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ABSTRACT: Protein dynamics on the micro- to milli-
second time scale is increasingly found to be critical for
biological function, as demonstrated by numerous NMR
relaxation dispersion studies. Methyl groups are excellent
probes of protein interactions and dynamics because of
their favorable NMR relaxation properties, which lead to
sharp signals in the 'H and *C NMR spectra. Out of the
six different methyl-bearing amino acid residue types in
proteins, methionine plays a special role because of its
extensive side-chain flexibility and the high polarizability of
the sulfur atom. Methionine is over-represented in many
protein—protein recognition sites, making the methyl
group of this residue type an important probe of the
relationships among dynamics, interactions, and biological
function. Here we present a straightforward method to
label methionine residues with specific *CHD, methyl
isotopomers against a deuterated background. The
resulting protein samples yield NMR spectra with
improved sensitivity due to the essentially 100%
population of the desired "*CHD, methyl isotopomer,
which is ideal for "H and "*C spin relaxation experiments
to investigate protein dynamics in general and conforma-
tional exchange in particular. We demonstrate the
approach by measuring 'H and C CPMG relaxation
dispersion for the nine methionines in calcium-free
calmodulin (apo-CaM). The results show that the C-
terminal domain, but not the N-terminal domain, of apo-
CaM undergoes fast exchange between the ground state
and a high-energy state. Since target proteins are known to
bind specifically to the C-terminal domain of apo-CaM, we
speculate that the high-energy state might be involved in
target binding through conformational selection.

C onformational transitions are directly connected to protein
function, as demonstrated by numerous reports employing
powerful NMR relaxation dispersion methods to characterize
enzyme catalysis or ligand binding.'~ Transitions between
different conformational substates commonly modulate NMR
parameters, notably the chemical shift® and residual dipolar
couplings,”® resulting in exchange contributions to the trans-
verse relaxation rates. The exchange correlation times of
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functionally important processes in proteins often range from
microseconds to milliseconds, which can be measured by R; /)9 or
Carr—Purcell-Meiboom—Gill (CPMG) experiments'>'" and
improved variants thereof.'””™** A great advantage of these
experiments is that they can provide simultaneous measurement
of the exchange rate, k., the relative populations of the
exchanging states, p;, and the chemical shift difference between
them, AJ. Hence, information on the kinetics/dynamics,
thermodynamics, and structural chan§e for a given process can
be obtained in a single experiment.'>¢

Experiments have been designed to probe conformational
exchan§e at specific sites in proteins, including back-
bone”* 77> and side-chain CB,>* carbonyl/carboxyl,**
methyl,”™* and aromatic groups.’® Of these, the methyl-
based experiments are arguably the most sensitive because of the
favorable relaxation properties associated with fast rotation
around the threefold symmetry axis. The inherently slow
relaxation of methyl spins implies that exchange effects can
make relatively large contributions to the effective relaxation
rates.

Methionine is overrepresented in protein—protein interfaces
relative to its frequency of occurrence on the solvent-accessible
surface of protein complexes.®' The resulting enrichment of Met
at protein recognition sites is the third highest of any amino acid
residue, after Trp and Tyr. The long and flexible side chain of
Met confers significant conformational adaptability to binding
sites,”” and the high polarizability of the sulfur atom promotes
versatile nonpolar interactions.>” For these reasons, it is believed
that Met-rich regions play an important role in mediating
promiscuous binding to a range of targets. A case in point is
calmodulin (CaM), which binds more than 300 different
proteins using essentially the same binding site, of which Met
residues constitute nearly 50% of the hydrophobic surface area.**
Thus, there is great incentive to use Met to probe the role of
conformational dynamics in protein recognition.>> >’

Here we present an improved isotope labeling scheme for Met
residues in proteins. Our method is based on a straightforward
protocol that yields protein samples with essentially 100%
incorporation of the "*CHD, isotopomer in the Met methyl
groups (Figure 1) and complete deuteration of the remaining
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Figure 1. "H-"3C correlation spectra of a 1 mM sample of apo-CaM
specifically labeled with *C*H(**CD,),S"*CHD,-Met. (a) 'H-"C
heteronuclear single-quantum coherence (HSQC) spectrum showing
the full spectral range expected for methyl groups and the majority of
aliphatic side-chain positions. (b) Close-up view of the Met methyl
region in a *C CPMG relaxation dispersion experiment. The lowest
contour is drawn at a level equal to S times the root-mean-square
deviation of the base plane.

side-chain hydrogens, as verified by "H NMR analysis (data not
shown). The resulting isotope labeling pattern is optimal for "H
and "*C relaxation dispersion experiments applied to methyl
groups.”’~*>>** Furthermore, it eliminates potential problems
associated with long-range "H—'H or 'H—"C scalar couplings
(e-gy Yun or YJuc) and intraresidue cross-relaxation between
protons, which can otherwise become significant during long
relaxation delays. The essentially complete incorporation of the
BCHD, isotopomer in Met residues increases the sensitivity of
these experiments by a factor of ~3 relative to that reached for
samples expressed in media containing "H,"*C-glucose and 100%
D,0.***” The use of *CHD, methyl groups has been shown to
yield sufficient sensitivity to allow for relaxation experiments on
quite large systems, such as the 20S proteasome (670 kDa),***!
providing further motivation for the present development. The
labeling method is very flexible and can be combined with various
complementary isotope enrichment schemes, permitting, for
example, simultaneous labeling of Val, Leu, and Ile with BCHD,
methyls** or a background of natural-abundance carbon isotope

distribution, perdeuteration, and N enrichment as imple-
mented here.

