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Abstract A pulse sequence is described for recording
single-quantum '*C-methyl relaxation dispersion profiles
of '*C-selectively labeled methyl groups in proteins that
offers significant improvements in sensitivity relative to
existing approaches where initial magnetization derives
from '*C polarization. Sensitivity gains in the new exper-
iment are achieved by making use of polarization from 'H
spins and '"H — '>C — 'H type magnetization trans-
fers. Its utility has been established by applications
involving three different protein systems ranging in
molecular weight from 8 to 28 kDa, produced using a
number of different selective labeling approaches. In all
cases exchange parameters from both '*C — 'H and
'"H - C — 'H classes of experiment are in good
agreement, with gains in sensitivity of between 1.7 and 4-
fold realized using the new scheme.
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Introduction

Solution NMR spectroscopy is a very powerful tool for the
study of protein dynamics ranging over many orders of
magnitude (Ishima and Torchia 2000; Palmer et al. 1996).
One emerging area focuses on millisecond (ms) time-scale
motions that play important roles in enzyme function (Ei-
senmesser et al. 2005), ligand binding (Mulder et al.
2001a; Popovych et al. 2006), molecular recognition pro-
cesses (Gryk et al. 1996; Kalodimos et al. 2004) and pro-
tein folding (Hill et al. 2000; Korzhnev et al. 2004c). For
these studies Carr-Purcell-Meiboom-Gill (CPMG) relaxa-
tion dispersion experiments are extremely powerful be-
cause information about both the time-scale and the
thermodynamics of the process can be obtained, along with
structural data in the form of chemical shift differences
between the interconverting states (Korzhnev et al. 2004c).
Initial protein applications focused on '*N-based CPMG
dispersion measurements (Loria et al. 1999; Tollinger
et al. 2001) and subsequently applications involving 'HN
(Ishima and Torchia, 2003), *Co (Hill et al. 2000) and
methyl-">C (Skrynnikov et al. 2001) spin-probes have
emerged. Central to the CPMG-class of experiment has
been the development by Loria and Palmer of a scheme
where the influence of relaxation contributions from
external protons to the spin-system probe in question can
be rendered independent of the CPMG pulse rate so that the
dispersion experiments report faithfully on the exchange
process of interest and not on some nuance of spin-physics
that complicates the analysis (Loria et al. 1999).

Of the experiments that are available for the study of ms
time-scale dynamics, those that exploit methyl groups as
reporters are the most sensitive (Skrynnikov et al. 2001). In
this regard we have shown recently that provided that a
suitable labeling scheme is employed where methyl groups
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are protonated in a highly deuterated protein background,
methyl-TROSY multiple-quantum based CPMG relaxation
dispersion data sets (Korzhnev et al. 2004a) can be ob-
tained for systems as large as the 670 kDa proteasome
(Sprangers and Kay 2007). Our original efforts in the
development of methyl-'>C single-quantum dispersion
experiments led to schemes where magnetization originates
on 13C, with sensitivity enhancement via the substantial
'H-'3C steady state NOE (referred to in what follows as
3C — 'H-CPMG) (Skrynnikov et al. 2001). As our
interest in studies of larger proteins increases there is a
need to revisit this experiment in the hopes of substantially
improving sensitivity and an obvious place to start is to
consider a simple scheme with magnetization originat-
ingon '"H('"H — '*C — 'H-CPMG). Here we compare
BCc - 'H-CPMGand'H —» “C — 'H-CPMG exper-
iments performed on a variety of different proteins, with
molecular weights between 8 and 28 kDa, and with methyl
labeling obtained using a number of different schemes. It is
shown that very similar exchange parameters are obtained
using both approaches, with gains in sensitivity for the
'H - ®C — 'H experiment ranging between 1.7 and
4-fold in the systems examined. It thus becomes possible to
extend '’C single-quantum CPMG studies of ms dynamics
processes to significantly larger systems, further increasing
the utility of this technique.

