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Abstract Methionine residues fulfill a broad range of
roles in protein function related to conformational plas-
ticity, ligand binding, and sensing/mediating the effects of
oxidative stress. A high degree of internal mobility,
intrinsic detection sensitivity of the methyl group, and low
copy number have made methionine labeling a popular
approach for NMR investigation of selectively labeled
protein macromolecules. However, selective labeling
approaches are subject to more limited information con-
tent. In order to optimize the information available from
such studies, we have performed DFT calculations on
model systems to evaluate the conformational dependence
of *Jesces “Jesen, and the isotropic shielding, g;y,. Results
have been compared with experimental data reported in the
literature, as well as data obtained on [methyl—”C]methi—
onine and on model compounds. These studies indicate that
relative to oxygen, the presence of the sulfur atom in the
coupling pathway results in a significantly smaller coupling
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constant, ° JCSCC/3JCOCC ~ 0.7. It is further demonstrated
that the *Jgcy coupling constant depends primarily on the
subtended CSCH dihedral angle, and secondarily on the
CSCC dihedral angle. Comparison of theoretical shielding
calculations with the experimental shift range of the methyl
group for methionine residues in proteins supports the
conclusion that the intra-residue conformationally-depen-
dent shift perturbation is the dominant determinant of
0'3Ce. Analysis of calmodulin data based on these calcu-
lations indicates that several residues adopt non-standard
rotamers characterized by very large ~100° % values. The
utility of the 0'>Cs as a basis for estimating the gauche/
trans ratio for y* is evaluated, and physical and technical
factors that limit the accuracy of both the NMR and crys-
tallographic analyses are discussed.

Keywords Methionine - [methyl—13 C] methionine -
Calmodulin - NMR - Karplus relation - 3Jcscc .
Scalar coupling constants

Introduction

The methionine residues of proteins fulfill a number of
important structural and functional roles. Methionine-rich
interaction surfaces in calmodulin, SecA and other proteins
are able to accommodate a broad range of structurally
diverse, hydrophobic targets (Hunt et al. 2002; O’Neil and
DeGrado 1990). The inherent flexibility of the methionine
sidechain is an important structural element when confor-
mational plasticity is required (Gellman 1991; Pantoja-
Uceda et al. 2004; Strohmeier et al. 2006). Methionine also
functions as a metal ligand in heme proteins such as cyto-
chrome c (Senn et al. 1984) and bacterioferritin (George
et al. 1993), as well as in non-heme metalloproteins such as
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plastocyanin (Bertini et al. 2001). Senn and coworkers have
demonstrated that in oxidized cytochrome c, the orientation
of the lone pair orbital of the methionine sulfur atom ligated
to the heme iron exerts a dominant influence on its electronic
structure (Senn et al. 1984; Senn and Wuthrich 1983a, b).
The methionine sulfur can also be involved in hydrogen
bonding interactions (Gregoret et al. 1991). Recent model-
ing studies have suggested that in the enzyme dihydrofolate
reductase, the proximity of the Met20 sulfur atom to the
folate NS5 can elevate the pKa, facilitating subsequent
hydride transfer chemistry (Khavrutskii et al. 2007). There
is also evidence that methionine oxidation can serve as a
sensor and a mediator of oxidative stress (Anbanandam et al.
2005; Gustavsson et al. 2001; Schoneich 2005; Vogt 1995;
Yin et al. 2000).

The varied roles of methionine residues in DNA poly-
merases have been subject to intense investigations in recent
years (Bose-Basu et al. 2004; Kirby et al. 2005; Li et al.
2005; Nick McElhinny et al. 2007; Niimi et al. 2004; Pavlov
et al. 2006; Pursell et al. 2007a; Reha-Krantz and Nonay
1994; Shah et al. 2001; Tipples et al. 1996; Zheng et al. 2009,
2010). Methionine is a conserved residue in the “primer
grip” motif of HIV reverse transcriptase (RT) that positions
the primer terminus of the substrate (Ding et al. 1998), and is
also a component of the so called “YMDD” motif of the
active site in this enzyme (Wakefield et al. 1992). Further-
more, methionine mutations in HIV RT play a critical role in
the development of drug-resistance phenotypes (Menendez-
Arias 2008). For some polymerases, the introduction of
L - Mand M — L mutations have been shown to confer
characteristic infidelity profiles, making it possible to iden-
tify the polymerase involved in particular DNA transactions
(Nick McElhinny et al. 2007). This approach has proven
useful for clarifying the physiological roles of the corre-
sponding polymerases (Pursell et al. 2007b).

As a result of these many roles as well as its favorable
relaxation characteristics, [methyl-BC]methionine has
proven popular as an NMR label (Blakley et al. 1978; Deber
et al. 1978; Hardy and Dill 1982; Jaeck and Benz 1979;
Jones et al. 1975, 1976; Stollery et al. 1980; Beatty et al.
1996; Wooten et al. 1981; Bose-Basu et al. 2004; Cox et al.
1999; Howarth et al. 1995; Duewel et al. 1995, 2001; He
et al. 1999; Kleerekoper et al. 1998; Kleerekoper and
Putkey 1999; Krudy et al. 1994; Lin et al. 1994; Rosevear
1988; Seigneuret et al. 1991; Siivari et al. 1995; Skrynnikov
et al. 2001; Yuan et al. 1999, 2004; Kirby et al. 2005; Gelis
et al. 2007; Kloiber et al. 2007; DellaVecchia et al. 2007;
Zheng et al. 2009, 2010; Religa et al. 2010). Nevertheless,
there have been few theoretical analyses of the conforma-
tional dependence of its NMR parameters. The sulfur-
containing sidechain represents a special case to which the
extensive results for aliphatic chains are not directly
applicable. Furthermore, the limited amount of information
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available from studies of specifically labeled macromole-
cules makes it essential to extract the maximum amount of
information from these studies. The present studies have
been undertaken in order to more fully evaluate the con-
formational dependence of the methionine NMR parame-
ters, thus allowing a more complete analysis of data derived
from methionine labeling studies.

Materials and methods

Ethyl methyl sulfide ((1-methylsulfanyl)ethane), methyl
t-butyl sulfide, methyl 7-butyl ether, 3-(methylthio)-1-propa-
nol, (methylthio)acetic acid, and 2-(methylthio)ethylamine
were obtained from Sigma-Aldrich, and [methyl-'*C]-L-
methionine was obtained from CIL, Inc. U—[13C,15N]ubiq—
uitin was obtained from VLI Research, Inc. (Malvern, PA).

