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ABSTRACT: Chemical exchange processes of proteins on the
order of microseconds (μs) to milliseconds (ms) play critical
roles in biological functions. Developments in methyl-transverse
relaxation optimized spectroscopy (methyl-TROSY), which
observes the slowly relaxing multiple quantum (MQ)
coherences, have enabled the studies of biologically important
large proteins. However, the analyses of μs to ms chemical
exchange processes based on the methyl-TROSY principle are
still challenging, because the interpretation of the chemical
exchange contributions to the MQ relaxation profiles is
complicated, as significant chemical shift differences occur in
both 1H and 13C nuclei. Here, we report a new methyl-based
NMR method for characterizing chemical exchanges, utilizing
differential MQ relaxation rates and a heteronuclear double resonance pulse technique. The method enables quantitative
evaluations of the chemical exchange processes, in which significant chemical shift differences exist in both the 1H and 13C nuclei.
The versatility of the method is demonstrated with the application to KirBac1.1, with an apparent molecular mass of 200 kDa.

■ INTRODUCTION

Protein structures are assumed to exist in an equilibrium
between multiple conformational substates. Lowly populated
conformations in the equilibrium often play critical roles in
biological functions.1,2 Therefore, to reveal the mechanisms of
protein functions, it is important to characterize the conforma-
tional equilibrium; i.e., the chemical exchange processes of
proteins between the highly populated ground state and the
lowly populated excited state at an atomic resolution. Solution
NMR is a powerful technique for characterizing chemical
exchanges on microsecond (μs) to millisecond (ms) time
scales,3 where many biological processes occur.4,5 A number of
sophisticated NMR methods, including ZZ-exchange,6,7 chem-
ical exchange saturation transfer,8 Carr−Purcell−Meiboom−
Gill (CPMG) relaxation dispersion (RD),9,10 analysis of
dipolar−dipolar/chemical shift anisotropy (CSA) relaxation
interference effects,11 and R1ρ relaxation12 experiments, have
been successfully applied to investigations of functional
mechanisms, such as ligand recognitions,13 catalytic reac-
tions,14,15 protein folding reactions,16 and active transport
processes.17

One of the most critical factors limiting the applications of
solution NMR is the molecular weight of the proteins of
interest. As the molecular weight of the proteins increases, the
stochastic fluctuations of the local magnetic fields accelerate the
transverse relaxation of the observed spins, leading to signal

broadening and sensitivity loss.18,19 These difficulties have been
overcome by developments in methyl transverse relaxation
optimized spectroscopy (methyl-TROSY).20,21 Methyl-TROSY
observes the slowly relaxing 1H−13C multiple quantum (MQ)
coherences of selectively 1H, 13C labeled side-chain methyl
groups in deuterated backgrounds to achieve optimal
resolutions and sensitivities, thus enabling NMR studies of
large systems with molecular masses reaching 1 MDa.22−24

Since many biologically important systems, such as membrane
proteins and protein complexes, have molecular masses that are
in excess of 100 kDa, the development of methyl TROSY-based
NMR methodologies to analyze chemical exchange processes
has become increasingly important.25

However, the analysis of μs to ms chemical exchange
processes based on the methyl-TROSY principle is still
challenging, due to the relaxation properties of the MQ
coherences, as their relaxation rates are affected by both the 1H
and 13C chemical shift differences. Only a few methods, such as
the MQ CPMG RD method26 and MQ relaxation measure-
ments,27 have been reported so far.
In the MQ CPMG RD method, the most frequently used

methyl TROSY-based method, the chemical exchange
processes are characterized from the deviations of the apparent
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MQ relaxation rates (RMQ,eff), as a function of the CPMG pulse
frequencies. However, the characterizations of the chemical
exchange processes are often difficult, particularly when
significant differences in both the 1H and 13C chemical shifts
exist between exchanging multiple states. In such situations, the
RMQ,eff rates may be increased or decreased by the applied
CPMG pulses, depending on the relative size of the 1H
chemical shift difference to that of 13C, leading to difficulties in
extracting chemical exchange contributions.28 Since 1H
chemical shift differences are sensitive to conformational
changes of proteins, as represented by the ring-current effects
caused by neighboring aromatic rings,29 a methodology is
needed to comprehensively analyze the chemical exchange
processes with significant chemical shift differences in both the
1H and 13C nuclei.
The analysis of the differential relaxation rates of MQ

coherences is a promising alternative approach for character-
izing the chemical exchange processes with significant chemical
shift differences in both the 1H and 13C nuclei. The difference
in the relaxation rates of double quantum (DQ) and zero
quantum (ZQ) coherences, ΔRMQ (= RDQ − RZQ), is highly
sensitive to the chemical exchange processes,30−32 as well as the
dipolar and CSA cross correlations, which have been utilized to
study bond angles and fast internal motions of proteins.33−35

Assuming a simple two-state (states A and B) chemical
exchange process in a fast exchange regime, the exchange
contribution to ΔRMQ, ΔRMQ,ex, can be approximately ex-
pressed by eq 1, using the exchange rate, kex, the populations of
the two states, pA, pB (pA > pB), and the 1H and 13C chemical
shift differences, ΔωH and ΔωC.

