichmuller and Skrynnikov 2005).

This approach has the advantage that these operators relax

to zero, because they do not correspond to equilibrium

magnetization. The increased relaxation rate due to exter-

nal longitudinal relaxation contributions from 13C is neg-

ligible for methyl groups in highly deuterated samples. The

element following the relaxation delay is used to select for

the desired 13CHD2 isotopomer (Liao and Tugarinov

2011), which leads to considerable spectral simplification

for samples containing a mixture of 13CH3 and 13CH2D and
13CHD2 and 13CD3 isotopomers. In large proteins, cross-

correlated dipolar relaxation involving multiple 1H–13C

spin pairs reduces the efficacy of the multiplicity filter that

rejects the 13CH3 isotopomer (Liao and Tugarinov 2011),

but for small proteins the strategy works well, as demon-

strated here for ubiquitin (Mw = 8,565 Da) at 25 �C. Also,

a judicious choice of deuteration level during protein

expression reduces the relative amount of the 13CH3 iso-

topomer (Otten et al. 2010a).

Alignment of the magnetization with the effective field

and its subsequent return to the z-axis was achieved by

adiabatic ramps, where the phase and amplitude are mod-

ulated with a tangent and a hyperbolic tangent, respec-

tively. Relatively long ramps of 8 ms were needed to get

satisfactory alignment at weak spin-lock field strengths

(x1 \ 3,000 s–1). An alternative way of achieving good

alignment at low spin-lock field strengths is by means of

Fig. 1 Pulse sequence for measurements of 1H methyl R1q rates.

Filled narrow (wide) rectangles depict 90� (180�) pulses applied at the

highest possible power. The unfilled rectangle represents a 3-9-19

binomial pulse. The phase of all pulses is x unless otherwise noted.

The delays are sa = 1.67 ms, sb = 2.0 ms, Tc = 14.3 ms,

D1 = sb ? t1/2, D2 = Tc - sb, D3 = Tc - t1/2. During 13C evolu-

tion, 2H is decoupled by a WALTZ-16 sequence of field strength cB1/

2p = 920 Hz centered at the methyl region. The decoupling is

applied along the x-axis and flanked by 90� pulses applied at the same

field strength. 13C decoupling during acquisition is achieved by

WALTZ-16 applied at a field strength of cB1/2p = 1,880 Hz at

500 MHz and scaled appropriately for experiments performed at other

static magnetic field strengths. The spin-lock relaxation delay is

flanked by 8 ms tan/tanh adiabatic pulses that align the magnetization

with the effective field and return it to the z-axis, respectively. The

adiabatic sweep is initiated 25 kHz downfield or upfield of the spin-

lock frequency (software to generate the adiabatic pulses is available

upon request). Gradient strengths in G/cm (durations in ms) are:

g1 = 5,000 (0.3), g2 = 6,000 (1.0), g3 = 5,000 (0.3), g4 = -3,000

(0.23), g5 = -8,500 (0.3), g6 = 5,500, g7 = 11,000 (1),

g8 = 19,000 (0.9). The phase cycle is /1 = {x, -x}, /2 = {x, x,

y, y, -x, -x, -y, -y} and the receiver phase is {x, -x, y, -y}.

Quadrature detection in t1 is achieved by incrementing /1 by p/2. For

every increment /1 and the receiver are incremented by p. For

samples with isolated methyl 13C groups non-constant time evolution

in t1 is achieved by setting D1 = sb ? t1/2, D2 = t1/2, D3 = sb
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chemical shift precession (Akke and Palmer 1996; Hansen

and Kay 2007), but since this approach fails for the largest

spin-lock fields needed here it was not used. The evolution

period in the indirect dimension can be implemented either

as constant time for uniformly 13C labeled samples, or as

non-constant time for samples with isolated 13C labeled

methyl groups.

We applied the 1H methyl R1q experiment to measure

fast exchange dynamics on the methyl groups in a uni-

formly 13C and partially (60 %) 2H labeled sample of

ubiquitin, as well as on methionine methyl groups in a

specifically (100 %) 12CaH–(12CD2)2–S–13CHD2 labeled

and partially deuterated (60 %) sample of calmodulin

(CaM). The experiments on CaM serve as a benchmark to

validate the present 1H methyl R1q method against previous

results obtained using 1H and 13C CPMG experiments

(Weininger et al. 2012a), while the ubiquitin experiments

illustrate the implementation of our method in the context

of uniformly 13C labeled samples.