NMR studies

1D INADEQUATE (Bax et al. 1980) spectra were acquired
using Varian’s inadqt experiment. All INADEQUATE
experiments were performed using a '*C sweep width of
100.0 ppm, with an acquisition time of 2 s, and a recovery
delay of 1.5s. '"H WALTZ16 decoupling was employed
during the acquisition time. The 1/(4J..) delay was set to
0.0625 s, corresponding to a carbon—carbon coupling
contstant (J..) of 4 Hz. The methionine spectrum was
acquired on a sample of 50 mM [methyl-'>C]-L-methionine
in D,O, pH 7.1. The t-butyl methyl ether and #-butyl methyl
sulfide spectra were acquired with neat samples containing
10% acetone-d6 for “H lock. The 3Jc5c£ value for Metl of
ubiquitin was also determined using the INADEQUATE
experiment. The sample used in this study was 1 mM
U-["*C," N]ubiquitin in 90% H,0/10% D,O, pH 6.5 in
10 mM phosphate buffer containing 1 mM sodium azide,
0.2 mM EDTA, and 10 pM DSS as a chemical shift
standard.

Theoretical calculations

All quantum mechanics (QM) calculations used Gaussian03
(Frisch et al. 2004) and employed the tight self-consistent
field option. All reported structures are optimized and NMR
parameters determined at the B3LYP/6-311 4+ G(2d,p)
level of theory unless otherwise indicated. Variation of the
S—CH, (S—CH3) bond length over the 13 torsion range is:
1.842 4 0.008 A (1.824 £ 0.001). Similar levels of theory
have been used in predictions of J-couplings in saccharide
models (Tafazzoli and Ghiasi 2007; Zhao et al. 2008) and
amino acid sidechains (Chou et al. 2003). '*C shielding
calculations used the gauge-independent atomic orbital
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(GIAO) method (Wolinski et al. 1990; Cheeseman et al.
1996). The chemical shielding tensor is a symmetric, sec-
ond-rank tensor and can thus be described by three principal
components: g1, 02, and 33 and their orientations. The
isotropic chemical shielding, iy, is given by o, =
1/3(611 + 022 + 033) and by convention is reported in parts
per million from the bare '*C nucleus. For sets of calcula-
tions scanning a dihedral angle, the torsion in question was
held fixed at a given value and all other degrees of freedom
were allowed to optimize. Optimal geometry for the gauche
conformation of ethyl methyl suflide (EMS) was deter-
mined using MP2/6-311 + G(2d,p) as discussed previously
(Butterfoss and Hermans 2003).

Theoretical *Jesce and >Jescn coupling constants for
EMS determined as a function of dihedral angle using the
QM models were subsequently fit to Karplus relations of
the form:

3Jesce = Co + Cpcos 0+ C, cos? 0 (1)

using the non-linear least squares fitting routine of
Mathematica (Wolfram Research, Champaign, IL).
Numerical fits of the theoretical %Jcsc coupling and the
theoretical isotropic shielding data obtained for EMS were
made to a Fourier cosine series:

N

£(0) = Cycos(n) (2)
n=0

Molecular modeling

The structure of the calmodulin-MI3 peptide complex
was modeled using the Amber force field. The initial
structure used in the molecular modeling work was based
on the best NMR structure given in pdb entry: 2BBM.
The initial positions of the four calcium ions were the
same as in the pdb structure and the system including
peptide plus the calcium ions was solvated in a bath of
water (15,974 water molecules) with water molecules
extending a minimum of 15 A away from any protein
atom in a given direction. Prior to equilibration, the
system was subjected to energy minimizations at various
levels followed by a low temperature constant pressure
molecular dynamics period to ensure a reasonable starting
density. Step-wise heating at constant volume to bring the
temperature to 300 K followed by a 2 ns constant volume
molecular dynamics simulation completed the equilibra-
tion. Final unconstrained trajectories for 30 ns were cal-
culated at 300 K under constant pressure of 1 atm (1 fs
time step) using the particle mesh Ewald molecular
dynamics (PMEMD; Amber.10) to accommodate long
range interactions. The interaction parameters were taken
from the FF03 force field of the Amber suite (Case et al.
2008).

Nomenclature

Following Lovell et al. (2000) we have used “p”, “m” and
“t” to refer to methionine y' values near +60 —60° and
180°, respectively. For example, the pmt conformation
indicates y' ~ +60°, y* ~ —60°, and 7> ~ 180°. In
studies referring to the complex between calmodulin and a
26-residue peptide, “M13”, derived from skeletal muscle
myosin light chain kinase, we have italicized the name of
the peptide in order to avoid confusion with a methionine
residue. The subscript MI3 is used to indicate residues
located on the peptide; for example, residue alanine-13 on
the peptide is referred to as A13,;;;.

Results
Coupling constant analysis

Measurements of three bond coupling constants provide the
most consistent and reliable basis for rotamer analysis (Chou
et al. 2003; Contrera and Peralta 2000). We are unaware of
previous analyses of the dihedral angle dependence of
3Jesce for methionine or related compounds, however, two
previous studies have investigated the conformational
dependence of 3Jcscn (Tvaroska et al. 1992; Tafazzoli and
Ghiasi 2007). In the present study, we utilized density
functional theory (DFT) employing several different basis
sets in order to determine the dihedral angle dependence for
the model compound ethyl methyl sulfide (EMS), which we
believe provides a reasonable model for the 3Jesce and
3Jescn coupling interactions involving the methionine
methyl group. The results obtained using the B3LYP/6-
311 + G(2d,p) level of theory were readily interpreted
based on a Karplus-type dependence on the subtended
dihedral angle, yielding the following parameters (Fig. 1):

3Jesce = —0.191 4 0.713 cos 0 + 5.495 cos? 0 (3)
Some comparisons with results obtained using other
basis sets are included as Supplementary Material. For
completeness, the 2Jcsc results obtained from the same
calculation are shown in Fig. 1b. The smooth curve cor-
responds to a fit of the data with a Fourier cosine series:

2Jese = —0.861 — 0.165cos @ — .074cos 20 — 0.047 cos 30
+.019cos40 — 0.001 cos 50 — .011 cos 60

(4)

Based on this calculation, the 2JCSC value is expected to
vary between —0.7 and —0.9 Hz over the energetically
favorable range.