31,32 The equation for slow to
intermediate time scales is also presented in the Supporting
Information (eq S7).36
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Since, in smaller proteins, the dipolar and CSA contributions
to the observed ΔRMQ rates of side-chain 13C1H3 methyl groups
are relatively small, the significant increase or decrease of the
observed ΔRMQ rates mainly depends on the ΔRMQ,ex
contribution.27,37 Therefore, the chemical exchange processes
can be quantitatively characterized by measuring the ΔRMQ
rates. Its successful application for a DNA repair enzyme, AlkB,
has recently been reported.38

However, as the molecular weight increases, the dipolar and
CSA contributions increase and contribute to the ΔRMQ,
making it difficult to quantify the ΔRMQ,ex rates from the ΔRMQ.
From calculations using the typical interatomic distances in
proteins and the reported CSA values,39 the dipolar and CSA
contributions to the observed ΔRMQ rates are estimated to be
about 15 s−1 with τc = 80 ns (corresponding approximately to a
molecular mass of 200 kDa) .37,40,41 Considering that the
ΔRMQ,ex rates are usually on the order of 10 s−1, it is difficult to
evaluate the ΔRMQ,ex rates from the observed ΔRMQ rates in
high molecular weight proteins. Thus, a strategy to
experimentally determine the ΔRMQ,ex rates is needed.
Here, we present a novel NMR method, methyl hetero-

nuclear double resonance method (methyl-HDR), to measure
the ΔRMQ,ex rates of side-chain methyl groups in high molecular
weight proteins. Since heteronuclear double resonance (HDR)
pulses effectively quench the ΔRMQ,ex contribution in the
ΔRMQ,, the ΔRMQ,ex contribution can be extracted by the
difference between the observed ΔRMQ value in the presence of

HDR and that in the absence of HDR. By measuring the
ΔRMQ,ex rates, the methyl-HDR method enables the sensitive
detections and quantitative evaluations of chemical exchanges
with both the 1H and 13C chemical shift differences. The
versatility of the method is demonstrated with applications
involving maltose binding protein (MBP), the FF domain of
HYPA/FBP11, and the membrane protein KirBac1.1, which
has a molecular mass of over 200 kDa in detergent micelles.

■ RESULTS

New Experiment for Evaluating the ΔRMQ,ex Rates, the
Methyl-HDR Method. We present a novel NMR method to
measure the ΔRMQ,ex rates of side-chain methyl groups in larger
systems, the methyl-HDR method. The methyl-HDR method
exploits the fact that the ΔRMQ,ex contribution can be selectively
quenched by applying spin lock radio frequency (RF) fields
sufficiently faster in field strength than the chemical exchange
processes. Thus, we can obtain the ΔRMQ,ex rates as the
difference of the ΔRMQ rates measured in the presence and
absence of the spin-lock field. To quench the ΔRMQ,ex
contribution, we utilized an HDR pulse technique. HDR is a
combination of composite pulse trains simultaneously applied
to both of the scalar-coupled nuclei (1H and 13C in this study)
to achieve synchronous nutation of magnetization.42−44 During
the HDR irradiation, the MQ coherences are highly conserved,
enabling the quantitative measurement of the MQ cross
relaxation rates.45 The method can be applied to selectively
1H, 13C labeled side-chain methyl groups in 12C/2H back-
grounds conventionally used for methyl-TROSY applications.46

Figure 1 shows the pulse sequences of the methyl-HDR
experiments, based on the heteronuclear MQ coherence
(HMQC) scheme. The experiments are based on the
measurements of the cross relaxation rates between the
2CxHx and 2CyHy coherences as originally proposed by Kloiber
and Konrat.32 The initial coherences and the observed
coherences during the mixing period Trelax can be selected by
changing the phases, φ1, φ2 and φ4. During the mixing period
and the subsequent evolution period, the coherence of interest
is of the multiple-quantum variety, which slowly relaxes due to
the methyl-TROSY effect. The methyl-HDR experiments based
on the heteronuclear ZQ coherence (HZQC) scheme are also
presented, in the Supporting Information (Figure S1). In
applications to higher molecular weight proteins, where the
resolution is critical, the HZQC scheme can improve the
resolution in the indirect dimension with only slight decreases
in the sensitivity.27,37

First, the ΔRMQ rates in the absence of the spin lock field,
ΔRMQ,ref, are measured (Figure 1a, Figure S1a). The 2CxHx
coherence is created at the beginning of Trelax, and the 2CxHx
(= s1) and 2CyHy (= s2) coherences are observed after Trelax.
ΔRMQ,ref (= RDQ − RZQ) can be calculated from the time-
dependent evolution of the s2/s1 ratio (eq 2).32 The obtained
ΔRMQ,ref rates correspond to the sum of the dipolar
contribution, ΔRMQ,DD, the CSA contribution, ΔRMQ,CSA, and
ΔRMQ,ex (eq 3).
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Δ = Δ + Δ + ΔR R R RMQ,ref MQ,DD MQ,CSA MQ,ex (3)