Artifact-free dispersions can be measured at 90� tilt

angles for partially deuterated samples

In the spin-diffusion limit, dipolar cross relaxation due to

the ROE is exactly canceled by cross relaxation due to the

NOE at a tilt angle close to 35�. Unfortunately this choice

of tilt angle leads to reduced sensitivity to chemical

exchange by a factor three due to the reduced projection of

the magnetization onto the transverse plane, as can be seen

for Eq. 1. It is thus advantageous to identify experimental

conditions for which tilt angles of 90� can be used. We

have previously shown that partial deuteration is effective

for reducing the ROE in amide proton R1q relaxation dis-

persion experiments (Lundström and Akke 2005b). Here

we tested this approach in the context of the methyl proton

R1q experiment by applying on-resonance spin-locks (90�
tilt angle) to a uniformly 13C and partially 2H labeled

sample of ubiquitin at 25 �C.

Palmer and coworkers have previously published 15N

R1q relaxation dispersion data on ubiquitin, showing

chemical exchange for Ile23, Asn25, Thr55, and Val70

with a rate constant of 25,000 s–1 at 7 �C (Massi et al.

2005). Assuming that the exchange rate doubles if the

temperature is increased by 10 �C, we would expect an

exchange rate of almost 100,000 s–1 at 25 �C. Conse-

quently, the exchange contribution to transverse relaxation

should be reduced by almost a factor of four and essentially

flat dispersion profiles should thus be expected for the great

majority of methyl groups in ubiquitin.

We were able to analyze data for 37 out of the 50 methyl

groups of ubiquitin. The remaining ones had to be excluded

due to severe spectral overlap. Figure 2 shows examples of

dispersions for ubiquitin recorded with nominal tilt angles of

90� and 35�. Clearly, these data are well represented by a

model that excludes chemical exchange. The average root-

mean-square-deviation (RMSD) between the data points

and the fitted lines is 0.25 ± 0.15 s–1 for a tilt angle of 90�
and 0.24 ± 0.16 s–1 for a tilt angle of 35� (see SI Fig. 1 for

data on all residues) however, data for some methyl groups

are more scattered than those shown in Fig. 2. The majority

of cases of large RMSDs can be explained by partial spectral

overlap or weaker signal intensities, the latter of which often

occur for Ala or Thr residues because of a greater fraction of

unwanted isotopomers for these residue types. If the Ala and

Thr residues are excluded then the average RMSDs drop to

0.19 ± 0.07 s–1 and 0.18 ± 0.08 s–1 for data at tilt angles of

90� and 35�, respectively. Taking all residues into account,

we find that the datasets from the two tilt angles are not

qualitatively different and there is no indication of chemical

exchange. These results indicate that the data recorded with

a tilt angle of 90� are free from ROE artifacts, since similar

profiles result for data acquired at either tilt angle. To further

verify this conclusion, we back-calculated R1q at a tilt angle

of 35� from Eq. 1, taking as input data R1 (measured for

2CzHz in a separate experiment) and R1q measured at a tilt

angle of 90�. The back-calculated values agree very well

with the measured ones (see SI Fig. 1) and, importantly,

there is no systematic bias. It should be noted that only

protons attached to 13C can contribute to ROE artifacts since

magnetization originating on other protons is dephased prior

to the spinlock period.

In fitting the relaxation dispersion curves, we employed

the approximation that the tilt-angle was constant for all

effective fields (at each nominal tilt-angle). This is a rea-

sonable approximation as long as the variation in tilt-angle

is small. For example, if the tilt-angle varies in the range

85–95� with R1 = 1.7 s–1 and R2
0 = 3.6 s–1, then R1q varies

between 3.59 and 3.60 s–1, which is well within the

experimental error. At other tilt angles the analysis may

require more precise values of h. In the range 34–36�, R1q

varies between 2.29 and 2.36 s–1, with R1q = 2.33 s–1 at

h = 35�. It is possible to minimize the chemical-shift

dependence of h by averaging results from experiments

acquired with positive and negative tilt angles, e.g.

h = ± 35� (Eichmuller and Skrynnikov 2005; Schleucher

et al. 1995). However, for the purposes of the present

validation, the approximative approach is sufficient.

We were also interested in whether there were micro-

second dynamics at lower temperatures and therefore we

repeated the experiments at 10 �C (data not shown). In

contrast with previous results for 15N at 7 �C (Massi et al.

2005), we did not detect any microsecond dynamics at this

temperature either. We emphasize that the absence of

detectable exchange contributions to the rotating-frame

relaxation experiment for the methyl protons of ubiquitin is

not in disagreement with previous results, but merely

50 J Biomol NMR (2013) 57:47–55
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demonstrates that the chemical shifts of different nuclei

might be modulated to different extents by a given

dynamical process.