Materials and methods
Protein samples

A uniformly "°N, selectively '*C-labeled FF domain from
the human protein FBP11 was expressed in K-MOPS
medium (Neidhardt et al. 1974), using Escherichia coli
JM109 (DE3) cells (Promega, Madison, WI, USA), with
SNH,CI and [1-"*C]-glucose (Cambridge Isotope Labora-
tories, Andover, MA, USA) as the only nitrogen and car-
bon sources. Purification was as discussed previously
(Allen et al. 2002; Jemth et al. 2005). As will be described
in a subsequent publication this led to ~ 50% '*C enrich-
ment for methyl groups without '*C label at adjacent
positions [Ala, Met, Val, Leu, Ile(y2)], with the exception
of Ile(61) and Thr(y2) methyls where enrichment was on
the order of 10% and scalar coupling to the adjacent carbon
was noted; these residues were excluded from the analysis.
A 1.0 mM protein sample was used for all experiments and
the buffer conditions were: 50 mM sodium acetate,
100 mM NacCl, 0.05% NaN3, 0.2 mM EDTA, pH 5.7, 10%
D20.

The expression of both cysteine-free lysozyme (C54T/
C97A; referred to in what follows as TA) and TA with an
additional L99A mutation (referred to as L99A) has been
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described previously (Mulder et al. 2002). Expression was
achieved using '>CH;-pyruvate and '’NH,CI as the sole
carbon and nitrogen sources. As has been discussed by
Mulder et al. (2002) this scheme produces 3C-labeled
methyl probes for Met, Leu, Val, Thr and Ile(y2); Ala
methyl groups are also enriched, however, one bond
13C(‘:>c)—13C(ﬁ) couplings were noted for a substantial frac-
tion of these residues. NMR samples were 1.0 (L99A) or
2.0 mM (TA) protein in 50 mM P;, 25 mM NaCl, pH 5.5,
5% D,0.

A [U-N,'C,*H], {Ile 61(**CH3), Leu(**CHs,'*CH5),
Val('3CH3,]3CH3)}-labeled sample of E. coli general
NAD(P)H:flavin oxidoreductase (FRE) in complex with
flavin adenine dinucleotide (FAD) was prepared, as
described previously (Vallurupalli and Kay 2006), using
H-glucose supplemented with the appropriate '*C-methyl
labeled precursors (Goto et al. 1999). The final sample
concentration was approximately 1.5 mM in protein,
20 mM potassium phosphate, 5 mM FAD, 5 mM DTT,
0.1 mM EDTA, pH 7.4. A second fully protonated FRE-
FAD complex was prepared using [1-'>C]-glucose as the
carbon source, with a concentration very similar to the first
sample.

NMR spectroscopy

Relaxation dispersion profiles were recorded for all protein
samples using both 500 and 800 MHz spectrometers,
equipped with room temperature triple resonance probe-
heads. '’C — 'H-CPMG data sets were recorded using
the pulse scheme of Fig. 1 of Mulder et al. (2002), while
'"H —» C — 'H spectra were obtained using the se-
quence of Fig. 1 of the present paper. Data sets were re-
corded for both FF (30°C, 5°C) and lysozyme samples
(25°C) with T = 30 ms (see Fig. 1) and with vcpymg values
that varied between 66 Hz and 1 kHz. Each of the
BC - 'H and 'H —» "C — 'H spectra were re-
corded with 16 and 8 scans, respectively, with repetition
delays of 1.5 s and with 64 increments in the indirect
dimension, to give net acquisition times/spectrum of 0.9
and 0.4 h. Dispersion profiles of the FRE-FAD complex
were obtained from spectra recorded at 800 MHz with
T = 22 ms (17 and 22°C) and at 500 MHz with T = 24
and 26 ms at 17 and 22°C, respectively, along with vepmg
values between 80 — 1,000 Hz. Data sets with 16
(13C - lH) and 8 (lH - Bc > lH) scans were re-
corded along with repetition delays of 1.6 s and 64 incre-
ments in t;; net acquisition times were 0.9 and 0.4 h/
spectrum.

Samples produced using either [1-'>C]-glucose or
'3CH;-pyruvate contain "*C label at positions remote from
methyl groups and the evolution of magnetization due to
small homonuclear '*C-"*C scalar couplings (in particular
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Fig. 1 Pulse scheme for the measurement of methyl '*C single-
quantum relaxation dispersion profiles in proteins. 3¢ labeling need
not be restricted to methyl groups, but labeling at carbon sites
adjacent to methyl groups must be avoided. All narrow (wide) pulses
are applied with flip angles of 90° (180°) degrees along the x-axis
unless indicated otherwise. The CPMGy [CPMGyx] element is of the
form (0 180y 0), [(6 1804 0),] where n is even. In cases where
labeling is not restricted to the methyl positions, refocusing pulses are
of the RE-BURP variety (Geen and Freeman 1991) and are applied so
as to minimize excitation at 58 ppm, the center of the Leu Cu region.
In this way evolution due to the three bond Ca-Cd scalar coupling is
refocused as has been described previously (Mulder et al. 2002). RE-
BURP pulses are applied with durations of 500 (centered at 2 ppm)
and 350 ps (7.6 ppm) at 500 and 800 MHz, respectively; alternatively
a 500 ps pulse can also be applied for applications at 800 MHz
centered at 22.8 ppm. In contrast, when labeling is restricted to the
methyl positions rectangular pulses are employed during the CPMG
pulse trains (17 kHz). All other '*C pulses are applied with the
highest power possible, with WALTZ-16 decoupling (Shaka et al.