Second, the ΔRMQ rates with the HDR spin lock pulses,
ΔRMQ,HDR, are measured (Figure 1b, Figure S1b). During the
mixing period Trelax, the WALTZ-32 HDR scheme is applied for
its favorable relaxation properties, regarding the effective auto-
and cross-relaxation rates.45 To compensate for the different
effective autorelaxation rates of the 2CxHx and 2CyHy
coherences under the HDR conditions, the symmetrical
reconversion scheme is adopted.45,50 While the selection of
the 2CxHx coherences at the beginning of Trelax provides the
2CxHx (= s1) and 2CyHy (= s2) coherences after Trelax, the
selection of the 2CyHy coherences at the beginning of Trelax
provides the 2CxHx (= s3) and 2CyHy (= s4) coherences after
Trelax. The ΔRMQ,HDR rates are measured from the time-
dependent evolution of the averaged intensity ratio obtained
from these four relaxation pathways (eq 4). The difference in
the coefficient with the reference experiment by a factor of 2 is
derived from the averaging effects of the RF fields.45 The
obtained ΔRMQ,HDR rates approximately correspond to the sum
of the ΔRMQ,DD and ΔRMQ,CSA, when sufficiently strong HDR
pulses are used (eq 5).
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Δ ≈ Δ + ΔR R RMQ,HDR MQ,DD MQ,CSA (5)

Finally, the ΔRMQ,ex rates can be obtained by subtracting the
ΔRMQ,HDR rates from the ΔRMQ,ref rates (eq 6).

Δ ≈ Δ − ΔR R RMQ,ex MQ,ref MQ,HDR (6)

The conservations of the methyl-TROSY components are
considered in the Supporting Information (Supporting Results
3, Figures S9, S10 and S11).
Even in the cases of proteins with molecular masses of 200

kDa, the dipolar and CSA contributions to the observed ΔRMQ
rates are estimated to be about 15 s−1, and are comparable to
the values of the ΔRMQ,ex rates (typically on the order of 101

s−1).32,36 The ΔRMQ,ex rates are still expected to make large
contributions to the ΔRMQ,ref rates and can be evaluated with
high accuracy in higher molecular weight proteins.
The HDR RF field strength of 10 kHz was used, unless

otherwise mentioned, for quenching the ΔRMQ,ex contributions.
On the basis of our calculations of homogeneous master
equations51 modified to include chemical exchange processes,
the HDR RF field strength of 10 kHz should quench over 95%
of the ΔRMQ,ex contributions when kex < 3000 s−1, and over 85%
of the ΔRMQ,ex contributions when kex < 10 000 s−1, suggesting
that the exchange processes on the order of 102−104 s−1 can be
analyzed with acceptable accuracy (Supporting Results 1,
Figures S2 and S3). Since the HDR field strength of 10 kHz
greatly exceeds the 1H−13C scalar coupling constant (∼130
Hz) and the range of the offsets used in our study (<±1000
Hz), the scalar coupling hardly affects the preservation of the
MQ coherence when we use the WALTZ-32 scheme, which
was previously reported to be less tolerant of large scalar
coupling constants than other composite pulse schemes.42

It should also be noted that the off-resonance effects of the
HDR RF pulses are moderate under these conditions. Although
HDR pulses are very robust in preserving MQ coherences,42

they are susceptible to off-resonance effects. Therefore, it is
recommended to irradiate the HDR pulses on-resonance for
both of the coupling nuclei in order to precisely measure the
relaxation rates under HDR conditions.44 However, it is usually
difficult to perform a complete set of experiments in which all
of the signals are analyzed separately under on-resonance
conditions, due to limited experimental time and protein
stabilities. With this in mind, we experimentally evaluated the
off-resonance effects under HDR conditions, to investigate the
possibility of simultaneously measuring the ΔRMQ,HDR rates of
all resonances with a single carrier frequency (Supporting
Results 2, Figure S4). When we used the HDR RF field
strength of 10 kHz, the systematic errors of the ΔRMQ,HDR rates
ranged from −8% to 11% at the offsets of ±200 Hz, − 17% to
36% at the offsets of ±400 Hz, and −39% to 44% at the offsets
of ±800 Hz, as compared with the ΔRMQ,HDR rates measured
under the on-resonance conditions. In practice, the chemical
shifts of specific methyl species fall within the range of 0.56
ppm in the 1H dimension and 3.2 ppm in the 13C dimension, as
estimated from the standard deviation of chemical shifts in the
BMRB database (http://www.bmrb.wisc.edu/), corresponding
to 340 Hz in the 1H dimension and 480 Hz in the 13C
dimension, assuming a static field strength of 14.1 T (600 MHz
1H frequency). Under these conditions, the systematic errors

Figure 1. Pulse scheme of the methyl-HDR experiment. Filled and
open rectangles represent 90 deg and 180 deg pulses, respectively.
Pulse phases are along the x axis, unless otherwise mentioned. The
delay τ is set to 1/(4JCH) and the delay ξ is set to 1/(8JCH).

