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Enhancing the Sensitivity of CPMG Relaxation Dispersion to
Conformational Exchange Processes by Multiple-Quantum

Spectroscopy

Tairan Yuwen, Pramodh Vallurupalli, and Lewis E. Kay*

Abstract: A triple-quantum 'H Carr—Purcell-Meiboom-Gill
NMR relaxation dispersion experiment is presented that uses
methyl group probes as reporters of conformational exchange
in highly deuterated, methyl-protonated proteins. Significantly
larger dispersion profiles, by as much as a factor of nine, can be
obtained relative to single-quantum approaches, thus offering
very significant advantages in applications involving intercon-
verting conformers with only small changes in structure or in
studies of rare states that are at very low populations.
Applications to a number of protein systems are presented
where the utility of the method, including its improved
sensitivity to chemical exchange processes, is established.

P rotein conformational dynamics, leading to the exploration
of states on the energy landscape with diverse biological
activities, can be critically important for function.!'*®! Often
many of these states are sparsely populated and only
transiently formed, challenging existing biophysical methods
that are typically optimized for detailed studies of highly
populated  conformers.”)  Carr-Purcell-Meiboom-Gill
(CPMG) relaxation dispersion NMR spectroscopy has
emerged as a powerful approach for studies of such recalci-
trant states by allowing the spectroscopist to “see the
invisible” through spectra recorded of the highly populated
ground state.>?) A series of data sets are measured that
quantify the transverse relaxation of nuclei in the ground
state, R, ., as a function of the rate of application of chemical
shift refocusing pulses, vcpyg- For exchange processes occur-
ring on the millisecond (ms) timescale, the resulting relaxa-
tion dispersion profiles are fit to extract populations of
interconverting states and rates of interconversion as well as
chemical-shift differences between ground and excited con-
formers.*?!
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Aside from the requirement that populations and rates be
within a rather narrow window for observation of relaxation
dispersion (typically rare state populations on the order of
1% or larger and exchange rates between several hundreds to
several thousands per second), the chemical-shift differences
(Av) between exchanging conformers must be non-zero, and
typically on the order of 25 Hz or larger. In applications
where the populations of rare states are significantly lower
than 1% or where similar conformers interconvert so that
chemical-shift differences are small, the exchange process
may escape detection. Studies at high static magnetic fields
are helpful as chemical shifts scale linearly with the field, and
the increase in the dispersion profile size is proportional to
the square of the field in the limit where the rate of exchange
is fast on the chemical-shift timescale.”! A complementary
approach involves measuring the decay of higher-order
coherences during the CPMG relaxation element as these
evolve as the sums of the chemical shifts of the individual
component spins, thereby increasing the effective Av (Av.y)
and hence the size of the dispersion. Below, we illustrate the
utility of one such experiment, by recording methyl 'H CPMG
profiles where triple quantum (TQ) 'H coherences evolve
during the CPMG element, scaling Av. values by a factor of
three relative to shift differences in related single quantum
(SQ) experiments.! Thus, in cases where interconversion as
probed by SQ coherences is in the fast-exchange limit,
exchange involving TQ coherences may be in the intermedi-
ate regime so that populations and shift differences can be
robustly extracted, while for other residues, exchange pro-
cesses that were unobservable owing to a small Av in SQ
CPMG applications become readily apparent. Furthermore,
the increased sizes of the TQ dispersion profiles enable the
study of exchange processes involving rare states at lower
populations than would be possible by SQ approaches.

The 'H TQ CPMG pulse schemes that have been
developed for relaxation studies of highly deuterated “CH;-
labeled proteins are illustrated in Figures 1A and in the
Supporting Information, Figure S1. Protein deuteration is
critical in these experiments to eliminate homonuclear scalar
couplings with methyl protons, which would otherwise lead to
pathologic dispersion profiles.”! Fortunately, robust methods
exist for the preparation of methyl-protonated, highly deu-
terated proteins,””! with the utility of this labeling demon-
strated in many protein applications.”*®! Central to the
sequence is the CPMG relaxation element during which
variable numbers of refocusing pulses are applied and where
the coherences of interest at the start are given by
3C,I'IPP +3C,I'I’I> when the phase cycle is taken into

