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Introduction

Methyl groups are of particular interest in NMR studies of pro-
teins since they occur frequently in the hydrophobic cores of
these molecules™ and thus are often sensitive reporters of
structure and dynamics. Methyl probes can play a very impor-
tant role in applications that involve high-molecular-weight
proteins because of favorable properties that facilitate the re-
cording of NMR spectra with high sensitivity and resolution.
First, the threefold degeneracy of methyl protons in *CH; iso-
topomers (*CH;, *CH,D, and "CHD, methyls will be consid-
ered in this review) effectively increases the concentration of
each group significantly beyond that for, say, backbone
amides. Second, because methyl groups are localized at the
peripheries of side chains, many tend to be dynamic;? this
leads to slower relaxation that can be exploited in studies of
large systems. Third, in the past few years it has become possi-
ble to produce proteins in which methyl groups are selectively
protonated in a highly deuterated background; this leads to
further enhanced relaxation properties that greatly increase
the size of systems that can be studied.® Fourth, distances
between proximal methyl groups, established on the basis of
NOEs, often connect regions of the molecule that are far re-
moved in primary structure.*® In addition, these moieties
serve as probes in investigations of protein-ligand interac-
tions,” ' fast and slow timescale side-chain dynamics,™'® dy-
namics of protein folding,"” and in the detection of proteins
and complexes in in-cell NMR experiments.['®

In this Minireview, we focus on using methyl groups to
study both structure and dynamics in high-molecular-weight
proteins. A key aspect has been the interplay between new
isotope-labeling methodology and NMR techniques that are
specifically designed for a given labeling pattern. Thus, a de-
scription of the new labeling approaches is first presented, fol-
lowed by a brief summary of the NMR experiments that have
been developed for site-specific methyl assignments. The relax-
ation properties of methyl groups are discussed, and basic
principles of methyl-TROSY spectroscopy are presented. Finally,
a number of practical applications involving global protein-fold
determination and studies of side-chain dynamics are de-
scribed.

The approaches and concepts described here are illustrated
with applications to the enzyme malate synthase G (MSG) from
E. coli—a monomeric 723-residue protein (82 kDa)">*" that
has been extensively characterized by NMR in our laboratory
over the past several years® and whose global fold has been
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recently derived de novo from NMR data exclusively.”? MSG is
a four-domain enzyme that catalyzes the Claisen condensation
of glyoxylate and acetyl-CoA to produce malate and is a part
of a biosynthetic bypass (“glyoxylate shunt”) that is activated
in many pathogenic microorganisms under anaerobic condi-
tions.”™ Since the glyoxylate shunt is absent in man, the en-
zymes of this bypass have recently been recognized as poten-
tial targets for drug design to improve existing antibiotic
agents. 2+

o-Ketoacid Precursors for Biosynthetic
Labeling of Methyl Sites

Certain a-ketoacids can serve as biosynthetic precursors of a
number of methyl-bearing amino acids in proteins over-ex-
pressed in minimal media. Rosen et al. have shown that the
use of ['H,"*C]-labeled pyruvate as the main carbon source in
D,0-based minimal-media expression of proteins results in
high levels of proton incorporation in methyl positions of Ala,
lle(y2 only), Leu, and Val in an otherwise highly deuterated
protein.”” Unfortunately, because the protons of the methyl
group of pyruvate exchange with solvent, proteins are pro-
duced with all four of the possible methyl isotopomers ("*CH;,
3CH,D, PCHD,, and CD,), although it is possible to skew the
population of methyls that are “produced” heavily toward the
fully protonated variety. The isotopic “dilution” associated with
the generation of *CH;-, '*CH,D-, and "*CHD,-labeled methyl
groups in the same protein sample compromises the sensitivi-
ty and resolution of NMR spectra due to one-bond "C
(~0.3 ppm) and small two-bond 'H (~0.02 ppm) isotope shifts
that separate the resonances of each isotopomer. As a result,
this method has not become widely used for the production
of protein samples for structural studies, although applications
that involve the generation of fully protonated proteins with
selective '>C incorporation only at methyl sites for relaxation
studies have emerged.['316.2.29
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Structural studies of high-molecular-weight proteins that
rely principally on methyl groups are best carried out on
highly deuterated, *CH,-labeled molecules. Gardner and Kay"”
and later Goto et al.®?" have described robust and cost-effective
labeling procedures that make use of a-ketobutyric and a-ke-
toisovaleric acids as biosynthetic precursors for the production
of deuterated proteins with protonation restricted to the lled1
and Leud/Valy positions, respectively. Although the number of
methyl probes is decreased relative to the pyruvate-based
scheme, several important advantages are associated with this
approach: i) depending on the desired labeling scheme for the
rest of the protein either [D]- or [D,"*C]-p-glucose may be used
as the primary carbon source in protein production, ii) incorpo-
ration of the desired label into lle, Leu, and Val methyl sites is
near quantitative with no scrambling, and, finally, iij due to ad-
vances in organic synthesis, virtually any combination of '>C/
B3C and H/D can be introduced into a-ketobutyrate and o-ke-
toisovalerate and, therefore, into the side-chains of lled1/Leud/
Valy in otherwise highly deuterated proteins. Scheme 1 shows
the chemical formulae of a number of a-ketobutyric (I-IV) and
a-ketoisovaleric (V-VIII) acids with different isotopic labels that
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are currently used as biosynthetic precursors in our laboratory
for NMR studies of high-molecular-weight proteins. Of note,
compounds | and V were used earlier by Gardner et al. in stud-
ies of maltose-binding protein (MBP, 370 residues) with selec-
tive protonation at the lled1/Leud/Valy sites.®”