13C
decoupling during acquisition is achieved with a 3.3−3.6 kHz
WALTZ-16 field.47 The sequence (a) is used during the mixing
period (Trelax) in the measurement of the ΔRMQ,ref rates, and WALTZ-
32 blocks (b) are used in the measurement of the ΔRMQ,HDR rates. The
WALTZ-32 blocks (Tmax − Trelax, where Tmax denotes the maximum
Trelax used) are applied at the start of the sequence for heat
compensation. The carrier frequencies are set to 5000 ppm for 1H and
25 000 ppm for 13C at the points labeled “Off”, and are moved to the
methyl regions at the point labeled “On”. When cryogenically cooled
probes are used, the off-resonance frequencies described above would
be rather ineffective as they fall outside of the range where the RF is
effectively transmitted to the sample. In such cases, using a smaller
frequency difference, eliminiating phase modulation, and placing the
element at the end of the FID would probably be preferable.48 The
purge element in the dashed box is employed to eliminate the fast
relaxing elements and suppress the artifacts.26 During the use of this
element, the fast relaxing elements (Σ2CxHx,i {|αα⟩⟨αα| + |ββ⟩⟨ββ|})
evolve due to 1H−13C scalar coupling, and are subsequently eliminated
by the application of the φ3 pulse and its phase cycle. The element can
be eliminated with high molecular weight proteins. To generate the
2CxHx coherence at the beginning of the mixing period, φ1 = x, φ2 =
(y, −y), φ3 = (x, x, −x, −x), φ5 = y and rec = (x, −x), while φ1 = y,
φ2 = (−x, x), φ3 = (y, y, −y, −y), φ5 = y, and rec = (−x, x) to
generate the 2CyHy coherence. To detect the 2CxHx coherence, φ4 =
(4(y), 4(−y)), while φ4 = (4(x), 4(−x)) to detect the 2CyHy
coherence. Quadrature detection is achieved via states-TPPI of
phase φ5.49 Gradient strengths (G/cm) are g1 = (15 G/cm, 1 ms);
g2 = (−5.0 G/cm, 0.3 ms); g3 = (50 G/cm, 1 ms).
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are estimated to be smaller than 11%. These results strongly
support the proposal that the ΔRMQ,HDR rates from specific
methyl species can be measured with a single carrier frequency
and the expected errors are tolerable. However, when some
signals show significantly large upfield or downfield shifts, or
when samples with various species of labeled methyl groups
(e.g., Ile, Leu, and Val) are to be analyzed, it is desirable to
measure the ΔRMQ,HDR rates separately with several carrier
frequencies.
Although the RF field strength of 10 kHz apparently exceeds

the recommended specification of NMR probes, such strong
spin lock fields can be generated by the contemporary
cryogenic probes that have been optimized with regard to

power management.52,53 Stronger RF field strengths would
achieve complete quenching of the ΔRMQ,ex contributions and
suppress the off-resonance effects. Practically, the maximum
available RF field strengths vary among probes, and NMR
vendors should be consulted before applying the HDR pulses.

Validations of the Methyl-HDR Method in High
Molecular Weight Systems. To validate that the ΔRMQ,ex

values could be correctly evaluated and that sufficient sensitivity
could be achieved with high weight molecular proteins, we
applied the method to the MBP/β-cyclodextrin complex
(molecular mass of 42 kDa). Since significant chemical
exchange processes reportedly were absent in the majority of
the side-chain methyl groups of MBP,54 we used MBP as a

Figure 2. Methyl-HDR results of {u-2H, Ileδ1-[13CH3]} MBP (a) Methyl-HDR spectra of {u-2H, Ileδ1-[13CH3]} MBP observing the 2CxHx (= s1,
left) and 2CyHy coherences (= s2, right) under the initial coherence of the 2CxHx for measuring the ΔRMQ,ref rates. The relaxation delay Trelax was set
to 57.6 ms. The 1D cross sections of Ile132 and Ile226 are shown. (b) Plot of the intensity ratios s2/s1 in the reference experiment and (s2s3/s1s4)

1/2

in the HDR experiment (eqs 2, 4) against the relaxation period Trelax of Ile132 and Ile226. The ΔRMQ,ref and ΔRMQ,HDR rates were obtained by fitting
the intensity ratios to the theoretical functions. The relaxation delay was varied from 9.6 to 96.0 ms in both the reference and HDR experiments. The
fitted curves are shown as solid lines. (c) Plot of the ΔRMQ,ref rates (white) and the ΔRMQ,HDR rates (gray) of each Ile methyl group in MBP. (d) Plot
of the ΔRMQ,ex rates of each Ile methyl group in MBP. The ΔRMQ,ex rates were calculated by subtracting the ΔRMQ,HDR rates from the ΔRMQ,ref rates.
(e) The ΔRMQ,HDR rates measured under on-resonance conditions are shown as white bars, and those measured with a single carrier frequency are
shown as gray bars. In the experiment with a single carrier frequency, the carrier frequency was set on-resonance to Ile132 (1H chemical shift 0.42
ppm, 13C chemical shift 12.5 ppm). Under these conditions, the Ile methyl signals are distributed across −390 to +260 Hz in the 1H dimension and
−370 to +370 Hz in the 13C dimension. The HDR RF field strength was set to 10 kHz and the total relaxation time was set to 48 ms. In all
experiments, the measurements were performed at a static magnetic field strength of 11.7 T (500 MHz 1H frequency) using a cryogenic probehead.
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negative control to ensure that false positive ΔRMQ,ex rates were
not detected. To investigate high-molecular weight proteins
over 100 K, we performed the methyl-HDR analyses at 4 °C,
where the rotational correlation time is estimated to be 65 ns
from the intramethyl 1H−1H dipolar cross-correlation rates.55

