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ABSTRACT: A detailed understanding of molecular recognition is predicated not only on high-resolution
static structures of the free and bound states but also on information about how these structures change
with time, that is, molecular dynamics. Here we present a deuterium (2H) and carbon (13C) NMR relaxation
study of methyl side chain dynamics in the 82 kDa enzyme malate synthase G (MSG) that is a promising
target for the development of new antibiotic agents. It is shown that excellent agreement between2H- and
13C-derived measures of dynamics is obtained, with correlation coefficients exceeding 0.95. The binding
interface formed by MSG and its substrates is found to be highly dynamic in the ligand-free state of the
enzyme with rigidification upon binding substrate. This study establishes that detailed, quantitative
information about methyl side chain dynamics can be obtained by NMR on proteins with molecular masses
on the order of 100 kDa and opens up the possibilities for studies of motion in a large number of important
systems.

It is widely accepted that biomolecular recognition depends
on the structural properties of the interacting molecules.
Historically, much of our knowledge of molecular structure
has been derived from static pictures of proteins, using either
X-ray or NMR analyses. Such structures often provide
detailed models that in some cases can explain specificity
and function. However, despite recent advances in proteomics
and the accelerated pace of high-throughput protein structure
determination, our understanding of the mechanism and
driving forces that underlie biomolecular interactions is, in
many cases, rudimentary (1, 2).

One of the major difficulties is that molecules are not static
and often their dynamics are critical in recognition processes
or for function. Characterizing the motions on a site-specific
basis and relating such dynamics to function or stability in
a quantitative way remain major challenges. In principle,
NMR spectroscopy is a valuable probe of motion over a wide
range of time scales, and in the past decade, a large number
of experimental approaches that measure dynamics at dif-
ferent positions along both the backbone and side chains of
proteins (3-5), in particular, have been derived. A limitation
of the methodology has been, however, that applications are
restricted to relatively small systems, typically with molecular
masses of less than∼40 kDa; many interesting and important
molecules lie outside this window. Recently, the development

of new labeling approaches and a new class of NMR
experiment that relies on transverse relaxation-optimized
spectroscopy (TROSY)1 for backbone amide (6), methyl (7),
and methylene (8, 9) groups, as well as significant sensitivity
improvements in instrumentation, has led to increases in the
size of proteins that can be studied by NMR.

One such large protein that has been studied in consider-
able detail by multidimensional NMR methods in our
laboratory is the 82 kDa single-polypeptide chain malate
synthase G (MSG, 723 residues). MSG and isocitrate lyase
are the two enzymes of the “glyoxylate shunt”, a biochemical
bypass used by microorganisms (bacteria, yeast, and fungi)
for biosynthesis under anaerobic conditions (10). Enzymes
of the glyoxylate bypass have been implicated as virulence
factors in several pathogens, includingMycobacterium
tuberculosis(11-13). The importance of these glyoxylate
shunt enzymes is underscored by the fact that tuberculosis
is estimated to exist as a dormant infection in more than 2
billion people and to result in more than 1.7 million deaths
annually (14). Because the glyoxylate bypass is not found
in humans, MSG represents a promising target for the
development of new antibiotic agents. As a result, there have
been a number of structural studies of this protein. The 1.95
Å resolution X-ray structure of the ternary abortive complex
of MSG with pyruvate (glyoxylate mimic) and acetyl-CoA
has been determined recently (15), showing that the enzyme
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adopts essentially the same structure as in the complex with
glyoxylate reported earlier (16). Recently, using new NMR
approaches, we have determined the global fold of the apo
form of MSG from NMR data exclusively (17), showing
that the relative orientation of domains in the molecule does
not change upon ligation (17, 18).