In contrast with the *Jcgce calculations, the dihedral
angle dependence of the *Jcscy coupling interactions in

@ Springer



34

J Biomol NMR (2010) 48:31-47

a 6lr-‘\
-
5 ,
4 i‘\ l".ﬂ.
¥esce \ /-/
Hz 2 \.. ,‘/’
! \ s
- r/
25 50 75 "% 125 150 17S

ecc

Fig. 1 Conformational dependence of scalar coupling constants in
ethylmethyl sulfide. a The filled circles correspond to the calculated
3Jcscc values, and the smooth curve to the fitted values, (3); b the

Fig. 2 Conformational
dependence of 3Jcscu. Panels
a and b show the calculated
coupling constants at discrete
values represented by the closed
circles, and the Karplus
relations that best fit the data for
SJCSCHa and 3JCSCHb~ Panels

c and d were fit using (6), where
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filled circles correspond to the calculated 2Jcsc values, and the
smooth curve to the fitted values, (4)
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EMS exhibited more complex behavior. Analysis of the
calculated coupling constants between the methyl carbon
and either of the methylene protons indicates that there is
significant asymmetry about the CSCH dihedral angle, i.e.,
3Jesen(+0) # 2Jesen(—0), with the discrepancy reaching
~ 1 Hz for some values of 0. This behavior is most clearly
illustrated by a plot of either 3JescHa OF “Jescmy Vs. the
absolute value of 6 (Supplementary Material). A more
comprehensive analysis reveals that the *Jcgcp curve for
each proton is shifted in the opposite sense relative to the
best fits obtained using standard Karplus relations (1),
(Fig. 2a, b). Based on the simplicity of the model com-
pound, the asymmetry characterizing the *Jcscy coupling
interaction can be described mathematically by utilizing
terms that depend on both the subtended dihedral angle
between the coupled nuclei, 0, as well as on the angle
describing the relative orientation of the two methyl carbon
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atoms, 6. The geometric constraint of the molecule
requires that & = 6 £ 120°, with the sign dependent on
which proton is being observed. The coupling constant data
for both Ha and Hb were thus fit to a relation of the form:

3Jescn = Co + Ci cos 0 + C; cos” 0 + Cs cos” (0 + 120°)
(5)

where the dihedral angle describing the relationship of the
S-methyl carbon with Ha (Hb) is equal to fcc — 120°
(Occ + 120°). Figure 2a,b illustrates the best fits obtained
for both the *Jescma and *Jescms calculations using a
Karplus equation (1), and Fig. 2c,d shows the fits obtained
using (5), which yields the parameters indicated below:

Jescn = 1.0+ 7.0cos” 0 — 1.4 cos® (0 & 120°) (6)

where the negative (positive) sign in the last term of (6)
corresponds to 3Jescra Clescnn)- Inclusion of a cos 0 term
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did not improve the fits of the offset curves and so this term
was not included. To summarize, the *Jogcy value will be
dependent on both the CSCH and CSCC dihedral angles, 6
and 6 = 0 + 120°. As another way of viewing this result,
the use of a single coupling constant, J,, to describe the
coupling constant of the "H—'>C pair in a gauche orientation
must be replaced by the use of two coupling constants,
Jogcc and Jg e, Which also depend on the orientation of
the two carbon nuclei. As a result of the shifted coupling
constant curves illustrated in Fig. 2, the values will
generally differ substantially, with J, scc > Jgcc, 1.€., the
gauche 3Joscn coupling is reduced if the CSCC bond angle
is trans. In some situations, it may be useful to include an
expression for the average coupling constant that neglects
this additional complexity:

3J&% oy = 1.0+ 7.0cos” 0
—0.7(cos* (0 + 120°) + cos®(6 — 120°))

which after simplification using trigonometric identities
becomes:

3J&% oy = —0.05 + 7.7 cos® 0 (7)

The above relations may be compared with the relation
obtained by (Tvaroska et al. 1992) based on studies of a set
of conformationally-constrained thioglycosides:

3Jcscn = 0.45 — 1.06 cos 0 + 4.44 cos® 0 (8)

and to the similar result given by Tafazzoli and Ghiasi
(2007):

3Jesen = 0.55 — 1.35cos 0 4 5.04 cos® 0 9)

There are substantial differences between the values
predicted by (7), (8) or (9) near § = 0, but no data is
available near this value, while the trans coupling constant
obtained using (7) is ~1.5 Hz larger than the value
obtained using (8) or (9) . In general, the greater magnitude
of the *Jescn values obtaining using (6) or (7) is consistent
with the fact that the model compounds investigated by
Tvaroska et al. are more highly substituted than the methyl
ethyl sulfide used for the present calculations. The lower
values obtained on model compounds containing additional
substituents in the coupling pathway has been discussed by
Zhao et al. (2008), and a similar effect is observed in the
results for the r-butyl compounds discussed below. A
comparison of the coupling data of Tvaroska et al. (1992)
with (7) is included as Supplementary Material.

Conformational dependence of '*C shielding

Recent evaluations of the relationships between sidechain
13C shift behavior and residue conformation indicated that
gauche conformations of methionine 7> are associated with
an upfield shift of —1.8 ppm (London et al. 2008). Such an

upfield shift would presumably have the same origin as the
extensively studied y-gauche effect in hydrocarbons (Grant
and Cheney 1967; Tonelli 1984; Tonelli et al. 1984). As
noted in our recent study, the interpretation of such crys-
tallographic/magnetic resonance correlations is limited by
the higher temperatures used in most NMR studies so that
the NMR observation corresponds to a thermal average
rather than to the unique conformations identified in the
crystal. Solid state NMR studies of methionine crystals also
have demonstrated the existence of a significant upfield shift
for the gauche conformers (Diaz et al. 1986). In the study of
Diaz et al. (1986), the '*C shifts for both enantiomerically
pure methionine as well as for b,L-methionine mixtures were
correlated with conformational data from crystal structures.
The results, summarized in Table 1, include 13C shift data
for crystallographically inequivalent A and B methionine
molecules in L-methionine crystals, as well as for the o and 8
crystalline forms of b, methionine; upfield 13C shifts for the
gauche conformers of magnitudes —2.0 and —2.9 ppm are
obtained from the two comparisons.