Isotopomer-specific labeling of CaM was achieved by adding
isotopomer-specific Met (100 mg/L) to 99.9% D,0 M9 medium
containing “"NH,CI (0.5 g/L) and either non-isotope-enriched
glucose or (1,2,3,4,5,6,6)—2H7—glucose (4 g/L) ~1 h prior to
induction with isopropyl 3-p-1-thiogalactopyranoside (IPTG).*
2C*H(**CD,),S"*CHD,-Met (denoted D-Met) was synthesized
from "*CHD,-methyl iodide (Cambridge Isotope Laboratories)
and (3,3,3',3/,4,4,4',4'-Dg)-pL-homocystine (Cambridge Iso-
topes) using established procedures.*>** >C“H-
(**CH,),S"*CHD,-Met (denoted H-Met) was synthesized in
the same manner using nondeuterated pL-homocystine. The four
different samples allowed for comparative investigations of the
effects of long-range scalar couplings and intra- or inter-residue
cross-relaxation among protons.

We characterized Met side-chain dynamics of the *CHD,-
methyl-labeled apo-CaM samples using 'H and *C CPMG
relaxation dispersion experiments similar to published work [see
Supporting Information (SI) Figure 1].>**** In short, the pulse
sequences used here differed from the previously reported ones
by incorporating a relaxation—compensation scheme to avera%e
the relaxation of in-phase and antiphase coherences.'”
Furthermore, the "*C experiment included deuterium decou-
pling during the longer echoes (7¢p > 2.5 ms, corresponding to
Vcp < 100 Hz), which was necessary to prevent the buildup of
density operator elements that decay rapidly as a result of scalar
relaxation of the second kind,*® as illustrated in SI Figure 2. In the
case of shorter echo delays (7¢p < 2.5 ms; vcp > 100 Hz), the *C
180° pulses of the CPMG train served to maintain the *C
magnetization essentially in-phase with respect to deuterium,
thereby making deuterium decoupling unnecessary.

CaM contains nine methionines, all of which give rise to well-
resolved cross-peaks in the "H—">C correlation spectrum (Figure
1). Only a single methyl isotopomer ("*CHD,) was observed,
verifying that the incorporation of '*CH,D or '*CH,
isotopomers was undetectably low. Furthermore, the near
absence of other cross-peaks in the aliphatic side-chain region
of the spectrum indicated that metabolic scrambling was
insignificant with the present expression protocol.

Figure 2 shows 'H and C CPMG relaxation dispersion
curves for the Met methyl groups in the C-terminal domain of
apo-CaM, all of which exhibited significant conformational
exchange. By contrast, the Met methyls in the N-terminal domain
generally had insignificant relaxation dispersion amplitudes
[Rye(v—0) — Ryg(v—00) < 0.5 s7'; SI Figures 3 and 4].
These results are in agreement with previous studies based on
SN relaxation, which also identified widespread conformational
exchange in the C-terminal domain of apo-CaM,*”** while the
N-terminal domain showed much less exchange.

The *CHD, isotopomer is characterized by slow transverse
relaxation rates for both the 'H and "*C spins, making it possible
to measure, for both types of nuclei, quite small exchange
contributions [Ry(1—=0) — Ryq(v—00) & 1—2 s7'], which in
some cases still account for a significant fraction (up to 50%) of
R,.4(v—0) (see Figure 2). Furthermore, the D-Met labeling
scheme reduced the transverse relaxation rates of the 'H spin by
~30% relative to those measured for the H-Met sample (SI
Figure 3). This reduction in R,(v—o0) can be critical in
experiments targeting systems with high molecular weights. By
contrast, increasing the level of deuteration beyond ~70% (as
achieved by using deuterated glucose in the growth medium) at
sites other than the Met side chain appears to have only marginal
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Figure 2. Representative (a—d) 'H and (e—h) "*C methyl CPMG
relaxation dispersion profiles acquired on a 1 mM sample of apo-CaM
specifically labeled with *C*H(*2CD,),S'*CHD,-Met at static magnetic
field strengths of 11.7 T (blue) and 14.1 T (red) and a temperature of 25
°C. The solid lines represent the best simultaneous fits of a global two-
state model to the data at both static magnetic fields for each residue,
from which the values k,, = 4770 + 147 s™' and p,,, = 0.7 + 0.1% were
obtained. The best-fit values of AS; were (a) M109, 0.18 + 0.01 ppm;
(b) M124,0.34 + 0.01 ppm; (c) M144, 0.48 + 0.01 ppm; and (d) M 145,
0.34 + 0.01 ppm. The best-fit A, values were (e) M109, 0.84 + 0.01
ppmy; (f) M124, 0.67 = 0.01 ppm; (g) M144, 0.01 + 0.01 ppm; and (h)
M14S, 1.33 £ 0.01 ppm.