We report here a methyl side chain dynamics study of
Ile, Leu, and Val residues in MSG using both13C and2H
spin relaxation probes of motion in apo- and pyruvate-acetyl-
CoA-saturated forms of the enzyme that significantly comple-
ments the existing body of static structural information about
this important molecule. In MSG, there are close to 300 Ile/
Leu/Val methyl groups, with excellent coverage over the
complete structure of the protein. Twenty-two of these methyl
carbons are within 10 Å of one or more atoms of either
pyruvate or acetyl-CoA and thus serve as excellent reporters
on the dynamics in the vicinity of the active site. The
measurements show that there is a remarkable level of
structural plasticity in much but not all of this region in the
apo structure that, for the most part, rigidifies upon ligand
binding. This study shows for the first time that site-specific
and quantitative dynamics information can be obtained for
Ile/Leu/Val methyl groups in proteins with molecular masses
on the order of 100 kDa and sets the stage for further
dynamics studies of large proteins.

MATERIALS AND METHODS

NMR Sample. A U-[15N,2H], Ileδ1-[13CHD2]-labeled sample
of MSG, which was available at the outset of the study (8,
9), was used to record2H and 13C relaxation rates (of Ile
methyl groups) in the apo form of the protein. A second
MSG sample that was U-[15N,2H], Ileδ1-[13CHD2], Leu,Val-
[13CHD2,13CHD2]-labeled subsequently became available and
was used for all remaining measurements, including mea-
surement of both2H and13C Leu/Val methyl spin relaxation
properties in apo-MSG and all Ile/Leu/Val methyl measure-
ments in the bound state. Details of sample production are
as described previously (19, 20), with selective [13CHD2]
labeling of methyl groups of Ile, Leu, and Val in an otherwise
deuterated protein achieved by the addition of 60 mg of
2-keto-3-d2-4-13C,d2-butyrate and 100 mg of 2-keto-3-methyl-
13C,d2-3-d1-4-13C,d2-butyrate to 1 L of D2O-based minimal
medium following the method of Gardner and Kay (21) and
Goto et al. (22). Ileδ1-[13CHD2]-labeled and Ileδ1-[13CHD2],
Leu,Val-[13CHD2,13CHD2]-labeled samples were at concen-
trations of 0.45 and 0.80 mM in protein, respectively, in 99%
D2O and contained 25 mM sodium phosphate buffer (pH
7.1, uncorrected), 20 mM MgCl2, 5 mM DTT, and 0.05%
NaN3.

Assignments of Methyl Groups in the Ternary AbortiVe
MSG-PyruVate-Acetyl-CoA Complex. Ile, Leu, and Val
methyl assignments (∼95% completeness) for the apo form
of MSG have been reported (20, 23). Assignments of the
corresponding methyl groups in the ternary complex (pyru-
vate-acetyl-CoA-MSG) have been obtained from a series
of titrations in which first sodium pyruvate was added until
no further changes in peak positions were noted (saturation),
followed by the addition of acetyl-CoA until saturation. Since
the binding of both ligands occurs in the intermediate to fast
exchange regime (18), it is possible to follow the “trajecto-
ries” of cross-peak positions in two-dimensional spectra

during both titration series for∼75% of the methyl reso-
nances. The final concentrations of pyruvate and acetyl-CoA
in the ternary, ILV-[13CHD2]-labeled MSG complex were
20 and 8 mM, respectively, reflecting the differences in
affinities of the ligands for protein (1 mM and 270µM,
respectively). All NMR spectra were analyzed using
NMRView(24).

2H and 13C Relaxation Measurements. All relaxation
measurements were performed at 37°C on a Varian Inova
600 MHz spectrometer equipped with a cryogenically cooled
probe. 2H transverse relaxation measurements in13CHD2

methyl isotopomers were performed using the scheme of
Figure 6 of Tugarinov et al. (9). R1F andR1 relaxation rates
of 13C spins in13CHD2 methyl groups have been measured
using pulse schemes (given in the Supporting Information
along with further experimental details) similar to those used
by Torchia and co-workers for13C relaxation studies (25).

Data Analysis. Measured2H and13C relaxation rates are
related to molecular dynamics because they depend on linear
combinations of the power spectrum of the motion at a finite
number of frequencies (for2H at 0,ωD and 2ωD whereωD

is the 2H Larmor frequency, for example). The power
spectrum or spectral density can be most simply related to
motional parameters using the model-free formalism (26, 27)
in which values ofSaxis

2 andτf are extracted per methyl site;
Saxis

2 values (order parameter squared) provide a measure of
the amplitude of motion of the methyl 3-fold axis, with the
time scale given byτf. 2H and13C rates have been analyzed
independently, and the extracted order parameters from the
two very different methods were compared to cross-validate
the methodology. This is particularly important given the
very high molecular mass of MSG in relation to other
proteins that have been studied in this manner to date (well
over a factor of 2 larger), the fact that the2H methods are
new (9), and the difficulties that have plagued13C spin
relaxation studies of methyl groups in the past (28). Details
of the fitting procedure, including the relevant equations for
the relaxation rates and the form of the spectral density
function, are given in the Supporting Information.