The ethyl methyl sulfide model used for the calculation
of scalar coupling constants is also expected to provide a
useful model for calculating the effect of conformation on
shielding of Ce. In contrast with the nuclei of amino acid
sidechains located closer to the peptide backbone, e.g.
valine Cy (Pearson et al. 1997), the position of methionine
Ce should result in shielding parameters that are much less
dependent on backbone torsional angles.

Calculated isotropic shielding values for the SCHj3 car-
bon as a function of dihedral angle were fit to a Fourier
cosine series (shielding anisotropy values are included as
Supplementary Material):

Oiso(0) =162.455 + 4.218 cos 6 + 1.319 cos 26
—0.752 cos 30 — 0.072 cos 460 + 0.059 cos 50

(10)

A plot of g, — 05 is shown in Fig. 3, along with the
methionine Ceg shift values reported in the solid state NMR
studies of Diaz et al. (1986). Including o, allows
comparison with experimental data using a particular
chemical shift reference. In Fig. 3, we set the reference
shift o,.f = 178.8 ppm, which yielded optimal agreement

Table 1 Solid state NMR and crystallographic data for methionine
(Assembled from data in Table 1 and Figs. 3 and 5 of Diaz et al.
(1986). In contrast with Ce, the shift of Cy varies by only 0.6 ppm)

Crystal structure oCy 0Ce P
L-Methionine, molecule A 32.0 18.3 179.7°
L-Methionine, molecule B 32.0 16.3 73.6°
o-D,L-Methionine 31.7 15.8 80.5
f-p,L.-Methionine 323 18.7 190.4
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Fig. 3 Isotropic shielding of the S—-CHj3 carbon. The discrete points
correspond to the calculated isotropic shielding of the S—CHj; carbon
of ethyl methyl sulfide as a function of the dihedral angle, and the
smooth curve is the Fourier series approximation given in (10). The
value of g, = 178.8 ppm was chosen to give the best agreement
with the solid state NMR values obtained by Diaz et al. (1986) for
methionine (Table 1), which are indicated by squares. The definition
of 0 is illustrated by the figure above the graph

with the solid state NMR values. The consistency between
the experimental data and the theoretical curve supports the
conclusion that the conformational dependence of the *Ce
shift in the methionine crystals can be adequately described
by the approximations inherent in the theoretical analysis
of the EMS model compound.

A slightly different value of g..f was used in order to fit
the data for free methionine in solution. The value was
selected in order to optimize the agreement with the '*Ce
shift for free methionine measured relative to DSS, in
combination with the theoretical MP2 calculations for
EMS, which indicate a gauche/trans energy difference of
0.39 kcal/mol (Butterfoss and Hermans 2003), leading to
the conclusion that free methionine has a 21% probability of
adopting a trans conformation with %°> = 180°, and a 79%
of adopting a gauche conformation with y°> = 67°. This
approach leads to a value for g,y = 179.9, 1.1 ppm greater
than the value using the solid state data. In combination
with (10), this value for o, indicates that the gauche
conformation of methionine defined by X3 = 67°, is asso-
ciated with a shift of ~15.85 ppm compared with a trans
shift of 19.49 ppm (y = 180°), giving A, = 3.64 ppm. As
expected, this predicted shift difference is larger than the
statistical value determined from a comparison of NMR
shift data with the most probable conformation identified in
a set of protein crystal structures, due to the fact that in
proteins, methionine residues generally adopt a conforma-
tional mixture rather than the single conformation usually
observed in protein crystals.

Relationship of shielding with coupling constant

Multiple approaches are available for interpreting shift and
coupling data in terms of methionine conformation. The
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issue of whether methionine residues in proteins exhibit
rotameric X3 behavior has been controversial, however the
analysis by Word et al. (1999) suggests that this is the case,
particularly if consideration is limited to residues with
lower B-factors. Assuming that the methionine ¥> can be
described as a mixture of gauche and trans conformers, the
observed shift and coupling constant can be expressed as
weighted averages according to:

50bs = (1 7pt)5g +p15t 3Jobs = (1 7pt)-]g +pt~]t (11)

In combination, the above relations also imply a linear
dependence of dops 0N Jgps:
O0gJt — 0Jy O — Oy

5092 Jog 12
R A A A (12)

The validity of these relations is dependent on two
important assumptions that are discussed more fully below:
(1) there are no other significant contributions to the '*Ce
shift, and (2) the conformational behavior of 3 is adequately
represented as a simple gauche/trans equilibrium in which
the two gauche conformations exhibit similar shift and
coupling constant values. Calculations for the EMS model
indicate conformational minima at X3 = +67°, 180°.
However, the barrier heights are significantly lower than
those for the corresponding aliphatic chain so that, for
example, the trans conformation is actually an energy-
weighted average of values that may extend over a range of
+15° or greater (Butterfoss et al. 2005), and nominal gauche
conformations may deviate significantly from the 67°
minimum predicted for the model compound using the
ab initio MP2 calculation presented previously (Butterfoss
and Hermans 2003). This conclusion is consistent with
evaluations of protein crystal structures by Word et al.
(1999), who find that, even selecting for structures with the
lowest B-factors, methionine X3 values deviate from the
ideal staggered conformation by as much as 36°. Equations
(11) and (12) remain valid, however, if the equilibrium
involves any two normalized states or, as in the above
example, three states with two of them being equivalent.
However, it will not be possible to apply the above relations
to a group of methionine residues if the nominal gauche and
trans states differ significantly from one residue to the next.

Utilizing the calculations given above and assuming
gauche and trans minima correspond to 67° and 180°, the
parameter values for (11) and (12) are:

Sobs = 19.49p, + 15.85(1 — p,) (13)
3Jesce = 4.59p +.927(1 — py)

Sobs = 14.92 + 1.00Jps (14)

Unfortunately, the exact values of the slopes and intercepts
used in these equations is highly sensitive to value of g,.r and
the angles selected for the gauche and trans conformers.
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Further insight into the relationship between shift and
coupling constants is obtained from a parametric plot of the
calculated shielding (10) vs. 3Jcesce values (3) as a function
of 0 (Fig. 4). The dihedral angles are indicated for some of
the data points calculated for EMS; each point corresponds
to a 10° increment in y°, with the exception of missing
values for ;{3 = 110°. In this figure, we have indicated the
generously allowed trans and gauche conformers with red
ovals. From the figure, it becomes clear that a substantial
deviation of the y* value from 180° in the frans rotamer
will not result in a large change of the predicted shift, but
can significantly reduce the 3 Jesce value. In contrast, sig-
nificant deviations from the ideal gauche geometry can
dramatically alter both the shift and coupling constant. For
example, for 0, = 100°, the 13C¢ shift of the gauche con-
former becomes larger than that of the trans conformer.
Analysis of experimental data for calmodulin presented
below indicates that in some instances, such large devia-
tions are required to explain the observed parameters.