We prepared a {u-2H, Ileδ1-[13CH3]} MBP sample and
acquired a set of methyl-HDR spectra in the presence and
absence of the HDR pulses (Figure 2a, Figure S5). The carrier
frequency was set on-resonance to Ile132 (1H chemical shift
0.42 ppm, 13C chemical shift 12.5 ppm). The ΔRMQ,ref and
ΔRMQ,HDR rates were obtained by fitting the intensity ratios as a
function of the variable delay, Trelax (Figure 2b). Figure 2c
shows the plot of the ΔRMQ,ref and ΔRMQ,HDR rates of each of
the Ileδ1 methyl groups. The average of the ΔRMQ,HDR rates
was 9.3 s−1 for the Ileδ1 methyl groups of MBP. This value was
consistent with the simulated value of 12.3 s−1, which was
calculated from the sum of the ΔRMQ,DD and ΔRMQ,CSA rates
using the correlation time τc = 65 ns, the order parameter S2 =
0.5 and the atomic coordinates of the crystal structure of MBP
(PDB ID: 1DMB).56 Figure 2d shows the plot of the ΔRMQ,ex
rates calculated using eq 6. The obtained ΔRMQ,ex rates were
smaller than 2.0 s−1 for all Ile methyl groups, which is
consistent with the absence of significant chemical exchange
processes. These results indicate that the ΔRMQ,ref and
ΔRMQ,HDR rates can be correctly obtained and that false
positive ΔRMQ,ex rates are not detected by the methyl-HDR
method. Furthermore, each methyl-HDR spectrum could be
obtained within 1 h with a sufficient signal-to-noise ratio
despite its large apparent molecular weight, demonstrating the
feasibility of the method with high molecular weight proteins.
We also investigated the contributions of the off-resonance

effects in the measured ΔRMQ,HDR rates. We compared the
results of two ΔRMQ,HDR measurements of Ile methyl groups in
MBP, one performed under completely on-resonance con-
ditions and the other performed under off-resonance conditions
with a single carrier frequency (Figure 2e). The obtained
ΔRMQ,HDR rates from these two measurements were almost
identical, and the differences were smaller than 2 s−1 in all Ile
methyl groups. These results further demonstrate the feasibility
of ΔRMQ,HDR measurements with a single carrier frequency.
Validations of the Methyl-HDR Method in a System

with a Chemical Exchange Process. We subsequently
applied the method to the HYPA/FBP11 FF domain
(molecular mass of 8.2 kDa),57 which reportedly undergoes a
chemical exchange process between the native and folding
intermediate states with an exchange rate of around 1800
s−1.58,59 In addition, its relatively small molecular weight allows
the extraction of chemical exchange parameters by established
methods. For these reasons, we used the FF domain as a
positive control, to test whether or not the accurate ΔRMQ,ex
rates could be measured by the methyl-HDR method.
Before the application of the methyl-HDR method, we

performed 1H and 13C single quantum (SQ) CPMG RD
analyses to obtain the chemical exchange parameters, kex, the
population of each state and the chemical shift differences,
using a {u-2H, Ileδ1-[13CH3], Leu/Val-[

13CH3,
12CD3]}} FF

domain sample.60,61 The kex and the population of the folding
intermediate state in our sample were 2010 ± 60 s−1 and 1.59 ±
0.05%, which agreed well with the reported results of 1880 ±
40 s−1 and 1.5 ± 0.4%, respectively.59

Then, we applied the methyl-HDR method to the FF domain
and obtained the ΔRMQ,ex rate of each of the Ileδ1, Leu and Val
methyl groups. Significantly large ΔRMQ,ex rates over 10 s−1

were detected in some methyl groups, consistent with the
results that the FF domain was in the exchange process (Figure
3a). To test that the accurate ΔRMQ,ex rates were obtained in

the methyl-HDR analyses, we compared the obtained ΔRMQ,ex
rates with the theoretical ΔRMQ,ex rates, calculated using the
parameters from the SQ CPMG RD analyses and the
theoretical equation.36 (Figure 3b). These two ΔRMQ,ex rates
agreed well with each other (correlation coefficient R = 0.95),
indicating that the accurate ΔRMQ,ex rates were obtained from
the methyl-HDR analyses. The validations of the signs of the
ΔRMQ,ex rates are presented in the Supporting Information
(Supporting Results 4, Figures S12, S13 and S14). We suppose
that the results of the CPMG experiments and the methyl-HDR
experiments slightly differ because the two-state chemical
exchange assumption does not strictly hold in the FF domain.
When we calculate the exchange rates, the populations, and the
chemical shift differences, we assume that the exchange process
is completely correlated in all methyl groups (i.e., the same kex
and populations), and that only two different states exist in the
exchange process. Although this two-state chemical exchange
assumption reportedly explains the results of the wild-type FF
domain well, mutational analyses suggested that a third
unfolded state also exists and is exchanging on the microsecond