One of the powerful features of2H spin relaxation as a
probe of molecular dynamics is that the relaxation of the
deuteron is governed almost exclusively by the quadrupolar
interaction that is well understood (29) and for which the
relevant parameters, such as the quadrupolar coupling
constant, have been quantified (30). In contrast, the inter-
pretation of13C spin relaxation rates in13CHD2 methyl groups
is more complicated because they depend on intra-methyl
1H-13C and 2H-13C dipolar spin interactions and methyl
13C chemical shift anisotropy (CSA), as well as on dipolar
contributions from both1H and2H spins that are external to
the methyl group in question (31). Values for the assumed
axially symmetric CSA have been measured for 14 Ile, 21
Leu, and 15 Val methyl groups in MSG usingF1-coupled
1H-13C HSQC spectra of ILV-[13CH3]-labeled MSG, as
described previously (32), along with 2H-derived (CSA-
independent)Saxis

2 values. The obtained average values
(standard deviations) are 17.8 (6.2), 30.0 (5.1), 25.2 (6.3)
ppm for Ile, Leu, and Val, respectively, and these values
have been used in all analyses.

Computations for [2H],ILV-[ 13CHD2]-labeled MSG show
that contributions to13C relaxation rates from dipolar
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interactions with external2H nuclei can be assigned by
placing a single deuteron between 1.8 and 1.9 Å from the
methyl carbon in question. An average distance of 1.8 Å
was used uniformly. Contributions from dipolar fields due
to external protons were estimated on a residue-specific basis
by calculating the effective distance (∑extrCHext

-6 )-1/6 for each
methyl of interest (distance between the methyl carbon and
all external protons) and then using this value in the course
of the data fitting (see the Supporting Information). We have
also assumed random protonation at the level of 3% (derived
from the residual proton content of [2H]-D-glucose, for
example) in the analysis. The calculations establish that the
contributions from external protons can be modeled as being
derived from a single proton 3.4 (Ile), 2.6 (Leu), or 2.7 Å
(Val) from the methyl carbon, on average. Note that the
smaller distances for Leu and Val reflect the fact that both
methyls of the same residue are13CHD2 (i.e., that there is a
proximal proton to each methyl) while only one of the two
methyls in Ile is protonated (13CHD2) in our labeling scheme.

RESULTS AND DISCUSSION

NMR Studies of Side Chain Methyl Dynamics in High-
Molecular Mass Proteins. Methyl groups have long been
used in the study of protein dynamics because their NMR
spectra are usually of high sensitivity and resolution, and
because they report on motions in protein hydrophobic cores,
which are often important for function (33-35). In addition,
methyl groups are usually well dispersed throughout the
protein primary sequence (36) so that excellent coverage of
the dynamics across the protein can be obtained. Here we
have studied methyl groups of Ile, Leu, and Val as reporters
of motion; in a survey of more than 1000 unrelated proteins,
these three residues comprise 21% of the database (37) and
thus are generally well represented (22% in MSG). We have
chosen to prepare U-[15N,2H], Ileδ1-[13CHD2],Leu,Val-
[13CHD2,13CHD2]-labeled protein using appropriately labeled
R-keto acid compounds as biosynthetic precursors during
protein production (38) (see Materials and Methods) so that
both 2H and 13C spin relaxation experiments can be per-
formed on the same sample. Selected regions of the two-
dimensional 1H-13C correlation maps of ILV-[13CHD2]
samples of apo- and pyruvate-acetyl-CoA-MSG are shown
in Figure 1a,b. It is clear that only a single methyl isotopomer
is present (essentially 100% incorporation), critical in ap-
plications to high-molecular mass proteins where both
resolution and sensitivity are concerns. Recently, Homans
and co-workers used a similar isotope labeling scheme in
13C methyl relaxation studies, although limited to Val
γ-methyl positions (39).