Studies of model compounds

Experimental 3Jcc data were obtained for methionine, and
for the model compounds 7-butyl methyl sulfide and #-butyl
methyl ether using the INADEQUATE experiment (Bax
et al. 1980). This set of compounds is ideally suited to this
type of analysis due to the absence of 'Jcc interactions for
the S—CHj3 groups which may be incompletely suppressed
using this approach. We considered #-butyl methyl sulfide a
useful model since it has only one conformation and known
dihedral angles (Fig. 5a). The experimental value of
3Jesce = 1.85 Hz for t-butyl methyl sulfide was compared
with values calculated for 6 = £60°, 180° using the
methyl ethyl sulfide model and four different basis sets.

O™ l:‘is\r.m(a)

0 1 2 3 4 S [
esce  (Hz)

Fig. 4 Parametric plot of the theoretical relationship between
shielding and vicinal coupling as a function of the dihedral angle 0.
The figure shows a parametric plot of 3Jcscc VS. Opef — Oiso
determined for the S—CHj; group of the model compound ethyl
methyl sulfide. The points correspond to the values calculated for
EMS in 10° increments, while the smooth curve corresponds to (3)
and (10). Generously defined trans and gauche parameter ranges are
indicated by red ovals. For this calculation, we set .. = 179.9 ppm,
as discussed in the text

4 185Hz CH,
/ E \ ' H,C CH,
LN
LR R T S N e 7 e CH,
b . 242Hz
0 l
\
c L
| : 0,C o2 Iy H
asshg | Ny ©
. NH3* H

Fig. 5 3Jcsce measurements on S—CH; groups obtained using the
INADEQUATE pulse sequence. a methyl #-butyl sulfide; b methyl
t-butyl ether; ¢ [methyl-'>C]methionine. The first two samples used
10% dissolved acetone-d6 for the lock, and the last was measured in
D,O

The calculated value using B3LYP/6-311 4+ G(2d,p)
exceeds the experimental value by ~40%:
_ 2Jg+J 2(1.54) +4.59
3 3

It has long been established, however, that additional
substituents can influence, and often reduce, vicinal cou-
pling constants (Barfield et al. 1980; Zhao et al. 2008),
indicating that EMS might be an inadequate theoretical
model for -butyl methyl sulfide. We therefore performed an
analogous set of calculations directly on the #-butyl methyl
sulfide, B3LYP/6-311 + G(2d,p), which yielded the val-
ues: >Jesec(60°) = 1.22 Hz; *Jesec(180°) = 2.83 Hz. The
calculated weighted mean obtained using these values is
within 5% of the experimental value of 1.85 Hz:

2, +J 2(1.22) +2.83
T3 3

3
Jesce

= 2.56Hz (15)

YJesce = 1.76Hz (16)

In this example, the addition of two methyl groups that
are internal to the coupling pathway reduces the J, and J,
values by 21 and 38%, respectively. The effect of
additional internal substituents is qualitatively similar to
that noted by Zhao et al. (2008) in studies of carbohydrate
coupling constants.

In order to further evaluate the effect of the heteroatom,
we performed analogous calculations and measurements on
t-butyl methyl ether. A weighted average *Jcocc coupling
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constant of 2.42 Hz was measured using the INADEQUATE
pulse sequence as in the above example. The theoretical
coupling constants for the gauche and trans interactions
calculated using the same B3LYP model are: 3Jcocc(60°) =
1.75 Hz, and *Jcocc(180°) = 3.69 Hz, resulting in a pre-
dicted weighted average of 2.40 Hz (below) in excellent
agreement with the measured value:

20, +J  2(1.75) +3.69

3Jcoce = 3 - 3

On the basis of these model compound studies, we can
therefore conclude that the DFT calculations used provide
excellent fits for the vicinal *Jesce and *Jeoce coupling
interactions involving S or O heteroatoms, and that the
couplings are significantly reduced by the presence of
methyl groups internal to the coupling pathway. Based on
the results for the model compounds, replacement of
oxygen with sulfur substantially reduces both the trans and
gauche vicinal carbon—carbon coupling constants, with a
ratio 3]CSCC/3JCOCC ~0.7.

We next consider the conformation of free methionine.
An INADEQUATE experiment on [methyl-13C]methionine
gave long range coupling constants of 3JC3C8 = 1.55 Hz,
2JC~/Cg = 0.9 Hz. Assuming a simple gauche/trans model,
the fractional frans probability is given by:

R = esce(0y)
3Jesce (0) — 3Jcsce (0g)

where *J3P is the experimental value of 1.55 Hz and the
3Jescc(0) values are obtained using (3) . The MP2 calcu-
lations on EMS (Butterfoss and Hermans 2003) indicate a
gauche energy minimum at 6, = 67° and a p; value of 0.2.
Using (3), we obtain p, = 20.4% corresponding to
0, = 69°. In fact, it is reasonable to expect that free
methionine would have a somewhat larger value for »°,
since in a few conformations steric interactions with the
amino acid backbone result in a significantly larger >
value (Butterfoss et al. 2005; Lovell et al. 2003). A more
detailed discussion of the conformation of free methionine
is included as Supplementary Material. The measured
2Jc~,c$ value is consistent with the calculation of Fig. 1b
and with a predominantly gauche conformation.

As discussed below in connection with the data on
calmodulin, we also sought a model system in which the
methionine »° angle was held in a frans orientation. We
ultimately selected the M1 residue of ubiquitin, for which
both crystallographic and NMR structural data are avail-
able (Cornilescu et al. 1998; Ramage et al. 1994; Vijay-
Kumar et al. 1987). In the two crystallographic studies, The
}(3 for M1 has values of 177.5° (pdb: 1UBQ) and —177.9°
(pdb: 1UBI). All of the 10 NMR structures reported for the
1D3Z ensemble also correspond to a trans conformation
for > of Met1, however, the values are significantly lower,

= 2.40Hz (17)

(18)

Pt
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averaging —145.3°. The 3JC/;CS value for M1 determined
using the INADEQUATE experiment was 3.2 Hz, well
below the theoretical value of 4.6 Hz predicted by (3) with
a dihedral angle of 180°. This result can be explained either
on the basis of a different dihedral angle for the nominally
trans structure, or as an indication of a conformational
mixture, and is discussed further in a later section.