Figure 3. Methyl-HDR results of a {u-2H, Ileδ1-[13CH3], Leu/Val-
[13CH3,

12CD3]}} FF domain and comparison with the results from
the SQ CPMG RD analyses (a) Plot of the ΔRMQ,ex rates of each Ile,
Leu, and Val methyl group in the FF domain. The ΔRMQ,ex rate of
Ile44δ1 is not shown in the plot, because the intensities of s2 and s3 in
the HDR experiments were too small to be detected and the
ΔRMQ,HDR rate could not be experimentally determined. The
measurements were performed at a static magnetic field strength of
14.1 T (600 MHz 1H frequency) using a cryogenic probehead. (b)
Plot of the absolute value of the ΔRMQ,ex rates obtained from the
methyl-HDR method (light gray) and that calculated from the CPMG
RD experiments (green). Asterisks indicate that the ΔRMQ,ex rates are
expected to be nearly zero from the CPMG RD experiments, due to
the small chemical shift differences in either 1H or 13C.
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time scale.58,62,63 Since the CPMG RD experiments and the
methyl-HDR methods require the measurements of different
NMR parameters and the time scales accessible with the two
methods differ, the two methods can give slightly different
results when the two-state chemical exchange assumption does
not strictly hold. In addition to this, the systematic errors of the
two experiments might also lead to the different results. We
expect that the systematic errors originated from pulse
imperfections, fitting errors,64 off-resonance effects, small
variations in experimental conditions, and so on.
Comparison of the Methyl-HDR Method with the

Previously Reported MQ CPMG RD Method. To
demonstrate the versatility of the methyl-HDR method, we
performed numerical simulations to compare the methyl-HDR
method with the MQ CPMG RD method, which was
previously reported for analyzing chemical exchange processes
based on the methyl-TROSY.26

In the MQ CPMG RD method, the exchange contributions
can be detected from the deviation of the effective RMQ,eff rates
measured in the presence of a ν Hz (typically 50−1000 Hz)
CPMG pulse train irradiated on 13C nuclei, RMQ,eff (ν), where ν
= 1/(4τCP) and 2τCP is the spacing between successive 180°
pulses. The analytical expression of RMQ,eff (ν) is described in
the original papers.26,28 We defined the exchanging contribu-
tions of the effective RMQ rates, RMQ,ex(CPMG), in eq 7, and
investigated their dependence on ΔωC and ΔωH.

= −R R R(50 Hz) (1000 Hz)CPMGMQ,ex( ) MQ,eff MQ,eff (7)

The dependence on the ΔωC and ΔωH of the RMQ,ex(CPMG)
rates calculated with kex = 3000 s−1 and pB = 5% is shown in
Figure 4a and b. The plots show that the RMQ,ex(CPMG) rates
significantly increase when the size of ΔωC is relatively larger
than that of ΔωH. However, in the case where significant sizes
of both ΔωC and ΔωH exist in the chemical exchange
processes, the RMQ,ex(CPMG) rates drop to nearly zero or
negative values depending on the relative size of ΔωH to ΔωC,
making it difficult to detect and characterize the chemical
exchange processes.
In contrast, in the methyl-HDR methods, the exchange

contributions can be detected as increases of the |ΔRMQ,ex|
values. Figure 4c and d show the dependence on ΔωC and ΔωH
of the ΔRMQ,ex rates calculated under the same conditions as in
Figure 4a and b. In contrast to the RMQ,ex(CPMG) rates, the
ΔRMQ,ex rates increase almost linearly with increasing ΔωC and
ΔωH under these kex and pb conditions. Furthermore, the
variations of the ΔRMQ,ex rates tend to be larger than those of
the RMQ,ex(CPMG) rates, unless the size of ΔωC is relatively larger
than that of ΔωH. These comparisons demonstrate that the
exchange processes that are difficult to characterize by the MQ
CPMG RD method can be sensitively detected as the changes
in the ΔRMQ,ex rates.
These considerations obtained from the numerical simu-

lations are demonstrated well in the comparisons of the
experimental results of the FF domain. Figure 5a shows the
comparison of the experimentally measured RMQ,ex(CPMG) and
the |ΔRMQ,ex| values of the exchanging methyl groups of the FF
domain. The ΔωC and ΔωH values obtained from the SQ
CPMG RD method were also plotted for comparison (Figure
5b and c). The exchange contributions of Leu24δ1 and
Leu25δ2, in which only the ΔωC exists, could be detected as
the increased RMQ,ex(CPMG). Similarly, the exchange contribu-
tions of the rest of the methyl groups, in which both the ΔωC
and ΔωH exist, could be more sensitively detected as changes of

the ΔRMQ,ex rates. The most obvious case was Leu52δ1, where
the RMQ,ex(CPMG) rate was nearly zero and a flat dispersion
profile was obtained (Figure S6). In this methyl group, the
existence of the chemical exchange contribution was apparent
from the significant increase in the |ΔRMQ,ex| values. This is due
to the large ΔωH contribution relative to the ΔωC in Leu52δ1.
These results strongly support the conclusion from the
numerical simulations and demonstrate the versatility of the
methyl-HDR method for characterizing the chemical exchange
processes in high molecular weight proteins.