To date, applications of methyl spin relaxation have been
restricted to studies of small proteins and existing2H spin
relaxation methods, in particular, were quite limiting in terms
of molecular size (less than∼30 kDa). With this in mind, a
suite of 13CH2D-TROSY-based2H relaxation experiments
were recently developed that are suitable for much larger
systems (9). In addition, for large proteins (tumbling times
in excess of∼20 ns), it is also possible to obtain accurate
values of Saxis

2 by recording the decay of transverse2H
relaxation in13CHD2-labeled methyl groups (9). Irrespective
of whether 13CH2D or 13CHD2 probes are employed, the
attractive feature of2H measurements relates to the fact that

the relaxation properties can be interpreted to excellent
approximation by consideration of only the2H quadrupolar
interaction (40). In contrast, the interpretation of13C
relaxation in13CH3 methyl groups is complicated by interfer-
ence effects between the dipolar fields created by the three
protons, leading to nonexponential decay of the signal (28,
41). In this regard, the use of a13CHD2 isotopomer is
particularly appealing for13C studies since these interference
effects are eliminated. However, even here the relaxation is
more complex than for2H. For example, using an average
set of motional parameters for Ile (Leu/Val) residues [Saxis

2

) 0.6 (0.7);τf ) 20 ps (40 ps);13C CSA ) 18 ppm (25
ppm)] obtained from the [2H],ILV-[ 13CHD2]-labeled MSG
sample used in this work, the contribution of the main13C-
1H dipolar interaction to the cumulative13C relaxation rate
is 78% (72%) for Ile (Leu/Val) methyl groups. Additional
contributions include (i) intra-methyl13C-2H dipolar effects
comprising 10% (9%); (ii) CSA contributions of 5% (9%)
at 600 MHz; (iii) dipolar interactions with external1H nuclei
(i.e., outside the methyl of interest), 2% (6%); and (iv) dipolar
contributions from interactions with external deuterons, 5%
(4%). It is especially difficult to account accurately for
contributions from CSA and external nuclei because of their
variability from site to site; however, the influence from
external protons can be minimized by high levels of sample
deuteration.

The increased complexity in the interpretation of13C
relaxation data in terms of motional parameters relative to
2H measurements is offset to some extent by the sensitivity
gains in the13C-based experiments. On average, the13C
experiments are 3.3-fold more sensitive for MSG. This

FIGURE 1: Selected region of the two-dimensional1H-13C spectrum
(600 MHz) corresponding to the first point of13C R1F measurements
for (a) the apo form of ILV-[13CHD2]-labeled MSG and (b) the
ternary complex of ILV-[13CHD2]-labeled MSG with pyruvate and
acetyl-CoA. Separated peaks are labeled with their corresponding
assignments in both protein states. Peaks of Ileδ1 methyls folded
in the13C dimension are labeled with asterisks. The intensity decay
curves fit to monoexponential functions are shown for the L142δ1
methyl group for 2H R(CHD2) measurements (c) and13C R1F
measurements (d). Exponential fits for data obtained for apo-MSG
and the pyruvate-acetyl-CoA-saturated MSG complex are shown
with solid and dashed lines, respectively.
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reflects the fact that even in the absence of relaxation losses
the transfer efficiency from13C to 2H and back in a13CHD2

group, which is a prerequisite for the2H experiments (9), is
0.5. The13CHD2 labeling scheme employed in this study
affords an opportunity to assess both2H and13C relaxation
on a single sample and within the same isotopomer, and
hence assess whether the contributions to the13C relaxation
detailed above compromise the extraction of robust motional
parameters. A previous comparison of2H- and13C-derived
measures of order at methyl (13CHD2) positions for the HIV-1
protease would suggest not (31); however, in that study,
slightly elevatedSaxis

2 values were extracted from the13C
relaxation data, likely resulting from artifacts introduced by
rapid 1H pulsing during the13C spin lock period (42).