the three-bond coupling connecting Cé and Co in Leu
residues) can lead to artificial dispersion profiles (Mulder
et al. 2002). In applications involving proteins produced
using either of these carbon sources dispersion experiments
were recorded that employ selective refocusing pulses
(Geen and Freeman 1991) during the T delay (Fig. 1) with
carrier placement such that a null is obtained at the Cu
resonance positions of Leu (Mulder et al. 2002). As
described in the legend to Fig. 1 these pulses typically
have the RE-BURP profile (Geen and Freeman 1991) and
can be up to 500 ps in duration. This restricts the maxi-
mum vepyg Value that can be employed to approximately
1 kHz. A discussion of the use of CPMG pulse trains with
RE-BURP refocusing pulses, including numerical simula-
tions that establish that such pulses do not interfere with the
extraction of accurate exchange parameters has been
presented previously (Mulder et al. 2002).

1983) achieved with a 2 kHz field. All 'H pulses are applied at high
power with the exception of the water-selective pulses of the
WATERGATE element (Piotto et al. 1992) at the conclusion of the
pulse scheme. Between points a and e the 'H carrier is placed in the
center of the methyl region; at other positions in the scheme the
carrier is on water. The delays 7, and 1, were set to 1.8 and 1.98 ms,
respectively. The phase cycle is ¢; = X, —X, ¢p2 = X, X, =X, —X and Y ec
= X, —X, =X, X, with quadrature detection achieved by States-TPPI of
¢> (Marion et al. 1989). The durations and strengths of gradient
pulses (ms, G/cm) are: gl = (0.5 ms, 4 G/cm), g2 = (0.3 ms, 5 G/
cm), g3 = (1 ms, 25 G/cm), g4 = (0.3 ms, 12 G/cm), g5 = (0.5 ms,
8 G/cm), g6 = (0.3 ms, —10 G/cm), g7 = (0.7 ms, 8 G/cm) and
28 = (0.3 ms, —20 G/cm). The inset shows a modification to the
basic pulse scheme where '*C chemical shifts are recorded when the
coherence of interest is of the multiple-quantum variety that offers
some benefits in applications to methyl-protonated, highly deuterated
proteins of high-molecular weight (not used in any of the applications
here)

Relative sensitivities of 'C — 'H and 'H —
3C — 'H methyl relaxation dispersion experiments were
obtained by quantifying ratios of corresponding peaks in
2D correlation maps recorded with (i) 7 = 0 and with (ii)
protein dependent values of T listed above and maximum
vepmg Values used in each dispersion profile (~1 kHz).

Data analysis

All data sets were processed using the nmrPipe/nmrDraw
suite of programs (Delaglio et al. 1995) and analyzed as
described in a series of papers (Korzhnev et al. 2004c;
Mulder et al. 2002; Skrynnikov et al. 2001). Errors in peak
intensities, subsequently propagated to errors in effective
relaxation rates, R, ¢¢r (Vepma), (see below) were estimated
from duplicate experiments; a minimum error of 2% was
imposed on R; ¢ (vepmc). Dispersion profiles were fitted
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to a model which assumes a two-state exchange process
using software written in-house that is available upon
request, with errors in the model parameters (see below)
estimated using the covariance matrix approach (Press
et al. 1988).

Results and discussion

Figure 1 illustrates the pulse sequence used to record '*C
methyl single-quantum CPMG relaxation dispersion pro-
files, with 'H — '>C — 'H transfer. The sequence
follows directly from our previous version that begins with
3C  polarization (Skrynnikov et al. 2001), with the
exception of the INEPT magnetization transfer element at
the start. Central to scheme is the constant time period
between points a—d during which a variable number of '*C
refocusing pulses is applied. These pulses can be non-
selective in the case where '>C label is only restricted to the
methyl carbon positions, or alternatively, selective pulses
can be employed to refocus small three-bond '*C-'>C
homonuclear couplings when carbon sources such as
3CH;-pyruvate or [1-'*C]-glucose are used to produce
samples (see Materials and methods).