Application: KirBac1.1 Channel with a Molecular Mass
over 200 kDa. Since the robustness of the methyl-HDR
method was demonstrated by the results obtained with MBP
and the FF domain, we applied the method to a more
challenging system, KirBac1.1, a prokaryotic inwardly rectifying
potassium channel identified in Burkholderia pseudomallei,65,66

which has an apparent molecular mass of over 200 kDa as a
functional tetrameric form in detergent micelles.
KirBac1.1 (1−321) was expressed and purified, according to

the previous report, with an additional detergent exchange
step.66 The activity of purified KirBac1.1 was confirmed from
the accelerated 86Rb+ intake of KirBac1.1-reconstituted lip-
osomes relative to the blank liposomes67 (Figure S7). To
alleviate the signal overlapping caused by the increased signal
line width, we utilized the HZQC scheme, instead of
conventional HMQC, since HZQC achieves line-narrowing
effects in the indirect dimension for larger systems, such as
KirBac1.127,37 (Figure S1). We measured the 1H−13C HZQC
spectrum of {u-2H, Ileδ1-[13CH3]} KirBac1.1 in n-dodecyl-β-D-

Figure 4. Simulations of the ΔRMQ,ex rates and the RMQ,ex(CPMG) rates
under various 1H and 13C chemical shift differences. (a) Plots of the
RMQ,ex(CPMG) rates versus the

13C chemical shift difference (ΔωC) with
three different conditions of 1H chemical shift differences (ΔωH, 100
Hz in blue, 200 Hz in green, and 300 Hz in red. The same applies to
the following plots.). (b) Plots of the RMQ,ex(CPMG) rates versus ΔωH
with three different conditions of ΔωC. (c) Plots of the ΔRMQ,ex rates
versus ΔωC with three different conditions of ΔωH. (d) Plots of the
ΔRMQ,ex rates versus ΔωH with three different conditions of ΔωC. The
RMQ,ex(CPMG) rates are calculated from the difference of the effective
RMQ rates under 50 Hz and 1000 Hz CPMG pulse trains, using the
reported analytical expression.26,28 The ΔRMQ,ex rates are calculated
using the reported analytical expression36 (eq S7). The exchange rate
and minor state population are set to 3000 s−1 and 5%.
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maltoside (DDM) micelles and assigned 12 methyl signals out
of 15 Ile methyl groups, from the comparison of the spectra
between the wild type and the mutants in which each Ile was
mutated to Val (Figure S8). Three Ile methyl groups (Ile156,
Ile257, and Ile298) could not be assigned, due to signal
overlapping.
Figure 6a shows the results of methyl-HDR analyses of the

Ile methyl groups of KirBac1.1, where the ΔRMQ,ex rates were
successfully obtained from 8 methyl groups. The residues with
ΔRMQ,ex rates with absolute values larger than 40 s−1 were Ile39
and Ile279, and those with smaller but significant ΔRMQ,ex rates
with absolute values within the 8.0−40 s−1 range were Ile138,
Ile163, and Ile232. These methyl groups were located on the
N-terminal region (Ile39), the transmembrane helix (Ile138)
and the β-strands in the cytoplasmic region (Ile163, Ile232, and
Ile279), indicating that significant chemical exchange processes
on μs to ms time scales exist in these regions (Figure 6b,
Supporting Results 5, Figures S15 and S16). It is worth noting
that the chemical exchange processes were observed not only in
a transmembrane helix, forming the K+-permeating gate,66,68

but also in a cytoplasmic region. These results are consistent
with the results from crystallographic studies showing the
existence of conformational heterogeneity in the cytoplasmic
region, which is proposed to be related to the allosteric
regulation of the K+-permeating gate in the transmembrane
region.69,70

■ DISCUSSION
The Effectiveness of the Methyl-HDR Method. In this

research, we developed the methyl-HDR method, which
enables the measurements of the chemical exchange contribu-

tions in differential MQ relaxation rates, ΔRMQ,ex, of the side-
chain methyl groups in high molecular weight proteins. The
results from MBP and the HYPA/FBP11 FF domain showed
that the accurate ΔRMQ,ex rates could be obtained by the
methyl-HDR method. Moreover, the results from KirBac1.1
showed that the methyl-HDR method could be successfully
applied to a larger protein with an apparent molecular mass
over 200 kDa.
The methyl-HDR method is not applicable to chemical

exchange processes, in which either ΔωC or ΔωH is too small
to affect the MQ relaxation rates (eq 1) and the extraction of
exchange parameters (kex, pA, pB, ΔωC, and ΔωH) is usually
difficult solely from the observed ΔRMQ,ex rates. However, the
method is particularly advantageous for studying chemical
exchange processes, in which significant chemical shift
differences occur in both 1H and 13C nuclei and contribute to
the MQ relaxation rate differences. This is in contrast to the
previously reported MQ CPMG RD analyses, in which practical
applications are often limited to the chemical exchange
processes, where only the 13C chemical shift difference
contributes to the MQ RD profiles. It was reported that the
1H chemical shifts reflect the surrounding configurations of the
aromatic rings,29 and the 13C chemical shifts reflect the side-
chain rotamer distributions.71−75 It was also reported that, in
some cases, the chemical shift changes in 1H are equal to or
greater than those in 13C,76 and provided the valuable structural
restraints of the minor conformations.77 On the basis of these
results, the methyl-HDR method, enabling the investigations of

Figure 5. Comparisons of the ΔRMQ,ex rates and the RMQ,ex(CPMG) rates
of exchanging Ile, Leu, and Val methyl groups in FF domain. (a)
Comparisons of the absolute values of the ΔRMQ,ex rates obtained by
the methyl-HDR method (gray) and the RMQ,ex(CPMG) rates obtained
by the MQ CPMG RD method. (b) Plot of the 13C chemical shift
differences obtained from the 13C SQ CPMG RD method. (c) Plot of
the 1H chemical shift differences obtained from the 1H SQ CPMG RD
method. Methyl groups with only 13C chemical shift differences
(Leu24δ1 and Leu25δ2) and those with both 1H and 13C chemical
shift differences (Leu24δ2, Leu25δ1, Val30γ2, Ile44δ1, Leu52δ1,
Leu52δ2, Leu55δ1, and Leu55δ2) are plotted separately. All of the
measurements were performed at a static magnetic field strength of
14.1 T (600 MHz 1H frequency) using a cryogenic probehead.