Analysis of calmodulin data

To the best of our knowledge, calmodulin is the only
protein for which a significant amount of methionine
coupling data for Ce has been determined (Bax et al. 1994).
The data, corresponding to the complex formed between
[U-3C] calmodulin and a 26-residue peptide fragment of
skeletal muscle myosin light chain kinase, M13, include
3Jc3c11, 3JCsHy’ and 2chc;, values for nine methionine resi-
dues. For four of these residues, M72, M109, M124, and
M144, 3Jcﬁcg is 0.5-0.6 Hz, and a value of 0.8 Hz was
obtained for two others: Met71 and Met76. These very low
values cannot be fit within the context of the gauche/trans
equilibrium model for y* unless we increase the value of
0, and require that the fractional probability of the
trans conformer is near 0. For example, using (3),
3Jesce = 0.5 Hz can be obtained for a single conformation
with 0 = 73°. At the other extreme, the largest 37 5 values
of 2.0 and 2.2 Hz for residues M51 and M145 are still
much lower than the calculated value of 4.6 Hz for a pure
trans conformation with > = 180°. Overall, we can con-
clude from the experimental data that the conformational
ensemble describing the calmodulin methionine residues,
which make up a significant fraction of the ligand inter-
action surface of the protein, is heavily biased toward »>
gauche conformations, and probably also contains several
residues with significant populations having 0, 7’ values
>70°.

The shifts of the methionine methyl resonances are well
dispersed. Although the methyl group of M145, which
exhibits the largest coupling constant, exhibits a relatively
large shift that is consistent with a relatively greater frac-
tion of a trans 13 conformer (13 and 14), several of the
residues with very low 3Jc/;cg values also exhibit large
shifts. For some of these residues, these values probably
result from gauche conformers with angles in the 80-100°
range. As illustrated in Fig. 4, gauche conformations with
larger dihedral angles correspond to small coupling con-
stants and larger downfield shifts (reduced shielding). The
presence of such conformational states for methionine is
supported by the analysis of crystallographic structures by
Word et al. (1999), who noted that the methionine methyl
groups deviate by as much as 36° away from staggered,
while the largest deviation found for alanine methyl groups
was only 16°.
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Consistent with the location of most of the calmodulin
methionine residues on the peptide interaction surface,
large shift perturbations have been observed to result from
formation of the M3 peptide complex (Elshorst et al.
1999). Residues M71, M124, M145 undergo large upfield
'He shifts, M109 and M144 exhibit smaller upfield "He
shift perturbations, and residue M72 undergoes a dramatic
—2.8 ppm upfield "°C shift change. However, application
of the program SHIFTX to the NMR-determined structure
of the calmodulin-M13 complex (pdb code: 2BBM; Ikura
et al. 1992) fails to predict most of these 'H shifts (Fig. 6).
In order to better understand the behavior of these methi-
onine residues, we performed a set of AMBER simulations
on the structure of the calmodulin-M13 complex.

Amber modeling of the calmodulin-M13 complex

Since as noted above, a simple gauche/trans model
restricted to approximately staggered conformations for 7
was found to be inadequate to allow interpretation of much
of the calmodulin methionine data, we performed more
extensive molecular modeling calculations using the pro-
gram AMBER. The time dependent values for 11, }(2, and
% of each methionine residue determined during the sim-
ulation period between 14 and 30 ns are included as
Supplementary Material. In general, each methionine res-
idue exhibits unique behavior. Some residues, e.g. the
linker residue M76, rapidly sample multiple conforma-
tions, others change conformation much more infrequently,
and still others exhibit very strong preferences for one or
two conformational states. For example, the M145 con-
formation is predominantly mmt.

As noted above, the methyl resonance of calmodulin
residue M72 exhibits a —2.8 ppm shift upon formation of
the MI3 complex. Since this shift change involves a
comparison of the uncomplexed and complexed structures,
we looked for changes in the conformational distribution of
M?72. In ligand-free Ca-calmodulin, represented by crystal

structures 3CLN (Babu et al. 1988) and 1CLL (Chat-
topadhyaya et al. 1992), M72 exhibits a trans y° confor-
mation, with values of —166° and 174°, respectively. In the
NMR structure of the M13 complex, pdb code 2BBM, 13
has an intermediate value of —136.5°, suggesting an
average of gauche and trans conformations. However, in
the Amber-minimized structures, the M72 methyl group
moves much closer to the M13 peptide backbone and to the
methyl group of Al13,,,;. Although NOE restraints were
observed between M72 He and the Ha and Hb protons of
A13,,;3, the distances of the corresponding carbon nuclei
are ~6 A in the 2BBM structure and in most of the
structures of the 2BBN ensemble. The close approach of
the M72 methyl group to A13,,;; in the Amber simulations
is sufficient so that in many of the structures, M72 13
cannot be rotated into a frans conformation without addi-
tional compensatory conformational adjustments. Thus, the
available structural data and Amber simulations indicate
that peptide complexation is accompanied by a transition
away from a conformation that contains a significant
fraction of frans y° rotamer to a conformation in which
interactions with the peptide ligands limit or preclude the
adoption of a trans rotamer. These changes are consistent
with the large upfield '*C shift of M72 observed by
Elshorst et al. (1999) upon formation of the M13 peptide
complex.

It was also of interest to identify the presence of mmp
conformations for methionine, since the analysis of crystal
structures by Word et al. (1999) indicates that the 13 values
for the mmp conformation are frequently very large.
Residues M36, M72 and, to a lesser extent, M76 spend
limited periods of the simulation in the mmp conformation
during which the % value is elevated to ~ 100° (Supple-
mentary Material). A significant occupancy of the mmp
state provides a basis for understanding the combination of
a downfield shifted '*C resonance with a small 3Jc1;c3
value, and is consistent with the data for M36 and M76, but
less so for M72, which exhibits a 6'>°C = 15.0 ppm. These

SHIFTX 8'H

cs »
72 0770 2
109 &

15

1 144

0.5
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Experimental 8'H

Fig. 6 Calculated vs. experimental d'H shift values for the methi-
onine methyl resonances of calmodulin complexed with the M13
peptide. Panel a used the 2BBM structure for the SHIFTX calcula-
tions; panel b represents an average of 15 SHIFTX calculations for

0
1.5 2 25 0 0.5 1 1.5 2 25

Amber-generated structures covering the period from 14 to 30 ns;
panel ¢ corresponds to the best of these calculations obtained for the
22 ns simulation. The correlation coefficients were determined to be
r=0.41, r = 0.83, and r = 0.95, respectively
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instances of the mmp conformation were the only simula-
tion periods during which the amplitude of y* exceeded
~80° for a sustained period.