As we have described in detail previously, the intensities
of correlations obtained in 2D 13C, 'H correlation maps can
be converted directly to effective decay rates, Rj.r,
according to the relation

Ry eit(verma) = —1/T In(I(vepma) /o) (1)

where vepyvg = 1/(26) and 9 is the time between refocusing
pulses, T is the duration of the constant-time CPMG
relaxation delay, I(vcpmg) is the intensity of a correlation
recorded in spectra obtained with the CPMG elements (a to
b and c to d) and I, is the intensity of the corresponding
cross-peak without the CPMG train, 7 = 0 (Mulder et al.
2002; Skrynnikov et al. 2001). The period extending from
b to c¢ results in the interconversion between Crr <«
8Crrly E, I5 and 2Crrly, < 4CrrEdY, where Crr denotes
in-phase '>C methyl transverse magnetization and I is
proportional to the z-component of methyl proton i mag-
netization. This so called P-element was developed origi-
nally by Loria and Palmer in their studies of chemical
exchange in '’N-"H two spin systems (Loria et al. 1999),
but its utility is general for both AX, (Mulder et al. 2001b)
and AXj; (Skrynnikov et al. 2001) groups, in that it ensures
that flat CPMG dispersion profiles are obtained in the ab-
sence of chemical exchange, but in the presence of external
proton spins that lead to differential relaxation of in-phase
and anti-phase '>C magnetization components. In the
absence of the P-element such differential relaxation can
produce large dispersion profiles for applications involving
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methyl groups that are unrelated to chemical exchange as
has already been shown (Skrynnikov et al. 2001).

Previous theoretical studies established that the perfor-
mance of the P-element in methyl CPMG experiments is
independent of the initial magnetization conditions at the
start of the constant-time relaxation period, 7, and
3C — 'H-CPMG experiments were presented to show
that at least in the case where the initial magnetization is
proportional to Crg, robust measures of exchange could be
obtained (Skrynnikov et al. 2001). Building on the earlier
studies we show here that experiments where polariza-
tion originates on 'H with subsequent magnetization
transfer to carbon via INEPT are also robust. As a first
example we have recorded both '*C — 'H-CPMG and
'H - “C — 'H-CPMG experiments on TA lysozyme
(see Materials and Methods), a protein for which we
were not able to detect ms dynamic processes using
methyl group probes and the '*C — 'H-based experi-
ment several years ago (Mulder et al. 2002). Clearly if
the '"H — '>C — 'H-CPMG experiment is to be of
general interest then flat dispersions must be obtained for
TA lysozyme using this approach as well.

Figure 2 shows R;ci(vepmg) profiles for residues
V14991 (A), 11792 (B) and 19962 (C) recorded
using 3¢ - 'H-CPMG (bottom, o) and 'H-> Bc >
'H-CPMG (top, x) schemes, along with best fit horizontal
lines. Qualitatively, it can be seen that both approaches
produce essentially flat dispersion profiles, in keeping with
expectations based on our previous studies. The fits of
Ry err(vepma) to flat profiles can be quantified by the

relation RMSD = [N=' 3 {R} (vepma.i) — k}* where

Ré,eff is the effective transverse relaxation rate at CPMG
frequency vepme.is Rzer(Vepmc) = k is the best fit hori-
zontal line to the experimental ‘curve’ and N is the number
of data points in the dispersion profile. We have selected
residues with the worst (A), average (B) and best (C)
RMSD values for the figure. Figure 2D plots the distribu-
tion of RMSD values for both classes of experiment, with
52 methyl groups included in the analysis. In all profiles
quantified using both experiments RMSD values well un-
der 1 s7! were calculated. RMSD,,, values of 0.5 £ 0.2 s
and 0.3 0.1 s are obtained for *C — 'H-CPMG and 'H
— BC — 'H-CPMG experiments, respectively, with the
smaller value for the 'H — 'C — 'H-CPMG data set
likely due to its higher sensitivity; when experimental
errors are included both values are identical.