Fast exchange in apo-CaM measured at 35� and 90� tilt

angles

In order to further investigate possible NOE/ROE effects in
1H methyl R1q dispersion experiments, we acquired data at

11.7 T (Fig. 3 and SI Fig. 2) on the methionine methyl

groups of apo-CaM at tilt angles close to 35� (33–39�),

where ROE and NOE effects cancel, and close to 90�
(82–98�), where the sensitivity to chemical exchange and

the ROE are both maximal. Met51 does not show any

significant relaxation dispersion amplitude, R1q(xeff ? 0)

- R1q(xeff ? ?) \ 0.5 s–1, indicating there are no or

very minor contributions from conformational exchange.

By contrast, Met124 and Met144 clearly show dispersion

profiles indicative of exchange. These results are in keep-

ing with previous CPMG dispersion experiments (Wein-

inger et al. 2012a). As expected, the exchange

contributions to R1q is more pronounced at 90� tilt angles

(Fig. 3d, f), demonstrating the advantage of performing the

experiment under these conditions. Individual fits of the 1H

methyl R1q dispersions at 35� and 90� tilt angles resulted in

identical exchange rates within experimental error:

6,500 ± 1,000 s-1 (35�) and 7,000 ± 1,000 s-1 (90�) for

Met124; and 5,100 ± 900 s-1 (35�) and 5,800 ± 400 s-1

(90�) for Met144. These results verify that NOE/ROE

effects are insignificant in highly deuterated samples,

making it possible to study exchange processes at their

maximal impact at 90� tilt angles.

Global exchange process in the C-terminal domain

of apo CaM

Having ensured that ROEs do not affect exchange mea-

surements at 90� tilt angles, we investigated the global

exchange process in the C-terminal domain under these

conditions at two static magnetic fields (11.7 T and

21.1 T). While the N-terminal domain shows no exchange,

in agreement with previous studies (Weininger et al.

2012a), the exchange of all four methionine residues in the

C-terminal domain (SI Fig. 3) could be analyzed globally,

resulting in an exchange rate of 6,600 ± 100 s–1. This rate

is slightly higher than the previously reported rate of

4,800 ± 100 s-1, determined using 1H methyl CPMG

relaxation dispersion (Weininger et al. 2012a). This dis-

crepancy might be expected, because the rate is on the edge

of what the CPMG method is capable of characterizing,

since the exchange contribution is not completely quen-

ched even at the highest achievable effective fields. Unless

special approaches are used, there is a risk that the CPMG

method yields slightly underestimated rates of fast

exchange processes (Vallurupalli et al. 2011). This obser-

vation nicely demonstrates the advantage of the 1H methyl

R1q experiment for studying fast processes with high pre-

cision. However, the CPMG dispersions can be refitted

using the value of kex determined by R1q as a fixed

parameter to yield results that are virtually indistinguish-

able from the free fit. Indeed, the reduced v2 from the least-

squares optimization of the CPMG data only increased

from 1.96 to 2.50 when kex was kept fixed. Examples for

two residues in the C-terminal domain are shown in Fig. 4.

It is clear that they are well fitted by a global process and

that the CPMG data are compatible with the exchange rate

constant extracted from R1q measurements.

We used the re-fitted CPMG data to calculate /ex for the

individual methionine methyl groups and compare with /ex

obtained from R1q dispersions. The correlation is shown in

Fig. 5, together with the line corresponding to perfect

correlation and a slope of unity. The actual slope is

1.12 ± 0.1, showing the excellent correlation between data

acquired using the two different approaches.

A question that arises concerns the practical limit when

CPMG relaxation dispersion experiments fail and one must

Fig. 2 Representative methyl 1H R1q relaxation dispersion profiles

for ubiquitin. Data is shown for a Ile13 Hd1, b Leu67 Hd2 and

c Val70 Hc2. Circles represent measured R1q rate constants and lines

indicate fits to exchange-free models for nominal tilt angles of 90�

(filled circles, solid lines) and 35� (open circles, dashed lines). The

pairwise RMSDs between the fitted lines and the experimental data

obtained at h = 90� (35�) are 0.15 (0.096), 0.12 (0.15) and 0.096

(0.15) for panels a, b, and c, respectively
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resort to R1q experiments. There is no unique answer to this

question since the limit depends on hardware specifications

and on the relative sensitivity of the two experiments. The

above comparison between our present results on cal-

modulin and previous CPMG data (Weininger et al. 2012a)

provides an indication that the limit is around 5,000 s–1,

Fig. 3 Representative 1H

methyl R1q relaxation dispersion

profiles at nominal tilt angles of

35� (a, c, e) and 90� (b, d, f).
Data were acquired on a 1 mM

sample of apo-CaM specifically

labeled with 12CaH–(12CD2)2–

S–13CHD2 Met at a static

magnetic field strength of 11.7

T and a temperature of 25 �C.