Correlation between13C and2H Measures of Dynamics.
Panels c and d of Figure 1 show typical decay curves of2H
and13C transverse magnetization from ILV-[13CHD2]-labeled
MSG that form the primary data for extraction of motional
parameters. The number of methyl sites whose relaxation
rates could be reliably quantified is somewhat lower than
the total number of ILV sites in MSG [approximately 65%
of the 44 Ile (δ1), 92 Val, and 140 Leu methyls could be
measured in the apo form and 50% in the ligand-bound state]
primarily because of cross-peak overlap in the two-
dimensional relaxation spectra and, in the case of the ternary
complex, incomplete assignments (see Materials and Meth-
ods). The correlations between2H-derived and13C-derived
Saxis

2 values in the apo (a-c) and ligated (d-f) states of the
enzyme are shown in Figure 2, separated according to amino
acid type. The data are highly correlated, with correlation
coefficients ranging from 0.95 to 0.99 and root-mean-square
differences inSaxis

2 of 0.05-0.07. A statistically significant
correlation is also observed between the measured order
parameters and the inverse crystallographic temperature
factors [PDB entry 1d8c (16) (Pearson’sR of 0.4-0.6,
depending on what residue types are considered)].

The results summarized in Figure 2 make it clear that
despite the increased complexity in the interpretation of the
13C relaxation data, robust measures of dynamics can be
obtained (31). It is noteworthy that the level of agreement
betweenSaxis

2 (2H) andSaxis
2 (13C) is best for Ile where the13C

CSA is smallest. The rms differences betweenSaxis
2 values

were somewhat worse when data obtained at 800 MHz were
analyzed, likely reflecting the substantially higher contribu-
tions of CSA relaxation at this field (a factor of ap-
proximately 2 increase in the contribution to the total rate
relative to 600 MHz) and the site-specific variation in CSA
values that is not taken into account. A second source of
error in the interpretation of the13C data may result from
the assumption of fixed methyl geometry. Analysis of a
combined set of1DC-H and 1DC-C dipolar couplings from
the studies of Ottiger and Bax (43) and Mittermaier and Kay
(44) showed that1DC-H/1DC-C ratios, which relate directly
to C-H bond length as well as to the angle between the
C-H bond and the methyl 3-fold rotation axis, are subject
to somewhat higher variability in Val and Leu methyls than
the same ratios in Ile. Changes in methyl geometry could of
course also affect the extracted2H-based measures of order
(30). Finally, the majority of (primarily13C-derived)Saxis

2

values of Val and Leu residues that exceed the theoretical
upper limit of 1.0 were derived fromR2 relaxation rates that

showed statistically significant increases as a function of
decreasing13C spin lock fields (from 2.0 to 1.4 kHz),
indicating that chemical exchange processes may not be
completely quenched at the highest spin lock field employed
(see below). On average, however, the good agreement
between Saxis

2 (13C) and Saxis
2 (2H) (Figure 2) implies that

contributions from chemical exchange are small. This is
further substantiated by the fact that the average difference
betweenSaxis

2 (13C; 2.0 kHz) andSaxis
2 (13C; 1.4 kHz) is 0.003

( 0.036 with an average of 0.071( 0.031 for the 10 largest
differences.

Global Dynamic Properties. Panels a-c of Figure 3 show
histograms of the2H-derivedSaxis

2 values obtained for ILV
methyls of the apo form of MSG. Recent results from
molecular dynamics (MD) simulations of Best et al. (45)
indicate that distributions ofSaxis

2 values can be understood
in terms of the rotameric preferences in methyl-containing
side chains. For Ile and Leu residues, high, medium, and
low values ofSaxis

2 reflect whether neither, one, or two of
the ø1 andø2 angles undergo rotameric transitions between
wells, and give rise to a three-pronged distribution (Figure
3a,c). The two-pronged profile for Val (Figure 3b) results
from distributions of residues that either are confined to a
singleø1 state or that undergo jumps between different states.
It is noteworthy that although the positions of the peaks in
the distributions ofSaxis

2 values for both Ile and Val residues
in MSG correlate well with those expected both from MD