As a final note, the difference in intrinsic relaxation rates
observed in both classes of experiment is striking. This can
be understood, at least in a qualitative sense, by noting that
the effect of the P-element is to render the evolution of
magnetization during the constant-time period, 7, essen-
tially independent of the one-bond '*C-"H scalar coupling
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Fig. 2 Relaxation dispersion profiles, R ¢t{(vcpmc), for residues V149y1
(A), 11792 (B) and L9962 (C) of TA lysozyme (25°C) recorded at a
spectrometer field of 500 MHz using °C — "H-CPMG (bottom) and
'H —» ¥C - 'H-CPMG (top) schemes, along with best fit horizontal

lines. (D) Distribution of RMSD — \/N*l SR, (vermay) — k1

(see for example Eqs. 8—13 of Skrynnikov et al. 2001). The
effective relaxation rate during T depends critically, how-
ever, on the initial conditions that vary between the two
classes of experiment (Crg and 2Ctrl; for Bc 5 H
and 'H — '®C — 'H transfers, respectively). It has
been shown previously that contributions to the auto-
relaxation rates of in-phase and anti-phase carbon mag-
netization from intra-methyl dipolar interactions are very
different, with the auto-relaxation of 2Ctgrl; considerably
higher than that for C;x (Equation AL3 of Skrynnikov
et al. 2001).

Comparative studies of data sets recorded on TA lyso-
zyme provide an important first step in establishing the
validity of the pulse scheme of Fig. 1. As a second step we
have compared extracted exchange parameters from fits of
dispersion profiles recorded using both methods on a
number of protein systems for which ms dynamics are
known to be present. As described above detailed simula-
tions and experiments provide a high level of confidence
that accurate measures of exchange can be obtained from
the '*C — "H-CPMG experiment and an important criteria
for establishing the utility of the 'H — *C — 'H ap-
proach, further to the analysis above, is to ensure the con-
sistency of exchange values obtained from both methods.

As a first test we have used a 71-residue four helix
bundle FF module from the human protein FBP11 (Allen
et al. 2002) that has been prepared with 'NH,CI and
[1-'3C]-glucose as the only nitrogen and carbon sources,

8
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values ('*C — "H-CPMG in white; '"H — *C — "H-CPMG in grey),
where Ré)cff is the effective transverse relaxation rate at CPMG frequency
Vepma.is Roer(Vepmc) = kisthe best fithorizontal line to the experimental
‘curve’ and N is the number of data points in the dispersion profile

so that exchange parameters obtained from the *C
experiments can be compared with those from the more
traditional '>N-based approach as well. As described in
Materials and Methods a large fraction of the methyl
containing residues are labeled with '*C at methyl positions
but not at the adjacent carbon position using this approach,
so that a significant number of probes are available for
analysis (Ala, Met, Val, Leu, Ile(y2)). Fig. 3 shows
dispersion profiles of a number of methyl groups recorded
using either °C — 'H-CPMG or 'H —» "C —
"H-CPMG experiments (30°C). Relaxation dispersion
profiles recorded at 500 and 800 MHz were fit simulta-
ne](:usly to a global two-state model of chemical exchange

A k<_’iB and values of k., = k4 + kp and populations of the

mirﬁor state, pp, are 2,290 + 50 s_l, 2.4 + 0.08% and 2,420
+ 505, 22 = 0.06% from “C — 'H-CPMG and
'H —» “C — 'H-CPMG, respectively. Fits of "’N dis-
persion profiles produced values of k., = 2,290 + 25 s~
and pp =2.3 = 0.06% that are in good agreement with
results from the methyl groups.

As a final check of the consistency of the '*C-methyl
data sets recorded on the FF domain sample the differences
in chemical shifts between interconverting states, |Aw|,
that have been extracted by fitting dispersions from each
experiment separately are plotted in Fig. 4, along with the
best fit line. The small systematic deviation between data
sets most likely reflects the coupling between Aw and pp
that can occur even if exchange is not in the fast regime.
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Fig. 3 Relaxation dispersion
profiles, R ¢(Vepma), for select
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Palmer and coworkers have come up with an index, o =
dInRe/dInA® = 2(k,/A) (1 + (ko /Aw)?) (0 < o < 2)
for quantifying the time scale of exchange (Millet et al.
2000), with o = 2 indicating fast exchange; here o values
vary between 1.5 and 1.9, with an average value of 1.8 (at
500 MHz; and between 1.0 and 1.9, average of 1.5 at
800 MHz), indicating that for some but not all of the res-
idues exchange is fast. Indeed, if pp is fixed at 2.2% for
both data sets a best fit line y = 0.03 + 0.99x is obtained,
while the near perfect correlation of the two data sets is
retained (not shown).