Several authors have described procedures for the synthesis
of some of the a-ketoacid precursors shown in Scheme 1, al-
though all compounds are now commercially available. The
Abbott group has developed synthetic methods for the pro-
duction of *C methyl-labeled a-ketobutyric and o-ketoisovale-
ric acids.”! An alternative and more cost-effective synthetic
strategy for the production of a-ketoacids with this labeling
pattern by using Grignard chemistry has been described by
Gross et al. for high-throughput studies of protein-ligand inter-
actions."” Very recently, Konrat and co-workers reported a ver-
satile synthetic procedure that allows the incorporation of any
desired isotope pattern into a-ketobutyrate or a-ketoisovaler-
ate with high efficiency.®® Rather than concentrating on the
details of the available synthetic strategies, we describe how
each of these precursors can be utilized in NMR applications
involving high-molecular-weight proteins. Typically, precursors

with the desired labeling patterns are added to D,O-
based growth media approximately 1 hour prior to
induction of protein over-expression, and the expres-
sion times are kept reasonably short (4-6 h) to maxi-
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Scheme 1. Partial list of isotopically labeled a-ketoacids that are commercially available
and can be used as biosynthetic precursors in the E. coli-based growth of methyl *C,'H-
labeled proteins. Sodium salts of a-ketobutyric and a-ketoisovaleric acids protonated at
position 3 are available and the precursors can be quantitatively exchanged to 3-?H at

high pH in D,0.B" These precursors are added in amounts of ~50 mg (butyric acid) and
~100 mg (valeric acid) per liter of growth medium approximately 1 h prior to induction

of protein over-expression.®"
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carried out on highly deuterated, methyl protonated
samples produced from compounds I (lled1-['H]) and
VI (Leu,Val nonstereospecifically '*C-enriched at a
single methyl site), with uniform C-labeling of all
other sites.®* This labeling strategy generates linear
3C spin systems for Leu and Val, while lle can effec-
tively be linearized through the application of “selec-
tive pulses”® thereby avoiding problems arising
from magnetization losses at the branch points of
these side-chains (i.e., B(y) in lle, Val(Leu)]. The gains
in sensitivity that ensue outweigh the losses associat-
ed with the twofold dilution of methyl groups.****