ety ) ! )
account, with C, and I, = I + il, denoting "C longitudinal
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Figure 1. A) Pulse scheme for the measurement of methyl '"H TQ CPMG relaxation
dispersion profiles using highly deuterated, ?CH;-labeled protein samples. Details are given
in the Supporting Information. B) Profiles for selected methyl groups of GB1 recorded
without (magenta) or with (blue) ?H decoupling during the 40 ms CPMG interval are
shown, 600 MHz, 25°C. The R, 4 rates are corrected for differential relaxation of antiphase
and in-phase "H TQ coherences, as described in the Supporting Information [Eq. (S7)].
Spurious R, ¢ values are noted for most residues for vepye =25 Hz when ?H decoupling is
not applied (see text); these decrease significantly with decoupling. Note that in the
absence of decoupling, these spurious rates are largest for lle (2 deuterons on the carbon
adjacent to *C""), followed by Leu and Val (1 deuteron). RMSD values between R, s and the
best-fit horizontal lines are indicated; the average RMSD is 0.20+£0.07 s™', which is
approximately half the value measured in the absence of decoupling, and largely the result
of elevated R, .i(Vcpmc =25 Hz) rates. Yellow bars denote RMSD 0.5 s™', with insets
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be employed that can efficiently refocus
both transverse elements. Simulations and
experiments have established that this can
be achieved if the phase of each successive
composite 'H 180° pulse during the CPMG
interval is incremented according to the
XY-16 recipe.!! This is illustrated in Fig-
ure 1B, where an application to a [U-
’H;I1ed1-PCH;;Leu, Val-*CH,/*>)CD;;Met-
BCH,]-labeled (ILVM-"CH, labeled) Bl
domain from immunoglobulin binding pro-
tein G (GB1) is presented. GB1 shows little
evidence of conformational exchange in
other experiments so that flat dispersion
profiles would be expected in the 'H TQ
CPMG profiles as well. Indeed, these are
obtained, but only when low-power *H
decoupling is used during the CPMG ele-
ment (blue curves). This minimizes the
effects of small three-bond *H methyl-'"H
couplings, which otherwise give rise to
elevated 'H R, rates for small vepyg
values (< 100 Hz), from a scalar relaxation
of the second kind mechanism.”!

It is important to note that the antiphase
TQ elements present at the start of the
CPMG period, 3CJI'I*P +3CI'I*P,

++

interconvert with in-phase TQ terms,
1.5 1, + 1.5’ I, through  one-

bond 'H-"C scalar-coupled evolution that

showing expanded regions of the profiles.

and 'H transverse magnetization, respectively, and 1, 2, and 3
are labels for the three equivalent methyl 'H spins. Although
there is a sensitivity penalty to pay for the TQ selection, it is
modest. For example, a pulse scheme that selects double
quantum (DQ) coherences loses half its sensitivity by
eliminating the zero quantum component. By extension,
one might assume that only one quarter of the methyl signal
remains when the TQ terms are chosen. In fact, 3/4 of the
signal is preserved when relaxation is neglected. This can be
understood by noting that at the start of the CPMG interval,
and considering the first line of the phase cycle (see the
Supporting Information), the terms of interest are given by
SCZI;I)Z,Ij + SCZI;IXZI;’ + SCz[jlyzlf =8C.,0. The Cartesian
operators can be replaced by I, to show that 8C,Q consists
exclusively of TQ and SQ elements. TQ selection (phase
cycling, Figure 1) preserves only those terms of the form
3CIIFL,3CI'IPI that then evolve during the CPMG
period. In order to follow how these TQ elements are
subsequently transferred back to observable 'H magnetiza-
tion by the remainder of the pulse scheme, it is convenient to
recast them in terms of Cartesian operators. It can then be
shown that 6C,Q of the initial 8C,Q is ultimately detected,
corresponding to 3/4 of the starting signal (see the Supporting
Information).

As the 'H coherences in the TQ elements contain both
x and y magnetization components, a 'H CPMG scheme must
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occurs during the intervals between 'H
refocusing pulses. As described in the
Supporting Information, we have calculated
the difference in relaxation rates between in-phase (R,;) and
antiphase  (R,,) elements, AR,=R,—R,,, to be
AR, = 0.3d2, 3/ (w.) + 6K(w,)]; dey and the auto- (J(w.))
and cross- (K(w.)) correlation spectral-density functions are
defined in the Supporting Information, and w( is the “C
Larmor frequency. This resulting imbalance between relaxa-
tion rates can lead to small errors in the dispersion profiles'”!
that are easily corrected so long as AR, is known or by
including AR, as a fitting parameter in the analysis of the
dispersion profiles (see the Supporting Information).
Having established that essentially flat profiles are
obtained in cases where millisecond timescale dynamics are
not present, we next investigated an FF domain that has
previously been shown to interconvert between a natively
folded state and an on-pathway folding intermediate.!"
Figure 2 A-C shows a comparison of the methyl 'H dispersion
curves for Met40 ¢ (A), Iled4 81 (B), and LeuS5 81 (C)
measured on an ILVM-"*CHj;-labeled sample with the scheme
of Figure 1A and on an ILVM-"CHD,-labeled sample ([U-
*H;lled1-*CHD,;Leu,Val-"CHD,/*CHD,;Met-"CHD,])
using a previously published SQ experiment that is of high
sensitivity and optimized for *CHD, methyl probes.”?! As
discussed below, it is also possible to measure 'H SQ profiles
using “CHj-labeled samples so long as care is taken to select
'H magnetization exclusively from the two 1/2 manifolds,
eliminating contributions from the 3/2 manifold."™™ This
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Figure 2. A-C) '"H TQ and SQ CPMG relaxation dispersion profiles,