As a further test we have compared results from
BC - '"H-CPMGand 'H — “C — 'H-CPMG disper-
sion experiments recorded on a cavity mutant of T4 lysozyme
where position 99 has been mutated from Leu to Ala (re-
ferred to as L99A). L99A undergoes a single cooperative
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conformational transition that allows it to bind bulky
hydrophobic ligands (Feher et al. 1996) despite the fact
that the binding site is inaccessible from the low energy
ground state according to structural data available from X-
ray crystallography (Mulder et al. 2001a). The exchange
process in this system has been characterized in detail
previously by our group and has been found to be amenable
to study by relaxation dispersion spectroscopy (Mulder
et al. 2001a, 2002). Lysozyme (18.7 kDa, 164 residues) is
significantly larger than the FF domain described above
and experiments recorded on the L99A system allow one
to establish that the good agreement between the '°C — 'H
and'H — “C — 'H-CPMG approaches observed for the
FF construct is not the result of some particular spin
relaxation feature that can be attributed to the small size of
the FF domain.



J Biomol NMR (2007) 38:79-88

85

3C—'H-CPMG |Aw| (ppm)

Y =0.92X + 0.03

0.5

| . 1 . L . |
0.5 1 1.5 2

'H—"¥C—'H-CPMG |A®| (ppm)

Fig. 4 Correlation of extracted chemical shift differences, |Aw],
obtained for each residue of the FF domain with R;.¢(67 Hz)-
Ry (933 Hz) > 1.8 s Dispersion profiles for each type of
experiment were fit globally to extract global values of (k,,,pp) along
with |Aw| values for each residue. The equation for the best-fit
straight line is shown in the right hand corner of the plot

L99A was prepared with '*CHj-pyruvate as the carbon
source (see Materials and methods) so that methyl carbons
of Val, Leu, Ile(y2) and Met are available as probes. Values
of (ke pp) of (1,580 + 40 s™', 2.8 + 0.06%) and (1,540 =+
305!, 2.7 + 0.04%) were obtained from independent fits
of ’C —» 'Hand 'H - "C — 'H-CPMG data sets,
respectively, that were recorded at both 500 and 800 MHz
(data at the two fields were fit simultaneously in each case).
Fig. 5 shows the correlation between |Aw| values obtained
from analysis of the experiments, establishing still further
that excellent agreement is obtained between the two ap-
proaches.

As a final example we consider relaxation dispersion
profiles recorded on a sample of a complex between E. coli
general NAD(P)H:FRE, 232 residues, 27 kDa and FAD.
FRE has been shown by single molecule fluorescence to
fluctuate over a range of time-scales between 10 and 1 s
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Fig. 5 Correlation between |Aw| values obtained from analysis of
dispersion profiles recorded on L99A, 25°C (see legend to Fig. 4 for
details) for residues with R, ¢(67 Hz)-R; ¢s(933 Hz) > 1.7 s

(Yang et al. 2003) and by both '*C-methyl and '°N
relaxation dispersion NMR spectroscopy to undergo sev-
eral distinct exchange processes with ms time-constants
(Vallurupalli and Kay 2006). A highly deuterated, Ile(51),
Leu, Val-methyl protonated sample was employed in a first
set of analyses. Our previous study established that a single
global analysis of the dispersion data is not appropriate
(Vallurupalli and Kay 2006) and we have therefore
simultaneously fit data recorded at a pair of temperatures
(17 and 22°C) and at two static magnetic fields (500
and 800 MHz) on a per-residue basis. Fig. 6A compares
k.. values extracted from these fits. Here values of pp
and Aw were not constrained to be the same in each
residue-specific analysis of *C — 'H and 'H —

BC — 'H-CPMG dispersion profiles, although values of Aw
were assumed to be temperature independent. Despite the
substantial error associated with k,, values that are extracted
independently for each residue it is nevertheless clear that very
similar values are obtained from each of the methods. Fig. 6B
plots | Aw| values that have been obtained from an analysis of
each residue where it is assumed that k.., and pg are common to
each of the °C —» 'H and 'H - “C — 'H-CPMG
profiles. In this regard it is worth noting that pgz and A@ cannot
be extracted separately from individual residue fits in many
cases in FRE since for a substantial number of residues the
exchange process approaches the fast regime.