ChemBioChem 2005, 6, 1567 - 1577
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Figure 2A (top) illustrates the magnetization flow
in a COSY-based HN-detected experiment in which
net magnetization is transferred from the methyl
group to the backbone amide, thus generating spec-
tra containing correlations of the form [wc . (),
oD@ and oy, Oovbow@d].  Figure 2
(bottom) shows a pair of strips from data sets
recorded on an  {lled1("*CH,),Leu(*CH,,"*CD,),
Val(*CH,,'?CD5)}, U-["N,"*C,D] sample of MSG (276
protonated methyls), 37°C,®¥ extracted at the amide
N chemical shift of Leu202 that has been used to
assign methyl *C and 'H resonances of this residue.
An alternative and complimentary approach for the
assignment of methyl groups is shown in Figure 2B
(top) in which magnetization is transferred from
methyls to aliphatic carbons in an “out-and-back”
manner, thus circumventing losses associated with
the net transfer to amides.*” As with the
HN-detected experiments, these schemes benefit
from the Leu,Val-['*CH,,'*)CD;]-labeling scheme. A
single 3D data set with correlations of the form
lwc cic, D, D0n,, (0] for lle and Leu, and [wc,c (),
¢, D0y, (0] for Val can be obtained, with cross
peaks connecting successive aliphatic carbons alter-
nating in phase. Additional experiments can be re-
corded to relay the signal to the *CO spin and back
(shown with dashed arrows in Figure 2B); this pro-
vides correlations of the form [wco(l),wcme‘hy‘(l),meemyl(l)].
Figure 2B (bottom) illustrates 'Heiy—"Caipn  and
"Hetny—'>CO strips from these data sets for Leu202 62
of MSG. The sequence-specific assignments of lle,
Leu, and Val methyls can be obtained by matching
the three "C frequencies ("°C,,"C;,"*CO) that are ob-
tained from these experiments to those available
from the compiled list of backbone and "C; assign-
ments. Note that, unlike in HN-detected data
sets, the methyl out-and-back schemes provide

methyl
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Figure 2. A) Top: Schematic diagram of the magnetization flow in 13Cmemyl-HN experi-
ments for assignment of lle(d1), Leu and Val methyl groups in high-molecular-weight
proteins. Bottom: Strips from 3D HN-COSY data sets at the *N chemical shift of L202
(126.5 ppm) showing "Ceny—HN and 'Hyem,—HN correlations.® Spectra were recorded
on an {lled1-["*CH,] Leu,Val-['*CH,,"*)CD;]} U-[D,"N,"*C]-labeled MSG sample, 37 °C. B) Top:
Schematic diagram of the magnetization transfer steps in the methyl “out-and-back” ex-
periments recorded on the same sample as in (A). Bottom: Selected ‘Hmmy|—‘3ca“phatic and
"Hipetny—*CO strips with correlations at the "*Cp e, chemical shift of L202 62 (22.7 ppm).
The negative peak (‘3Cﬁ) is shown in gray.
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Methyl-TROSY Spectros-
copy

It has long been known that
multiplet components associated
with specific transitions in a spin
system can relax at very different
rates due to interference effects [BOI1)
between relaxation interactions. Ta e
This differential relaxation can
be used to study molecular dy-
namics, an approach pioneered B)
by Werbelow and Grant®® and
Vold and Vold.®” Alternatively,
the components that relax most IBY3)
slowly can be preserved by A
\/

Rz
">
<«

~
~

using the so-called TROSY (trans-

verse relaxation-optimized spec- RS ‘
P P I a1 1B)]4) : 12)=dap)+IBa)/2

troscopy) effect,® in which fast
and slowly relaxing lines are se-

questered; by focusing on mag- I
netization-transfer pathways that
derive exclusively from the long-

lived transitions, significant gains

in sensitivity and resolution can

be obtained. The first applica- ©)
tions of TROSY involved "N,"H=®

and aromatic C,'H® spin sys-
tems; TROSY approaches for
methyl (*CH; and 'CH,D)"*V

and methylene ("*CH,)*? groups I
have subsequently been pub-
lished.

The origin of the TROSY effect
for BCH; and '>CH,D methyl
groups can be understood by
considering  energy-level dia-
grams for AX; ['*CH,;] and AX,
['*CH,D] spin systems, Figure 3A
and B, respectively (the deuteron
is treated as a “silent” spin). For
completeness, the energy level diagram of an AX [*CHD,] spin
system is also presented. Detailed calculations show that the
relaxation of individual single-quantum 'H (vertical lines) or "*C
(horizontal lines) transitions are coupled in the general case
and that they depend primarily on dipolar contributions that
derive from auto- and cross-correlated relaxation interactions
from within the methyl group.”**¥ However, in the slow tum-
bling limit, w.t.>1, where w. and 7, correspond to the "C
Larmor frequency and the overall tumbling time, respectively,
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Figure 3. Energy-level diagram for A) '*CH,, B) *CH,, and C) *CH spin systems of rapidly rotating '*CH,, *CH,D,
and "*CHD, methyl groups. Total spin quantum numbers (/) corresponding to each manifold of *CH, and "*CH,
spin systems are indicated. Slow and fast relaxing °C/'H transitions are shown with solid and dashed arrows, re-
spectively. A product basis representation of each eigenfunction is used, |j>|k), where j={a,f} is the *C spin
state and k={1-8} is the wave function for the (equivalent) 'H spins.