FIGURE 2: Linear correlation plots of2H-derivedSaxis
2 (y-axis) vs

13C-derivedSaxis
2 (x-axis) for ILV methyls in (a-c) apo-MSG and

(d-f) the pyruvate-acetyl-CoA-MSG abortive ternary complex.
Average rmsd values obtained between13C- and2H-derivedSaxis

2

distributions,〈∆S2〉, are indicated along with Pearson correlation
coefficients,R. A diagonal line (y ) x) is included in each plot.
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simulations and from experimental results on other proteins
(46), the positions of the two peaks corresponding to low

and intermediateSaxis
2 values for Leu residues in MSG are

shifted to somewhat higher values, reflecting an unusually
large number of ordered Leu side chains in the large
hydrophobic core of the protein.

The spin relaxation measures of dynamics presented here
correlate well with other probes of motion. We have
previously measured3JCγC′ and3JCγN scalar couplings in Val
residues as a prelude for stereospecific assignments of the
prochiral methyls (23). Of 14 residues predicted fromJ
couplings to be disordered or to have noncanonical side chain
conformations, 10 haveSaxis

2 values of <0.5 for both
methyls. Likewise, nine of the 14 Val side chains with
motions on the micro- to millisecond time scale (23, 47) have
Saxis

2 values of<0.5.
The distributions of local motional correlation times,τf,

obtained by fitting13C R1 and R2 relaxation data for ILV
residues in apo-MSG are shown in Figure 3d-f. As discussed
previously,τf values reflect in a complex way the combined
time scales of all motional processes that influence the
relaxation, including internal methyl 3-fold rotation (40). The
distribution of values for Ile is much narrower than for Leu
or Val, with τf,avg smaller by a factor of 2.5, which likely
reflects faster internal methyl rotation. Interestingly, a solid-
state NMR study of1H R1 methyl relaxation in compounds
containing unbranched hydrocarbon chains (i.e., similar to
Ileδ1 sites) and isopropyl groups (similar to Leu/Val) (48)
showed similar methyl rotation barriers (11 and 12 kJ/mol,
respectively).

Figure 4a displays the structure of MSG with the ILV
methyls depicted as spheres color-coded according to their

FIGURE 3: Histograms ofSaxis
2 values derived from2H relaxation

measurements in ILV-[13CHD2]-labeled MSG for (a) Ile, (b) Val,
and (c) Leu methyls. Arrows indicate approximate positions of
maxima. Histograms of methyl internal rotation correlation times,
τf (picoseconds), derived from13C relaxation data for (d) Ile, (e)
Val, and (f) Leu methyls. Mean values together with standard
deviations are indicated at the top of each distribution plot.

FIGURE 4: X-ray structure of MSG [PDB entry 1p7t (15)] with ILV methyls shown with spheres color-coded according to the values of
13C-derivedSaxis

2 values for (a) the whole molecule and (b) the active site of MSG highlighting methyls whose13C atoms are located within
10 Å of one or more atoms of pyruvate (shown with blue-gray spheres) or acetyl-CoA (light blue spheres). The color coding (the scale
shown at bottom right) was based onSaxis

2 values obtained for the apo form of MSG, with ligands bound to MSG shown only to better
delineate the binding site. The13C- and2H-derivedSaxis

2 values for the methyls in the proximity of the binding site (apo) in panel b are
indicated in square brackets for each methyl site [Saxis

2 (13C),Saxis
2 (2H)]. Where values ofSaxis

2 (e1) are available for both apo and bound states
of MSG, the difference is listed,∆. This figure was prepared using MOLMOL (49).
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13C-derivedSaxis
2 values (apo form). The enzyme is com-

prised of four domains (16), including (i) a centralâ8/R8
(TIM barrel) core, with the eightâ-strands forming a parallel
â-sheet that wraps in a cylinder surrounded by eight
R-helices, (ii) an N-terminalR-helical “clasp” linked to the
TIM barrel by a long extended loop (residues 89-115), (iii)
an R/â domain (residues 132-265, 296-333) appended to
the core, and (iv) a C-terminal five-helix “plug” connected
to the barrel by an extended loop (residues 550-588). It is
clear that the methyls are distributed well over the entire
protein, and in this respect, they serve as excellent probes
of molecular dynamics. There is a quite uniform distribution
in the level of dynamics observed throughout the protein.
Nevertheless, several flexible areas do emerge, including the
ligand binding interface, discussed below. In particular,
regions spanning residues 152-155 (Val155) and 300-310
(Ile309 and Val310) in theR/â domain, residues in the linker
between the core and the C-terminal plug (Val556 and
Leu581), and residues in loops linking the four domains of
the enzyme (Leu91, Val92, Ile260, and Ile265) exhibit
significant mobility. Reduced15N R1F rates and1H-15N NOE
values of<0.6 have also been obtained for backbone amides
in these regions (18).