ARy 5= Ry o— Ry eii(Vepnc = 2 kHz), of selected residues from highly deuterated FF domains,""!
labeled as ILVM-"CH, (TQ) or ILVM-"*CHD, (SQ), 800 and 600 MHz, 25°C. Experimental data
points are indicated by circles and squares and were fit to a two-site exchange model (solid lines,
see the Supporting Information). Data recorded at 600 and 800 MHz and from all residues with
dispersion profiles >3 s™' (SQ) or 7s™' (TQ) were fit simultaneously, as described in the
Supporting Information. D) Linear correlation of extracted Az values (ppm) from TQ (x axis) and
SQ profiles (y axis, either *CH; (red) or >CHD, (green)). The pulse schemes used to record the

BCH, and *CHD, SQ CPMG data sets have been described previously.'>"!

greatly suppresses artifacts that arise from inevitable CPMG
pulse imperfections that lead to interchange between fast and
slowly relaxing 'H transitions and consequently the gener-
ation of pathologic dispersion profiles."*! However, there is
a steep price in sensitivity to be paid, leading to poorer quality
profiles than those obtained from the *CHD, methyl experi-
ment (see below). In Figure 2 A-C,

AR o= Ry eii— Ro eii(Vepme = 2 kHz) s

(®CHD,), and SQ ("CH,) data,
respectively, which are in reasonably
good agreement. Notably, the Aw
values extracted from fits of the TQ
and SQ 'H CPMG data sets are in
excellent agreement (Figure2D),
taking into account the threefold
increase in Av for the TQ profiles.

As described above, the TQ
experiment significantly decreases
the timescale of the chemical

exchange process, which is equivalent to increasing the
static magnetic field by a factor of three. The exchange
timescale can be quantified™ by the parameter
a =2(ky/Aw)’ /(1 + (ke./Aw)*), which ranges from 0 (slow
exchange) to 2 (fast exchange); a values are given on a per-
residue basis for the FF domain in Figure 3 A (800 MHz). The

plotted so that the difference (A) 25— - ®B) se—
between the TQ and SQ dispersion _ — zm;,m
profiles can be fully appreciated. In 201 T a0l __:__ 132:;250
the case of M40, the timescale of the =

exchange process has been signifi- C R }j 30!

cantly reduced in the TQ experiment, i 10k 4 o«

which can be seen from the initial ofq lé 201

portion of the AR, Versus vepyg s 05f S

profile where AR, . is relatively flat, ool 1zCH3,TQ é

whereas for the SQ curve, AR, - 132:;250 <

decreases more rapidly with vepyg. -0.5 Y R ——w———

Notably, although for the 14461 fff\%‘:@z@@ﬁ\m}é

methyl group the SQ dispersion
curve is essentially flat, R, =
Ry cil(Vepma = 25 Hz) =Ry ci(Vepme =

2kHz)~1s7", and the R, value for
the TQ profile is about 7.5 s™'. Thus,
14461 would not be included in the set
of methyl groups sensitive to confor-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. A) Plot of a, quantifying the chemical-shift exchange timescale versus residue for the FF
domain, 800 MHz, 25°C, as calculated from Eq. (14) of Millet et al." (formula given in the text).
The values of pg, ke, and Aw for the calculation were obtained from global fits of TQ (blue) or SQ
(red, green) dispersion profiles. In the latter case, the SQ dispersion profiles were measured either
on CH, (red) or >’CHD, (green) labeled samples. B) Comparison of the R, .¢(Vepmc =2 kHz) rates
for residues of the FF domain (600 MHz, 25°C), illustrating significantly larger transverse relaxation
times for 'H TQ (blue) relative to 'H SQ (red, green) coherences.
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CPMG experiment with respect to the 3
size of the dispersion profiles, illus-
trated in Figure 2 A-C, is offset some-
what by the increase in relaxation
rates for TQ coherences relative to
SQ magnetization (Figure 3B). For
applications to relatively small pro-
teins, this is not likely to be a major
deterrent but studies of larger proteins

o

$ 13CHs, TQ (800 MHz) 15 ]
$ *3CHs, TQ (600 MHz) [}
fi '3CHs, SQ (800 MHz) R il

13CH3, TQ (800 MHz)
13CH3, TQ (600 MHz)
3CH3, SQ (800 MHz)

would benefit from labeling only one
or two methyl types at a time so as to
decrease relaxation contributions
from external proton sources.