and assuming that the methyl group rotates very rapidly
about its threefold axis, the situation is simplified considerably,
and the transitions relax in a single exponential manner.*” The
(partial) cancellation of dipolar fields leads to long-lived lines
with rate constants, R;,, while the constructive addition of di-
polar fields results in enhanced relaxation, R;,X (X="H or
13C).3647.481 For example, for lled1-[*CH;] U-[D,"N,'*C]-labeled
MSG at 37°C, measured values for R;, are 26+9 and 22+
127" for 'H and C, respectively, while the corresponding

ChemBioChem 2005, 6, 1567 - 1577
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values for R}, are calculated to be 280 and 310s™". In the case
of *CHD, methyls, all single-quantum 'H transitions, and con-
versely all C lines, will relax with the same rates, if cross-corre-
lation effects involving small contributions from chemical-shift
anisotropy are neglected. The goal in the design of pulse
schemes involving either *CH; or *CH,D methyl groups be-
comes, therefore, to sequester the fast and slowly relaxing
transitions in such a way that the observed NMR signal derives
from lines that traverse only slowly relaxing pathways. Remark-
ably, for *CH, methyl types, the simple HMQC experiment®®>"
is optimal for TROSY “as is”, and significant improvements in
both sensitivity and resolution in relation to HSQC schemes®"
have been demonstrated on high-molecular-weight proteins.!
In the case of applications involving studies of methyl dynam-
ics with *CH,D probes, the methyl-TROSY pulse schemes are
more complex, and only become useful for proteins with cor-
relation times in excess of approximately 25 ns, when simpler
(HSQC) schemes become particularly inefficient.""

Methyl-TROSY, like TROSY involving other spin systems,® is
sensitive to relaxation contributions from spins other than
those of interest,®¥ and it is important to minimize such ef-
fects. In this regard, a labeling scheme that optimizes the
TROSY effect for methyls of Leu and Val has been described
that involves protonation of only a single methyl in the isopro-
pyl group, ['*CH5,'CD;] by using o-ketoacid precursors VI or
VII (Scheme 1).%¥ Residual relaxation contributions from exter-
nal spins can be minimized by recording zero-quantum (ZQ)
methyl-TROSY spectra in which cross-correlated relaxation in-
teractions involving external 'H and *H spins in the protein
and methyl *C and 'H spins lead to line narrowing.”¥ NMR ex-
periments that exploit such effects have been applied in meas-
uring small three-bond methyl '*C, amide "N J couplings in Val
side-chains in MSGP (see below).

40]

The Role of Methyl Groups in Structural
Studies of Large Proteins

The strategy that we have adopted for “structure” determina-
tion of high-molecular-weight proteins is somewhat different
from that used in analyses of smaller molecules (< 40 kDa). In
studies of “small” proteins, as many 'H chemical shifts as possi-
ble are assigned, and subsequently NOEs connecting large
numbers of sites are quantified in terms of distance ranges
that are then used to obtain an accurate ensemble of struc-
tures.” In the case of proteins the size of MSG, it seems un-
likely that such an approach will be efficient, since spectral
overlap and sensitivity limitations preclude a detailed analysis
of all side-chain positions. We prefer, therefore, to focus on key
sites in the protein that will provide a sufficient number of re-
straints to define a backbone global fold for many systems.
The global fold then forms the basis for further studies, includ-
ing additional experiments for refinement of the structure if
necessary. It is clear from the above discussion that the probes
of choice are methyl groups, along with backbone amides that
are assigned during the initial stages of any study. Thus, the
goal is to obtain as many methyl-methyl, amide-methyl, and
amide-amide NOEs as possible and to supplement the distan-
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ces derived from them with orientational restraints such as di-
polar couplings®”*¥ and dihedral angles that are quantified
from chemical shifts®>*” and scalar couplings.®” Because only
a limited subset of the restraints that would normally be ob-
tained in studies of small-to-medium-sized proteins can be
measured by using the lle(d1), Leu,Val methyl protonation la-
beling scheme, it is critical that experiments be optimized to
take full advantage of the information content that is available.