Throughout the entire period of the Amber simulations,
residue M109 showed a strong preference for only two
conformations: mmt and mtt, so that }53 was almost always
trans. This result is consistent with the 2BBM structure,
and with the downfield 6'°C = 18.2 ppm. However, it is
inconsistent with the extremely small 3Jcng = 0.5 Hz.
Although the basis for this inconsistency is not known, the
small, 0.2 ppm shift difference between M109 Cf and Cy
suggests that one possible factor could be the high order
perturbation discussed in the following section.

Application of the SHIFTX program to the structure of
the Amber-minimized complex produced a significant
improvement in the methionine o'He values, with all of the
complexation-induced upfield methionine HE shifts at least
qualitatively predicted on the basis of this structure. The
correlation coefficient increased from r = 0.41 for the
SHIFTX calculations using the 2BBM structure to r = 0.83
for an average of 15 SHIFTX calculations that used the
simulations obtained between 14 and 29 ns (Fig. 6). A plot
of the calculated vs. experimental shift values is also given
for the best simulation, corresponding to the AMBER
simulation at 22 ns (Fig. 6¢). Analysis of the structures
resulting from the Amber minimization indicates that these
"He shift perturbations result primarily from closer contacts
between the methionine sidechains and aromatic residues of
the M13 peptide. More specifically, the methyl group of
M71 moves closer to F17,,3, MI124 moves closer to
W4,,,3, and M145 moves closer to F8,,;3. The two methyl
resonances that experience smaller upfield shifts also move
closer to aromatic peptide residues: M109-W4,,;;, and
M144-W4,,,5. With the exception of M71-F17yy3, inter-
molecular NOEs were observed between each of the cor-
responding methionine He protons and protons on the
nearby aromatic residues (Ikura et al. 1992). Interestingly,
the Amber minimization moved the methyl groups closer to
the nearby aromatic groups, resulting in more accurate shift
predictions as determined by the SHIFTX calculations, and
in greater agreement with the intermolecular methionine
NOE data for the calmodulin-M13 complex, although the
NOE data were not included in the Amber minimization.
This exercise also supports the value of using SHIFTX
sidechain shift predictions as constraints in the determina-
tion of solution structures using NMR data.

High order effects in the analysis of methionine
coupling constants

One important limitation of the analysis of the reported

coupling data results from the high order effects expected
to characterize many of the observed coupling interactions
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for the calmodulin methionine resonances. For more than
half of the methionine residues in the calmodulin-M13
complex the shift difference between Cf and Cy was
measured as 0.1 or 0.2 ppm. This small shift difference
leads to significant high order perturbations for 3158
and 2ng. Modeling Cf3, Cy, Ce as an ABX spin system
(Bernstein et al. 1957), the apparent coupling constants can
be approximated as:

1 1 2
J;EP =3 (J,;g +Je + \/(Vﬁ -Vt 5(1/58 — ) +J/23v

1
—\/(V[j - V»,,- - E(Jﬁs - J}'E))z + lefy)

1 1
J;Ep ) (J/is + e+ \/(Vﬁ — V- E(Jﬁs - JVS))Z + J/2f1’

_\/(v[; — v+ % (Upe = J3))” + Jﬁ,},)
(19)

These relations predict that as vg — v, — 0, the multiplet
structure of the C¢ methyl group will change from a doublet
of doublets to a 1:2:1 triplet. As an illustration of this
perturbation, we have calculated the apparent coupling
constants defined in the above equation for values
Yepe, = 33Hz, 3Jcpc. = 3.0Hz, and 2Jc,c. = 0.5Hz, as a
function of v — v, (Fig. 7). For Ag, = vg — v, values less
than ~0.3 ppm, the apparent 3.1;51) value is significantly

reduced, while the apparent *Jog, value is increased.
)Ce

Analogous effects will also be present for some of the 'H
coupling interactions involving H and H’. Since the very
small 3Jcc values are observed for the same residues for
which vg — v,1is 0.1-0.2 ppm, it seems likely that these very
low values may be reduced as a consequence of high order
effects, and thus underreport the true coupling constant
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Fig. 7 Effect of high order interaction on the apparent 3Jcc and 2ce
coupling constants. The apparent coupling constants between Ce and
CJp, and between Ce¢ and Cy are plotted as a function of the chemical
shift difference between Cf8 and Cy, Ag, = v — v, (expressed in ppm
for Ho = 14.1 T). Values used for the simulation are: IJC,;_
¢, = 33 Hz, “Jepe, = 3.0 Hz, and *Je,c, = 0.5 Hz. At zero shift
difference, the virtual coupling effect is complete and the Ce
resonance appears as a triplet with apparent coupling
constant = ‘/2(3JC/;C£ + 2chcg)
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values. Surprisingly, the measured ZJCVCS values in
calmodulin are all below the values determined for free
methionine and predicted from the DFT calculations
(Fig. 1b) although, as indicated by the simulation of
Fig. 7, high order effects would be expected to increase
the apparent ZJC.,Cg values. Although the reason for this
discrepancy is not clear, these very small coupling constants
are difficult to measure accurately.

Other contributions to the methionine *Cé¢ chemical
shifts in proteins

According to the calculation of Fig. 3, conformationally-
dependent “y-effect” shift contributions span a total shift
range of up to 8.4 ppm, although ~2 ppm of this range
corresponds to values below 50° which are likely to be
rarely encountered; there are no entries for methionine ;(3
values between —40° and +40° in the data set with
B-factors <30 (Word et al. 1999). Our previous analysis of
assigned methionine residues yielded a similar range of
~7 ppm, after discarding two extreme outliers (London
et al. 2008). This comparison suggests that the intra-residue
conformationally-dependent shift contributions derived
from calculations on the EMS model compound are the
dominant determinant of the methionine '*Ce shift dis-
persion in proteins, and also supports the conclusion that
the shift is primarily dependent on the %> conformation.