All experiments were repeated

five times at each effective field.

For Met51 (a, b) no exchange

could be detected. Exchange

processes in Met124 (c, d) and

Met144 (e, f) were analyzed by

individual fits (solid lines) to a

two-state model resulting in

exchange rates kex of

6,500 ± 1,000 s-1 (Met124,

35�), 7,000 ± 1,000 s-1

(Met124, 90�), 5,100 ± 900 s-1

(Met144, 35�) and 5,800 ± 400

(Met144, 90�)

Fig. 4 1H methyl relaxation

dispersion profiles of Met124

(a, c) and Met144 (b, d) of apo-

CaM. (a, b) R1q relaxation

dispersion profiles at tilt angles

close to 90� and static magnetic

field strengths of 11.7 T (black)

and 21.1 T (red) at 25 �C. A

simultaneous fit of a global two-

state model to the data at both

static magnetic fields for each

residue (solid lines) results in

kex = 6,600 ± 100 s-1. (c,

d) Previously recorded CPMG

dispersions re-fitted with kex

fixed to 6,600 s-1; data and fits

(solid lines) at shown for 11.7 T

(black) and 14.1 T (cyan)
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given the experimental conditions used in our studies.

Furthermore, considering that the calmodulin CPMG data

cover the relaxation dispersion curve down to 22 % of the

total dispersion amplitude using a maximum xCP/2p of

2,000 Hz, we expect that the same level of coverage can be

obtained using the present range of R1q field strengths (up

to 10,729 Hz) for an exchange rate of 35,800 s–1. Of

course, these numbers in no way represent an absolute

upper limit and especially using modern cryo-probes that

tolerate more power it is possible to measure significantly

faster processes ([100,000 s-1) using on-resonance R1q

experiments as discussed by Griesinger and co-workers

(Ban et al. 2012).

Since the dispersion step is given by /ex=kex ¼
pa 1� pað ÞDx2=kex for two-site exchange in the fast

exchange limit, it is clear that increasingly larger chemical

shift differences between the exchanging states are needed

to get sizable exchange contributions as the exchange rates

are getting faster. In the case of methyl groups in medium-

sized proteins, a dispersion step of 2 s–1 provides sufficient

amplitude to yield high-quality dispersion profiles suitable

for model fitting. Given that the standard deviation of

methyl proton chemical shifts deposited in the Biological

Magnetic Resonance Data Bank (Ulrich et al. 2008) ranges

between 0.26 and 0.29 ppm for Ile-Leu-Val and is

0.22 ppm for Thr and 0.46 ppm for Met, we expect that

conformational exchange can be measured for fast

exchange rates. For example, given an exchange rate of

100,000 s–1 and equal populations of the two states,

/ex=kex ¼ 2 s�1 results from a chemical shift difference of

0.28 ppm at a static magnetic field of 11.7 T; alternatively,

if the minor state is populated to 10 %, then a static

magnetic field strength of 18.8 T yields comparable results.

For increasingly skewed populations or faster exchange

rates, larger chemical shift differences and/or higher static

magnetic fields are required.

In conclusion, we have developed 1H R1q experiments

for 13CHD2 methyl groups. Two variants of the pulse

sequence are available for use with either uniformly 13C-

labeled proteins and partially deuterated proteins, or for

isolated 13CHD2 methyl groups, e.g. for selectively labeled

methionine, isoleucine, leucine and valine residues (Bald-

win et al. 2010; Goto et al. 1999; Ollerenshaw et al. 2005;

Weininger et al. 2012a). Furthermore, the experiment is

equally suitable for samples labeled specifically with CHD2

groups or a mixture of CHD2, CH2D and CH3 groups. The

experiment complements previously described approaches

and allows characterization of exchange processes on the

order of 50,000 s–1 using on-resonance spin-lock fields. We

have shown that the experiment can be used to characterize

microsecond dynamics between conformers within the

folded ensemble. Additional applications include studies of

ultrafast folding-unfolding dynamics and transient ligand-

binding events.
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