Once the assignment of methyl groups to specific sites in
the protein is completed, stereospecific assignments of the
prochiral methyls of Leu and Val can be obtained. For Val resi-
dues, a set of quantitative J-based experiments®” for measur-
ing the three-bond methyl-backbone amide (3JCYN) or methyl-
carbonyl carbon (3Jc«/co) couplings that include the methyl-
TROSY effect have been developed and demonstrated on
MSG."™ Figure 4A shows the labeling scheme that has been
used for the assignments when only one of the two methyls is
*CH,. As we discuss elsewhere in detail, measurement of *Jcy
is best accomplished with a sample prepared with precursor
VIl (Scheme 1) and [D,"*C]-glucose (i.e., selective *C-labeling of
only single methyl sites in the protein)."** In contrast, the
measurement of 3-/0{(0 scalar couplings, which requires "C la-
beling at both methyl and carbonyl positions, makes use of a
sample generated with precursor VI and [D,"*Cl-glucose (the
same labeling scheme used for backbone and methyl assign-
ments). Figure 4B illustrates a ZQ-methyl-TROSY quantitative J
spectrum, recorded for an {lled1("*CH;),Leu(">*CH,,'°CD,),
Val("3CH,,"?CD5)} U-["°N,D]-labeled sample of MSG, in which the
cross-peak intensities are directly related to the size of 3JQ,N. A
corresponding plot of the methyl-TROSY data set for measur-
ing *Je,co is shown in Figure 4C ({lled1("*CH,), Leu("*CH,,'*CDy),
Val("*CH,,?CD,)} U-["®N,"*C,D] sample). Both *Jc,y and *Je,co cou-
plings obey Karplus-type relationships that are related to y;,
torsion angles providing i) stereospecific assignments and ii) y;,
rotameric states of ordered Val side chains that can be used as
dihedral-angle restraints in structure calculations.® The infor-
mation from the measured couplings is complementary to that
obtained by using a fractional *C-labeling technique devel-
oped by Neri etal. for stereospecific assignments of Leu,Val
methyl groups®® that was also used in studies of MSG."”

The {lled1("*CH,),Leu("3*CH,,"*CD;),Val('*CH,,'*CD,)} U-[°N,D] la-
beling pattern described above in the context of the measure-
ment of 3JCYN couplings is also particularly useful for recording
multidimensional TROSY-based NOE data sets to generate
CH;—CH; and HN—CH, distances for structural studies (a per-
deuterated sample is preferred for HN—HN NOEs). Although
the inherent sensitivity of NOESY data sets recorded with Leu/
Val ("*CH,,"*CD;) labeling is lower than when both methyls are
of the "CH, variety, significantly better resolution is obtained
in applications in which only one of the isopropyl methyls is
protonated, since a major contribution to relaxation is elimi-
nated by removal of the three adjacent protons.®¥ In addition,
the removal of intraresidue NOE contacts significantly im-
proves the sensitivity of direct NOE correlations and simplifies
spectra. Equally important, the elimination of one-bond 'J.
couplings, which would normally be present in fully *C-labeled
proteins, obviates the need for constant time experiments that
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Figure 4. Stereospecific assignments of prochiral methyl carbons of Val side-
chains by using methyl-TROSY spectroscopy. A) The labeling scheme that
optimizes the methyl-TROSY effect.** Only one of the two methyls is '>CH,,
with the other '>CD;; B) Zero-quantum (ZQ) spin echo difference (SED) spec-
trum recorded on an lled1-['*CH;] Leu,Val-['*CH,,'2CD,] U-[D,"N,"*C]-labeled
MSG sample, 37°C (D,0), to quantify *Jc,y coupling constants in Val side
chains.* The resonances that appear in the spectrum correspond to large
(usually 2 1.5 Hz) *J,y couplings. The correlations in the ZQ spectrum
appear at frequencies of (2.-£,) in the F, dimension—here Q. is the
offset from the C,H carrier—and are recast in terms of *C ppm values;

C) Multiple-quantum (MQ) spectrum recorded on an {lled1-["*CH;] Leu,Val-
['3CH,,"*CD;]} U-[D,”N,*Cl-labeled MSG sample, H,0, for the measurement of
*Jeyco Values in Val residues. The resonances that appear in the spectrum cor-
respond to *J,co Vvalues larger than approximately 1 Hz. The peaks are la-
beled with the stereospecific assignments obtained from either the combi-
nation of measured 3_101,N and 3JQ,Co couplings or the method of fractional
(10%) "3C labeling.®*?

refocus these couplings at the expense of sensitivity and facili-
tates the use of potentially longer acquisition times to improve
resolution. Recently Konrat and co-workers have found that
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this labeling scheme is also beneficial for applications involving
small proteins.?