Molecular Dynamics at the Binding Interface. As for all
the enzymes sharing the TIM barrel fold, the active site of
MSG is formed from residues at the C-termini of several
â-strands of the core barrel and from the loop of the
C-terminal domain spanning residues 614-631. The binding
site of the acetyl-CoA substrate involves additionally the side
chains of theâ-hairpin loop of residues 300-310 and the
first R-helix of the core barrel (15). Figure 4b highlights the
region of the MSG molecule where acetyl-CoA (dark blue)
and pyruvate (light blue) bind, with the ILV methyls whose
13C atoms are within 10 Å of one or more atoms of the two
bound ligands color-coded according to13C-derived Saxis

2

values (apo form). Much, but not all, of the binding interface
is surrounded by dynamic side chains that rigidify upon
ligand binding (see the Supporting Information and Figure
4b). Included in the figure as well are the13C- and2H-derived
Saxis

2 values [Saxis
2 (13C),Saxis

2 (2H)] for each of the proximal
methyls (apo) and, where data are available for both free
and bound states of the protein, the change inSaxis

2 upon
ligand binding,∆. The level of agreement between order
parameters obtained for13C and 2H data is really quite
remarkable considering the size of the system that is being
studied.

A number of the methyl groups illustrated in Figure 4b
have been shown to be dynamic on the millisecond time
scale, including Leu117, Val119, Leu128, and Ile309 (47).
Additionally, a comparison of13C R1F data recorded at 2.0
and 1.4 kHz spin lock field strengths also indicated possible
micro- to millisecond time scale dynamics for Ile268 and
for both methyls of Val275. Thus, for many residues at the
binding interface, the dynamics span a wide range of time
scales. Such micro- to millisecond contributions have little
effect on measured2H spin relaxation rates since the
deuterium quadrupolar interaction dominates the decay
(compare the decay rates in panels c and d of Figure 1).
However, conformational exchange processes can potentially
lead to elevated13C R1F rates, resulting in increases in
extractedSaxis

2 (13C) values. The similarity between2H- and

13C-derived order parameters for the residues in Figure 4b
suggests that, at least for the methyls lining the binding site,
exchange contributions are largely quenched by the 2 kHz
13C spin lock field (see the discussion above).

A detailed account of all the interactions between MSG
and its pyruvate and acetyl-CoA substrates has been pre-
sented by Anstro¨m et al. (15). Most of the interactions in
the ternary pyruvate-acetyl-CoA-MSG complex are be-
tween polar side chains of MSG (guanidine of Arg, carboxyl
of Asp, and hydroxyl groups of Ser and Tyr) and polar
(amino and phosphate) groups of acetyl-CoA, and are in
some cases mediated by several intervening water molecules.
The changes in13C and1H chemical shifts andSaxis

2 values
upon formation of the ternary complex are summarized in
the Supporting Information. Both1H and13C chemical shift
changes qualitatively follow the pattern of15N shift changes
reported earlier (18) and tend to concentrate around three
main regions of the MSG structure involved in substrate
binding, including (i) the loop connecting the firstâ1 strand
andR1 helix of the core, (ii) the loop connecting strandâ2
and helixR2 of the core as well as theâ-hairpin of residues
300-311, and (iii) a pair of loops at the C-terminal end of
the structure comprising residues 506-515 and 614-631.
Changes inSaxis

2 upon ligand binding are more prevalent
throughout the sequence than might have been expected on
the basis of chemical shift changes alone. On average,Saxis