The consistency between the 'C — 'H and
'H - “C — 'H experiments is further illustrated in
Fig. 7 where representative fits of dispersion profiles for
Val 7 are shown. All of the profiles in the figure were fit
simultaneously to common k.. and pp values but with
temperature independent Aw values that were not fixed
between the experiments. Values of |Aw| of 1.08 + 0.05
and 1.01 = 0.05 were obtained from the '>*C — 'H and
'"H - BC — 'H profiles, respectively. We have also
prepared a second sample of the FRE-FAD complex using
[1-'3C]-glucose (fully protonated) so that more methyl
probes could be obtained. Studies of fully protonated
samples are of interest as test cases of the methodology
because the large contributions from external protons that
must be ‘equalized’ for the different '*C transverse mag-
netization modes that evolve during 7 (Fig. 1) is a stringent
test of the efficacy of the P-element. Dispersion profiles
from both types of data sets were again shown to be con-
sistent, as observed with the fully protonated FF domain
and L99A lysozyme.

As noted in the introduction a major motivation of the
present work is to improve the sensitivity over existing
experiments. It is thus critical to ascertain what gains can
be achieved with schemes where polarization begins on
'"H spins. A calculation of the sensitivity gain of the
'H - “C — 'H-CPMG experiment relative to the
3C - 'H scheme that includes magnetization transfer

@ Springer
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efficiencies based on the values of the delays used in the
experiments, but does not take into account relaxation
during the pulse schemes, predicts a gain of a factor of 5.4.
This assumes that in the °C — 'H experiment there is a
maximum NOE enhancement of the initial '*C polarization.
In practice somewhat smaller gains are achieved. For
example, in the case of the FF domain the average gain was
4.4 + 0.8 (30 residues) based on spectra recorded at 30°C
and T= 0 (correlation time, t¢, of 4.6 ns), with an average
intensity gain of 3.2 £ 0.9 at 5 °C, T = 0 (average over 30
residues; 7« = 8.8 ns). Gains of 3.7 £ 1.0 and 2.4 + 0.9
were obtained from data sets recorded at 30 (30 residues)
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and 5°C (30 residues), respectively, with 7= 30 ms and
vepme = 933 Hz; the smaller gains with T = 30 ms reflect
the differences in intrinsic R, . values that can be seen in
the dispersion profiles of Fig. 3 that have been recorded
with the different schemes and that have been discussed in
some detail in the context of the R, ¢ profiles generated for
TA lysozyme (Fig. 2). In the case of TA lysozyme gains of
3.3 £1.0and 2.5 + 1.0 are obtained in spectra recorded with
T = 0 and 30 ms, respectively, at 25°C (average over 52
correlations), where tc has been measured to be 10.8 ns.
Finally, a gain of 2.1 + 0.5 is noted in experiments on the
FRE-FAD complex at 17°C (t¢c = 18.6 ns) with 7= 0 ms



J Biomol NMR (2007) 38:79-88

87

(average over 47 residues), that decreases to 1.7 + 0.4 for
T =22 ms, vepmg = 1,000 Hz (47 residues).

A number of factors can potentially contribute to lower
gains in sensitivity than what might naively be expected
based on simple calculations. In principle differences in
methyl '*C and 'H longitudinal relaxation times would
influence relative sensitivities since polarization derives
from C and 'H spins in C — 'H and
'"H - C — 'H experiments, respectively. Such dif-
ferences are, however, very small. For example, average
13C and 'H T, values of 0.31 + 0.1 and 0.34 + 0.1,
respectively, have been calculated for methyl groups in
protein L (5°C) using methyl dynamics parameters mea-
sured from 2H relaxation experiments. We have quantified
such rates experimentally for the FF domain with T;(**C)/
Tl(lH) = 0.94 = 0.2, 0.81 = 0.3 at 30, 5°C; these small
differences in longitudinal relaxation times have essentially
no impact on deviations in relative sensitivity between the
two classes of dispersion experiment nor does the tem-
perature variation in T; times account for the decrease in
relative sensitivities with molecular size or rotational cor-
relation time. In contrast, transverse relaxation effects
would be expected to play a major role in lowering the
sensitivity gain. It has previously been shown that the
quality of '"H — '>C — 'H HSQC-based spectra dete-
riorate in applications to proteins of increasing size since
the slow and fast relaxing 'H transitions that give rise to
methyl spectra are interconverted by the 90° 'H pulses in
the sequence (Tugarinov et al. 2003). Thus, only a small
fraction of the original slowly relaxing magnetization re-
mains in this ‘state’ for the duration of the total pulse
scheme. Of course, in applications involving small proteins
the difference between fast and slowly relaxing transitions
is less pronounced so that the interconversion is less
‘costly’ and the sensitivity gains approach those predicted
in the absence of relaxation. It is clear from the present
work that for proteins with molecular weights up to at least
30 kDa substantial gains in sensitivity can be realized
starting with polarization on 'H spins, although not what
might have been expected at first glance.