Figure 5A, D and E show 2D planes from 4D NOE data sets
that form the primary source of distance information in the
case of structural studies of MSG.”*** In order to optimize
both sensitivity and resolution, TROSY versions of the experi-
ments were employed. Consider, for example, the methyl-
methyl NOE experiment that provided the majority of the
long-range distance constraints in studies of MSG (see below).
A methyl-TROSY experiment was developed that exploits the
relaxation properties of the long-lived coherences with data re-
corded by using a nonlinear sampling scheme.®™ In this ap-
proach, only approximately 30% of the data that would nor-
mally be obtained in a conventional data set is recorded, with
data sampling matched to the relaxation profile of the mag-
netization. In this manner, 4D spectra with excellent resolution
can be measured (Figure 5A, C (upper panel). The high resolu-
tion facilitates assignment of the NOE connectivity in Fig-
ure 5A to a Val119y2-Leu26992 contact, despite the fact that
the correlation for Leu26962 is in a crowded region of the
(high-resolution) 2D 'H,"*C HMQC map (Figure 5C, bottom).
Constraints involving Val119 are particularly critical because
this residue is close to the acetyl-CoA-binding site,”" and NOE
contacts to it (and Val118) are important in defining the central
(core) part of the enzyme. The resolution and sensitivity of this
4D data set was similar to the 3D ('H)-"*C-"*C-H HMQC-NOESY-
HMQC and 'H,"*C HMQC-NOESY maps recorded on the same
sample (Figure 5B).

A total of 1531 (627 long-range, |i—j|>3) approximate dis-
tance restraints were assigned from 3D and 4D NOE data sets,
supplemented with 415 "HN—"N dipolar coupling restraints,
300 restraints derived from shifts in '*CO resonance positions
upon alignment®™ and 533 (¢,i) dihedral-angle restraints
based on chemical shifts.”*®” These restraints were incorporat-
ed step-wise in “ab initio” structure calculations.”” Notably,
85% of the long-range contacts in MSG (|i—j|>3) were to
methyl groups; this emphasizes the important role of these
probes in the determination of global folds of high-molecular-
weight proteins.

Figure 6 A compares ribbon backbone representations of the
glyoxylate-bound structure of MSG determined by X-ray meth-
0ds® and the solution NMR-derived structure of the apo-form
of the enzyme.” It is quite clear that the overall structures are
very similar and that there are no changes in orientations of
the domains upon ligand binding, in contrast to what was pre-
dicted on the basis of studies of structurally and functionally
related proteins.*>*® Figure 6B shows a superposition of the
ten lowest energy structures that were derived on the basis of
the NMR restraints with the average pair-wise root-mean-
squared difference in coordinates of backbone heavy atoms
from elements of regular secondary structure indicated (NMR
vs. X-ray). Each of the four domains is compared in Figure 6 C-
F. Notably, the core domain that is comprised of a triose phos-
phate isomerase barrel motif®® with eight parallel B-strands
surrounded by eight a-helices is the least well defined. Unlike
a-helices, which are well defined through a series of sequential
and i,i£3 amide-amide NOEs, there are far fewer amide con-
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Figure 5. Representative planes from 4D and 3D NOE data sets recorded on samples of MSG: A) F,('H)-F,("*C) plane from the 4D CH,—CH, NOESY spectrum
showing correlations to Val119y2. The correlation involving Leu269 62 can be assigned in spite of the fact that its methyl 'H,"*C chemical shifts place it in a
crowded region of the 2D HMQC 'H,"C correlation map (C, bottom: aliased peaks are in gray). B) top: a region of an F,(**C)-F;('H) plane from the 3D HMQC-
NOESY-HMQC at an F,(*C) frequency of the Val119y2 methyl (18.9 ppm) and bottom: a region of the F,('H)-F;('H) plane of the 3D HMQC-NOESY, F,(**C) fre-
quency of 18.9 ppm. D) F;(*N)-F,('"HN) plane from the HN—HN 4D data set showing correlations to Lys206 HN. E) F5("*N)-F,('HN) plane from the methyl-HN

4D matrix illustrating NOEs between 11e20001 and proximal amide protons.

nectivities across parallel strands (that are short and twisted).
Indeed the labeling strategy that we employ eliminates inter-
strand NOEs between proximal H, protons that are most often
used to define such elements of secondary structure in the
case of fully protonated samples.