Figure 6. Methyl-HDR results of KirBac1.1. (a) Plot of the ΔRMQ,ex
rates of each Ile methyl group in KirBac1.1. An expanded view of the
ΔRMQ,ex rates from −20 to 50 s−1 is also shown. Ile methyl groups with
ΔRMQ,ex rates with absolute values larger than 40 s−1 are plotted in red,
and those with smaller but significant ΔRMQ,ex rates with absolute
values within the 8.0−40 s−1 range are plotted in orange. (b) Mapping
of the Ile residues observed with significant ΔRMQ,ex rates (PDB ID:
1P7B).66 Only two facing subunits of the tetramer are shown for
clarity. The Cδ atoms are shown as spheres in one of the subunits. The
Ile methyl groups that were not analyzed are colored black. The Ile
methyl groups with significant ΔRMQ,ex rates are colored in the same
manner as in (a).
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both the 1H and 13C chemical shift changes, would allow more
comprehensive characterizations of the conformational dynam-
ics of proteins, together with the MQ CPMG RD method to
investigate the chemical shift changes of 13C.
In the present study, we used the HDR field strength of 10

kHz to effectively suppress the chemical exchange contributions
and the off-resonance effects. We suppose that the detailed
analysis of the ΔRMQ,ex dependence on the HDR field strengths
would enable the estimation of the exchange rates (eq S15), as
originally proposed by Ulzega and co-workers.43,44 We also
note that, in favorable cases, the exchange parameters can be
evaluated by simultaneously analyzing the results from both the
methyl-HDR and MQ CPMG RD methods, due to the high
complementarity of these two methods. When it is difficult to
extract chemical exchange parameters solely from the results of
the MQ CPMG RD method with high molecular weight
proteins, the application of the methyl-HDR method would
greatly facilitate the characterization of the chemical exchange
processes.
Applications for Investigations of Functional Mecha-

nisms of Proteins. The methyl-HDR method is beneficial for
identifying the conformational exchange processes of proteins
on μs to ms time scales. There is growing evidence that such
conformational exchange processes are closely related to
various kinds of protein functions, such as ligand recognition,
catalytic reaction, and signal transduction, as evidenced by the
strong correlations between the chemical exchange contribu-
tions to the transverse relaxation rates (Rex) and their
physiological activities.78−81 Recently, it was reported that the
loss of enzymatic activity was linked to changes in μs to ms
conformational exchange processes, that were probed by the
extensive evaluations of the Rex differences rather than by the
differences in crystal structures.82 Although these Rex-based
approaches have only been applicable to smaller proteins so far,
the methyl-HDR method would enable similar approaches with
high molecular weight proteins, by utilizing the ΔRMQ,ex rates of
the side-chain methyl groups. Therefore, the methyl-HDR
method is expected to accelerate the investigations of the
relationships between protein dynamics and their functions in
high molecular weight proteins, which are difficult to analyze by
conventional NMR techniques.
Furthermore, the ΔRMQ,ex rates measured in the methyl-

HDR method are nearly proportional to the product of ΔωH
and ΔωC in the fast exchange regime (eq 1), making the
structural characterizations of the minor conformations feasible.
Although care should be taken to ensure that the chemical
exchange processes occur in a correlated manner, the size and
sign of the ΔRMQ,ex rates can be utilized to elucidate the
structural properties of the minor conformation, by analyzing
the correlation between the ΔRMQ,ex rates and the patterns of
chemical shift changes induced by ligand binding, protein
modification, mutation and so on.83,84 The structural character-
izations of the minor conformations would greatly clarify the
mechanisms by which they are related to the functions.
In this research, we performed the methyl-HDR analyses

with the side chain methyl groups from the Ileδ1, Leuδ and
Valγ positions. The method can also be applied, in principle, to
other methyl groups from the Alaβ,85 Metε,86 Ileγ2,87 and
Thrγ288 positions, enabling more comprehensive structural and
dynamic analyses of proteins. Furthermore, methyl 1H−13C
labeling strategies in deuterated backgrounds have recently
been established in yeast89,90 and insect cell/baculovirus

expression systems,91 as well as E. coli expression systems,46

which will further extend the applications of the method.

■ CONCLUSIONS
In summary, we have presented the methyl-HDR method for
quantifying chemical exchanges on μs to ms time scales by
utilizing the differential multiple quantum relaxation in high
molecular weight proteins. The robustness of the method was
validated from the results obtained with MBP and the FF
domain. We applied the established method to KirBac1.1, with
a molecular mass of over 200 kDa, and identified the regions
that exist in a chemical exchange process. Applications of the
methyl-HDR method, along with the MQ CPMG RD method,
will enable the further elucidations of the functional dynamics
of biologically important systems, such as membrane proteins
and functional protein complexes, which have been difficult to
analyze by conventional NMR methods due to molecular size
limitations.
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