effects on the CPMG experiments (data not shown). The D-Met
sample also reduces potential artifacts in the 'H CPMG
experiment by eliminating *J;y; couplings, which can otherwise
lead to Hartmann—Hahn effects at higher refocusing rates and
longer relaxation delays (SI Figure 3). Similarly, D-Met labeling
eradicates *Jy;c couplings, which can potentially result in adverse
effects in the '*C CPMG experiment, since this experiment is not
relaxation-compensated with respect to these couplings. While
the effects of these interactions are typically minor, the high
sensitivity of CPMG experiments applied to *CHD, iso-
topomers allows for very precise measurements using long
relaxation delays, and it is therefore desirable to reduce these
potential artifacts by fully deuterating the Met side chain. Thus,
D-Met labeling achieves enhanced sensitivity as well as improved
accuracy.

The benefits of performing complementary 'H and "C
CPMG relaxation experiments are illustrated by Figure 2: for
some methyl groups, the '*C relaxation dispersions were flat
while the "H experiments resulted in sizable dispersions, and vice
versa. Thus, the '*CHD, labeling scheme provides a convenient
dual probe of Met methyl dynamics.*®

We gerformed simultaneous fits of a two-state exchange
model™*° to the dispersion curves obtained at static magnetic
field strengths of 11.7 and 14.1 T. Initial residue-specific fits
revealed that residues located in the C-terminal domain have
similar exchange correlation times. Subsequently, a global fit of
the '"H CPMG dispersions for all of the Met methyl groups in the
C-terminal domain resulted in a conformational exchange rate of
ke = 4770 + 147 s~ and a minor-state population of p,, = 0.7 +
0.1%. As evident from Figure 2, the higher refocusing frequencies
achieved in the 'H experiment resulted in improved sampling of
the dispersion profile, including the plateau region that defines
R, (v—00). Consequently, we first fitted the 'H dispersions to
determine k., p,,, and the 'H chemical shift differences between

exchanging states, Ady. In a second step, the Ad¢ values were
determined by fitting the '*C dispersions while keeping k., and
P fixed to the best-fit values obtained from the 'H dispersions.
The resulting parameters yielded satisfactory fits to all four
experimental data sets (Figure 2).

The extracted 'H and *C chemical shift differences were in the
ranges 0.18—0.48 and 0.1—1.33 ppm, respectively (Figure 3). By

Figure 3. Location of the exchanging Met side chains (space-ﬁllin%
representation) in the structure of the apo-CaM C-terminal domain®
(backbone ribbon representation). The chemical shift differences
between the exchanging conformations are color-coded onto the Met
methyl groups. C and H atoms are color-coded separately to reflect Ad
and Ay, respectively. The color scale is the same for *C and 'H and
runs from yellow for the lowest value, ASo(M144) = 0.1 ppm, to red for
the highest value, A5;(M145) = 1.33 ppm.

comparison, the standard deviations of Met methyl chemical
shifts listed in the BioMagResBank®* are 0.46 (H) and 1.59
(®C) ppm, suggesting that sizable relaxation dispersion
amplitudes can be expected for Met methyl groups that exchange
between different conformational environments.

It is of interest to interpret the present results in terms of what
is known about the conformational flexibility of apo-CaM. It has
been shown that apo-CaM samples compact structures (5—10%
relative pogulation) in which the two domains are in close
proximity.>> We believe it to be unlikely that the exchange
reported herein is related to the formation of these transient,
compact structures because domain—domain contacts would be
expected to affect both the N- and C-terminal domains, whereas
the present experiments detected exchange in the C-terminal
domain only. Thus, it appears more likely that the observed
exchange relates to conformational changes within the C-
terminal domain, in keeping with previous observations.*”**
Notably, it has been observed that some target peptides bind
selectively to the C-terminal domain of apo-CaM, while there are
no known examples of target binding to its N-terminal domain.
In the target-bound state, apo-CaM adopts a semi-open
conformation, as exemplified by complexes with the calponin
homology domain of the smoothelin-like 1 protein,** the CaM-
binding domain of cyclic nucleotide phosphodiesterase,>
neuronal voltage-dependent sodium channels, 557 the metabo-
tropic glutamate receptor subtype 7% and PEP-19.% These
examples of domain-specific responses are in general agreement
with our present observations, possibly suggesting that the minor
conformation of the C-terminal domain of apo-CaM might be
important for this type of target recognition through conforma-
tional selection.

In summary, we have presented an improved isotopomer-
specific labeling method for Met methyl groups and demon-
strated its use for measuring exchange processes in proteins by
'"H and C CPMG relaxation dispersion experiments. The
present method promotes studies of the conformational
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dynamics of Met side chains, which form an important
component of many protein recognition sites.
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Pulse sequences of the 'H and "*C rc-CPMG experiments used
herein for *CHD, methyl groups; effects of deuterium
decoupling during the *C CPMG experiment; and relaxation
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