MSG is the largest protein (by approximately a factor of two)
for which a global NMR fold has been reported. Although the
structure is clearly not of high resolution, three of the four do-
mains are within 2 A of the X-ray coordinates (two within
1.5 A), and the backbone global fold is within 4 A of that deter-
mined by crystallography.”?? Improvements can be envisioned
through the use of data-base approaches, for example."’-%?
However, at the current level of resolution, the relative orienta-
tion of domains is well established, and the positions of the

ChemBioChem 2005, 6, 1567-1577 www.chembiochem.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

active-site residues are reasonably well reproduced. Finally, it is
worth mentioning that the frequency of occurrence of lle/Leu/
Val residues in MSG (22%) is essentially that observed in a
wide spectrum of proteins (21%), thus it is very likely that
global folds of a similar quality to that derived for MSG can be
obtained for many other proteins. Indeed, computations that
we' and others” have performed to establish the utility of
the approach using a number of different classes of proteins
(all @, all B, mixed a+f) suggest that this is indeed the case.
Montelione and co-workers advocate the generation of struc-
tures from sparse NOE data sets of the type described here as
a robust and effective approach for high-throughput analyses
of proteins much smaller than MSG."”
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Figure 6. A) Ribbon diagrams of the structure of MSG. Left: X-ray (PDB code 1d8c®); right: the lowest-energy NMR structure (PDB code 1y8b®?) calculated
on the basis of 1531 NOE, 1101 dihedral angle, 415 residual dipolar coupling, and 300 carbonyl-shift restraints. B) The X-ray structure of the glyoxylate-bound
form of MSG and the ten lowest energy NMR structures of apo-MSG calculated on the basis of experimental restraints. Backbone traces of the X-ray structure
(left) and NMR structures (right) are displayed and superimposed by aligning residues in elements of regular secondary structure. Individual domains of MSG:
Q) a-clasp, D) o/, E) core and F) C-terminal plug are displayed and superimposed by aligning residues in regular secondary structure. The r.m.s. deviations
between the NMR ensemble (10 structures) and the X-ray structure are indicated for heavy backbone atoms of regular secondary structure elements for the

entire molecule and for individual domains. Modified from Tugarinov et al.??

Methyl Groups as Probes of Side-Chain
Dynamics in Proteins

Deuterium has long been incorporated into proteins to simpli-
fy the spectra of complex molecules and to improve spectral
resolution and sensitivity.”’7*! In these applications, the deuter-
on is a passive spin; its sole function is to replace protons that
have a 6.5-fold larger gyromagnetic ratio, thereby decreasing
the relaxation rates of the remaining NMR active spins. The
spin properties of the deuteron can be exploited in an active
sense as well because it is a wonderful probe of molecular dy-
namics.”*”” This derives from the fact that the deuteron is a
spin 1 particle and therefore its relaxation and line-shape prop-
erties (in the solid state) are dominated by the well understood
(and local) quadrupolar interaction.”® As a result, many appli-
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cations involving studies of molecular dynamics in the solid
state have focused on 2H spin relaxation.”>®*" Over the past
decade, a series of experiments involving *H spin relaxation as
a probe of molecular dynamics in proteins in the solution state
has been proposed,'*®*" and applications to relatively small
proteins have been forthcoming.®*®” It would clearly be of in-
terest to extend such experiments to higher-molecular-weight
proteins. Here, as for smaller proteins, a combination of struc-
tural and dynamic studies is needed to properly characterize
the molecule. This requires the development of new pulse
schemes that take into account the relaxation properties of
the probe spin systems.

The initial *H spin-relaxation experiments focused on methyl
groups, since such studies provide a picture of dynamics
within the hydrophobic core of a protein."? Uniformly *C-la-
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beled proteins with approxi- A)
mately 50% random fractional
deuteration were prepared, and
the magnetization was transfer-
red from the methyl proton to
the deuteron via the intervening
carbon, according to 'H—"C—
HM—"C(t)—"H(t), t, and t,
are acquisition times (in these
experiments the "CH,D iso-
topomer is selected). A series of
3C,'"H correlation maps are ob-
tained as a function of T, with
the intensity of the correlations
related directly to the decay of
the deuteron during this interval.
These experiments make use of
HSQC transfers, and, in the case (1) I T
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more sensitive than the original v 300 o
HSQC sequences have recently
been proposed for cases in
which proteins with correlation
times in excess of approximately
25 ns are studied.”” The sensitiv-
ity of the experiments can be
significantly further improved by
a labeling scheme in which only
methyl isotopomers of the
3CH,D variety (Figure 7A, left)
are incorporated into the protein so that the methyl of interest
has “100% occupancy”. In the case of lle residues, precursor Il
(Scheme 1) is used.