In order to best evaluate what approach is optimal for a given
application we recommend that individual '"H —*C — 'H
and ’C — 'H spectra be recorded using values of T'similar to
what will be used in dispersion experiments and that uncertain-
ties in Ry eri(Vepma), ARz ei(Vepma) = 1/TAI(vepva) I(Vepmc)),
be calculated on a per-residue basis, where Al is the uncer-
tainty in a given peak intensity (see Eq. 1; the error in I, is
assumed to be negligible since the intensities of correlations
are much larger without the constant-time element). In the
absence of systematic errors and assuming that very similar 77
values are selected, as would normally be the case, the
experiment producing the highest sensitivity spectra should
be chosen, not surprisingly, since these spectra will have the

lowest uncertainties in R;¢s(vepmc). Thus, so long as
I(vepmg) values are larger in 'H -5 B - 'H spectra
uncertainties in rates will be smaller and "H polarization
experiments will be more sensitive monitors of exchange
processes. Of course, this increased sensitivity can be ‘tra-
ded’ for larger T values that are advantageous in studying
slower exchange events. For example, suppose that intrinsic
effective relaxation rates are 30 and 20s™' for
'H - BC — 'Hand C — 'H dispersions, respec-
tively (see Fig. 2), corresponding to the largest (and most
different) rates that have been quantified in the examples
considered in this work and that the ratio of sensitivities of
'H - BC - 'Hand ®°C — 'H spectra (T = 0; with-
out the constant-time element) is 3:1 (as is the case for TA
lysozyme). It is straightforward to show that similar inten-
sities in both classes of spectra will be obtained for T values
of 57('H —» “C — 'H)and30(°C — 'H)ms,so that
minimum vepyg values of 35 and 67 Hz can be employed in
each case. Finally, although the difference in intrinsic rates
of magnetization considered in this example is substantial it
still remains the case that the 'H — '>C — 'H experi-
ment is the more sensitive of the two for values of 7 up to
110 ms, values that are much larger than one would likely
ever use in studies of proteins. Thus, at least for typical
relaxation rates measured here, it is hard to imagine cases
involving small to medium sized proteins, similar to those
surveyed presently, where the '"H — 'C — 'H scheme
would not be the one of choice.

Of course, for applications to very high molecular
weight proteins, where the losses are most severe, it is
likely that both experiments will fail. A methyl-TROSY
multiple-quantum CPMG scheme has been developed for
these cases (Korzhnev et al. 2004b), where magnetization
originating from the slowly relaxing 'H transitions is pre-
served throughout the course of the sequence, resulting in
large gains in sensitivity. Because multiple-quantum and
not single-quantum coherences are relevant in this experi-
ment dispersion profiles are sensitive to changes in both 'H
and "°C chemical shifts between exchanging sites that of-
fers both advantages and disadvantages relative to the
single-quantum variant (Korzhnev et al. 2004b).

In summary we have presented an improved pulse
scheme for the measurement of '*C-methyl single-quantum
relaxation dispersion profiles. The experiment has been
tested on a number of different proteins with molecular
weights ranging from 8 to 28 kDa that have been methyl-
labeled using a variety of different protocols. In all cases
excellent agreement between exchange parameters calcu-
lated from dispersions measured using 3C > 'H and
'H - 3C — 'H based experiments is obtained, with
gains in sensitivity ranging from 1.7 to 4-fold. It is clear
that the new 'H — '*C — "H-CPMG sequence will extend
the utility of single-quantum methyl dispersion spectros-
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copy to studies of larger protein systems than would be
otherwise possible, or alternatively, in cases where both
3C - '"H and 'H — ">C — 'H approaches are feasible
that the new method will facilitate extraction of exchange
parameters with increased accuracy.
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