We were interested in comparing
the relative sensitivities of different 'H
CPMG experiments, in particular
because our previous 'H CPMG
scheme for "“CHj-labeled proteins
was of such low signal-to-noise (SN)
ratio. We obtained relative SN ratios for correlations in TQ
and SQ experiments recorded on the ILVM-"*CHj-labeled FF
domain and for a SQ data set measured on an ILVM-*CHD,
sample (Figure S2), with T}, set to 0. As expected, the *CH,
SQ experiment!" is very insensitive, approximately 20-fold
less than a 2D HMQC data set, whereas the SN ratios of
correlations in the corresponding TQ experiment increased
by roughly a factor of ten, to approximately one half that
obtained in the reference HMQC. Cross-peaks in the *CHD,
SQ CPMG data set are about 1.5-fold more sensitive for Leu
and Val, and about 1.8-fold less sensitive for Ile and Met
residues relative to those in the spectra generated from the
TQ scheme. The significant differences between the Leu/Val
and Ile/Met SN ratios reflect, in part, the fact that both
isopropyl methyl groups of Leu and Val are *CHD,-labeled in
the “CHD, sample, whereas only one of the two methyl
groups is ?CHj (the other '>CD;) in the ®*CH, sample,® thus
increasing the sensitivity of the *CHD,-based experiment by
a factor of two for Leu/Val simply on the basis of the label
concentration (see the Supporting Information).

Figure 4 shows a comparison between the TQ and SQ
profiles measured for a pair of Met residues in an [U-
’H;ILVM-*CH,]-labeled sample of the half proteasome!'”
0,07 (360 kDa), 50°C. These Met residues are positioned at
the N termini of each of the seven protomers in the barrel-like
proteasome structure and are part of ten-residue disordered
regions that form a primitive gate, covering the entrance pore
of the proteasome.'™ Although significant profiles were
observed in the TQ experiment, flat SQ 'H dispersions were
recorded for these residues. In a previous study using *CHD,
labeling, the SQ profiles were of much better SN, and small
profiles were measured with R, values of 1.5s " and 3 s~ for
M-1A and MIA, respectively.'"? This application further
highlights the strength of the TQ scheme, where significantly
larger dispersion profiles are typically recorded than for SQ-
based experiments. In some studies, such as those involving
proteasome gating, these differences can be critical.

In summary, we have presented a TQ 'H CPMG experi-
ment for probing conformational exchange in methyl-pro-

respectively.
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verme [HZ]

Figure 4. 'H TQ (blue; 800 MHz; black; 600 MHz) and SQ (red, 800 MHz) CPMG relaxation
dispersion profiles, AR, ., of Met residues at positions —1 and 1 of the half proteasome, a;a,,
which are part of the N-terminal gating residues localized to the “out” position above the
proteasome barrel (referred to as M—1A and M1A, respectively).'® The dispersion profiles were
measured on a 0.9 mm sample of ILVM "CH;-0,,0,,, 50°C, using the pulse scheme of Figure 1
and a previously published SQ experiment for *CH;-labeled methyl groups." The 'H TQ(SQ)
Ryeif(Vepmc =2 kHz) rates are 9.5s™' (ca. 1s7') and 17.8 57! (ca. 2s7') for M—TA and M1A,
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tonated, highly deuterated proteins. The experiment offers
significant sensitivity gains over a previously published “CH;-
based SQ scheme, but, equally important, significantly larger
dispersion profiles are obtained, which can be essential for the
quantification of exchange processes. As the size of the
dispersion profile scales with the square of the chemical-shift
difference between exchanging nuclei in the limit of fast
exchange, the TQ profiles can be as much as nine times larger
than the corresponding SQ curves. These larger dispersions
can be “leveraged” to study exchange processes involving
smaller rare-state populations than is possible in traditional
SQ-based experiments. As such, the TQ CPMG approach
provides a powerful avenue for studies of conformational
exchange in systems undergoing structural rearrangements
that would otherwise go undetected.
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