2

values increase in the ligated form of MSG by 0.018 (0.028)
based on13C (2H)-derived data. However, 52 (43) methyl
sites exhibit a decrease in13C (2H)-derivedSaxis

2 values in
the ternary complex [∆Saxis

2 (13C) ) -0.054; ∆Saxis
2 (2H) )

-0.066, on average]. Thus, the overall unfavorable entropic
contributions to binding from decreased side chain flexibility
are partially compensated by increases in entropy in regions
of the molecule distinct from the binding site (see the
Supporting Information). As expected, the most significant
changes in methyl dynamics are observed close to the acetyl-
CoA binding site. The especially noticeable “stiffening” of
residues in theâ-hairpin loop of residues 300-310 upon
acetyl-CoA binding is consistent with results from our earlier
ligand binding NMR study (18) and crystallographic data
(15).

The changes in order parameters that accompany ligand
binding can be recast in terms of changes in conformational
entropy ∆S, using equations that relate the two (50-52).
Assuming that the motion of each methyl 3-fold axis can be
described in terms of a diffusion in a cone model, where
every orientation is equiprobable (51), and that the nature
of the motions does not change upon binding (only the cone
angle varies, for example), changes in entropy between the
apo and ligated forms of MSG can be calculated. Using a
subset of 123 methyl groups,∆Svalues of-180( 40 and
-135 ( 30 J mol-1 K-1 are obtained from2H and 13C
measurements, respectively. To ensure that the same residues
were included in the comparison, in the few cases (∼10%)
where values ofSaxis

2 (2H) were not available but where
Saxis

2 (13C) values were, we have usedSaxis
2 (13C) to calculate

site-specific∆S values and vice versa (3%). Notably, a
significant portion of the entropy change,-52 ( 6 J mol-1

K-1 (2H) and -53 ( 5 J mol-1 K-1 (13C), derives from
methyl sites that are proximal to the binding site (Figure
4b). In general, entropy changes calculated in this way must
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be considered very approximate since they assume that the
dynamics at each methyl site are uncorrelated, are based only
on contributions from pico- to nanosecond time scale
motions, and include contributions from only methyl groups
for which measures are available in both apo and ligand-
bound forms of the protein. Nevertheless, they indicate that
changes in motion upon binding do contribute significantly
(and unfavorably) to the association of MSG with its targets.
In particular, the substantial contribution to the free energy
of binding (∆G ) 16.4 kJ/mol at 310 K) from changes in
methyl dynamics at the binding interface suggests that taking
the flexibility of this region into account might be very
important in the design of potent inhibitors of this enzyme.
For example, Figure 4b shows that one portion of the binding
face is relatively rigid while the other regions are highly
dynamic. A static structure that rules out certain potential
ligands on the basis of steric clashes might be misleading in
cases of dynamics, where, for example, regions of high
plasticity could accommodate certain functionalities that, in
the absence of motion, would be inaccessible (1). These
functionalities might then provide significant enthalpic
contributions to the free energy of binding that would
stabilize the inhibitor-enzyme complex.

In summary, a13C and2H side chain dynamics study of
MSG, an 82 kDa, 723-residue enzyme, has been presented.
Excellent agreement between dynamics parameters obtained
for both carbon- and deuterium-based approaches is obtained,
establishing the robustness of the methodology. The MSG
enzyme studied here is a member of a class of malate
synthases that play an important role in a number of
pathogenic microorganisms and for which inhibitors are
sought. A mapping of the dynamics at the binding interface
provides information that will be of value in achieving this
goal.

SUPPORTING INFORMATION AVAILABLE

Description of experimental procedures employed for2H
and 13C relaxation measurements and theoretical consider-
ations underlying data analyses. Included also are one figure
showing the pulse schemes used for13C R1 and R1F

measurements, one figure showing the values ofSaxis
2 (13C)

as a function of residue number and the changes inSaxis
2 and

methyl 1H and 13C chemical shifts occurring upon ternary
complex formation, one table listing the13C- and2H-derived
Saxis

2 values in the apo and ligated states of MSG and the
corresponding changes in site-specific entropy, and one table
of the 13C and 2H spin relaxation rates. This material is
available free of charge via the Internet at http://pubs.acs.org.
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