One of the strengths of the deuteron as a probe of motion
is that it is possible to measure the relaxation properties of
five unique coherences so that robust measures of dynamics
can be extracted.®"®® Figure 7B shows a correlation between
the order parameters squared, S2,, defining the amplitude of
motion of the (one-bond) C ., —C axis, measured from the
decay of in-phase (x axis) and antiphase (y axis) *H transverse
coherences in lle *CH,D methyl groups of MSG. The excellent
agreement between the two measures is readily apparent. For
applications involving large proteins, it is also possible to mea-
sure dynamics by using *CHD, isotopomers (Figure 7 A, right),

R%(in-phase,*CH,D)-derived S?

axis.
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Figure 7. A) Ball-and-stick representation of '*CH,D- and '*CHD,-labeled methyl groups illustrating the labeling
schemes that are used in the study of methyl dynamics via *H spin relaxation; B) Correlation of S values derived

axis

from relaxation measurements of ?H in-phase and antiphase transverse magnetization; C) Typical relaxation decay
curves obtained for several lled1 sites of MSG based on ?H relaxation measurements with *CH,D (black) and

3CHD, (red) methyls; D) a linear correlation plot of relaxation rates measured on samples with *CHD, and *CH,D
methyls, R("*CHD,) (y axis) versus R(in-phase,">CH,D) (x axis), respectively; E) R("*CHD,)-derived S?

(y axis) versus

axis

(x axis). Best-fit parameters obtained from linear regression are indicated along
with Pearson’s correlation coefficients, R.

and theory predicts that the rates of transverse relaxation of
the deuteron(s) in *CH,D and "*CHD, methyls should be very
similar.®" Figure 7C, D shows that this is indeed the case.
Values of S2 . extracted from studies of CH,D (x axis) and
3CHD, groups (y axis; Figure 7E) are highly correlated.”" The
small offset of approximately 0.03 in S between the two
probes likely reflects errors in estimation of the overall molecu-
lar tumbling times in the two separate samples that is needed

for the calculation of order parameters.

Concluding Remarks

In this review, we have briefly highlighted a number of applica-
tions of methyl groups as probes of molecular structure and
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dynamics in the 82 kDa enzyme malate synthase G. Central to
this work has been the development of NMR experiments that
exploit the isotope-labeling schemes that produce highly deu-
terated, methyl protonated proteins and the fact that samples
with different methyl labeling patterns (*CH,, *CD,, "*CHD,,
3CH,D) can be prepared quantitatively for a variety of applica-
tions. The large number of sample permutations that is now
possible can make it confusing for the nonexpert to know
what type of labeling scheme to use and, indeed, the optimal
approach for one system might not be suitable for another.
Nevertheless, it is worth summarizing what we feel are the
most useful samples for both structural and dynamic studies at
least for the case of MSG. Assignments of backbone nuclei
(and Cy carbons) as well as lle(d1), Leu, and Val methyl
groups can be accomplished by wusing an {lled1-
("3CH3),Leu(*CH,,"*CD,),Val("*CH,,"*CD,)} U-["°N,"C,D] sample in
H,0®" that can also be used for the measurement of *Jc,co
couplings® and HN—CH,, HN—HN NOEs™ (although we prefer
a perdeuterated sample for obtaining amide-amide distance
restraints). A second sample in D,O with the methyl labeling
scheme as above but in which all other carbon positions are
2C ({lled1("*CH;),Leu("*CH,,"CD5),Val(*CH,,'*CD,)} U-["N,'*C,D])
facilitates optimal measurement of *J., couplings® as well as
CH;—CH; NOEs.?* The latter sample can also be used for
studies of methyl dynamics on the ms timescale,” while stud-
ies of ps—ns timescale motions at methyl positions by using 2H
spin relaxation are performed on samples with either *CH,D
or *CHD, methyls.*"! The interested reader is referred to the
original literature cited above for a detailed breakdown of
measurement time for each experiment. The results summar-
ized in this review on MSG establish that quantitative informa-
tion of the sort that has normally been generated only in NMR
studies of small-to-moderately sized proteins can also be ob-
tained, at least in some cases, in applications involving mole-
cules in the 100 kDa molecular weight range.
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