One important factor that reduces the contribution of
other environmental influences on the methionine methyl
shift is the very low order parameter that generally char-
acterizes this group. Analysis of the methyl relaxation
behavior for eight proteins by Mittermaier et al. (2003)
reported a mean value of $2:s = 0.22 for the methionine
methyl group, less than half the mean value of 0.47 for the
leucine and isoleucine Co methyls. Since intermolecular
shift contributions will depend on the relative orientations
of each perturbing influence and the methionine sidechain,
it is reasonable to conclude that in general, the relative
significance of intermolecular shift contributions as a
source of '*Ce shift dispersion will be lower for methionine
than for other methyl resonances.

Averaging of the electric field effects was observed for
several small molecules. We compared the '>C titration
shifts determined for two sulfur-containing analogs of ali-
phatic compounds previously studied by Batchelor et al.
(1975) in their analysis of electric field shift contributions:
methylthioacetate, an analog of butyrate, and 2-thiomethyl
ethylamine, an analog of n-butylamine (Supplementary
Material). For the aliphatic compounds, increasing the pH
(deprotonation) produces an upfield shift of the methyl
carbon resonance. The corresponding titration shifts for the
sulfur-containing analogs are significantly lower, despite
the larger polarizability of the S—CHj3 bond. This behavior

results from the greater averaging of the polarizing effects
of the charge, which in turn results from the conforma-
tional heterogeneity of the sulfur-containing analogs, cor-
responding to much larger gauche/trans ratios about the
CH,-S bond. Paradoxically, the above analysis suggests
that shift analyses for the methionine residues that are most
conformationally pure will also be subject to the largest
errors if environmental shift perturbations are neglected.
The effect of solvent polarity was estimated by deter-
mining the methyl resonance position of 3-(methylthio)-1-
propanol as the solvent was varied from D,O to ethanol-d6
(Supplementary Material). The '*C shift increased linearly
by 0.7, indicating that solvation effects are significantly
smaller than the conformationally-dependent y-effect.

Methionine conformational analysis in other proteins

Although careful analysis of crystallographic data has
demonstrated that a small but significant percentage of the
x> torsional angles for the C-S bond in well ordered
methionine residues deviate by a full 60° from a perfectly
staggered geometry (Butterfoss et al. 2005), the overall
behavior of y° is statistically consistent with a significant
preference for rotameric states (Lovell et al. 2003; Word
et al. 1999). From a technical standpoint, NMR data are
limited by the paucity of *J¢ pc. data, problems of resolving
coupling interactions in large proteins, and by the potential
of high order perturbations resulting from the small vg — v,
shift differences that sometimes occur. Crystallographic
data also are prone to error due to the large electron density
of the sulfur atom, which tends to obscure the position of
the terminal methyl group. Additionally, the low rotamer
interconversion barriers also increase the 5> deviation from
canonical rotameric states. Although in some cases
eclipsed methionine y> rotamers can result from the local
protein environment (Butterfoss et al. 2005), the large
number of reported x° values near 120°—140° suggests that
there is a general over-reliance on the use of a single rot-
amer model in situations that correspond to a mixture of at
least two methionine y° rotamers.

Despite these limitations, we have found that analysis of
the methionine C¢ NMR data, and particularly interpreta-
tion of the '*C shift, can provide useful insight if sufficient
caution is used in the interpretation. If a gauche/trans
model is assumed, then using the calculated shift values
derived above, (10) can be written as:

Ce
_ 6obs — 5%

Pt = 5t75g

The accuracy of this approach can be somewhat
improved by introducing a correction for the ring current
shift contributions of aromatic residues. The simplest
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empirical approach is to assume that the measured §'H for
the methyl protons is dominated by the ring current
contribution (Perkins and Dwek 1980), and that on a ppm
scale, 0'°C~¢'H. The latter approximation improves for
methyl groups that are further from the ring. Taking the
unshifted 5'H value for the methionine methyl protons as
2.10 ppm (Wishart et al. 1995), we have:

= 0% + (210 — ol ) — 5, 0% + (2.10 — O
t — ~

obs) - 15
5 — o, 45

(20)

where in addition to the 'H shift correction, we have used
the theoretical trans shift value of 19.5 ppm obtained
above for EMS, and reduced 6, to 15 ppm allowing for a
smaller gauche angle. This approximation can also be
viewed as allowing for small shift contributions arising
from other mechanisms, and also indicates the approximate
nature of the frans probability predicted using (20). The
above formula must be viewed as a probability of a frans
conformation. It fails primarily for conformations charac-
terized by unusually large gauche angles, which, e.g.,
characterize the MMP conformation, and in instances
where significant shift contributions arise from other
mechanisms. Shift values falling outside the allowed range
need to be evaluated on a case by case basis.

As noted in the section on model compounds, we ini-
tially considered ubiquitin M1 as a useful model for a
methionine residue with a trans /2 conformation. However,
the 3JC,;C,3 value of 3.2 Hz determined for ubiquitin M1 is
significantly below the value of 4.59 Hz expected for a
methionine residue with a frans y* orientation. Application
of (18) using 0, = 70° and 0, = 180° results in p, = 0.64:

P = Jescc(0 = 70°)

Py 3Jcscc(0 = 1800) — 3.]cscc(0 = 700)

Application of (20) to ubiquitin M1, with shift
parameters 6('H,'*C) = (1.63,17.8), gives p, = 0.73, and
exact agreement can be obtained if the nominally trans
conformation is assumed to deviate from 180°, as
suggested by the NMR structure. Methionine M1 has a
significant fractional solvent exposure, ~0.23, consistent
with the possibility that at the measurement temperature it
may adopt conformations that differ significantly from the
PTT conformation observed in the crystals.

The above relation provides a useful basis for estimating
the gauche/trans conformational behavior of other methi-
onine-labeled proteins under investigation in our labora-
tory: UvrB, HIV reverse transcriptase, and DNA
polymerase f§ (Bose-Basu et al. 2004; DellaVecchia et al.
2007; Zheng et al. 2009). In the spectrum of [methyl-'>C]
methionine-labeled UvrB derived from B. caldotenax,
M551 is the most downfield-shifted '*C resonance, with
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O(*H,"*C) = (1.9,18.7) ppm (DellaVecchia et al. 2007)
(Fig. 8). Equation 20 predicts a predominantly trans con-
formation for M551. Although, the X3 values for M551 of
UvrB in both the A and B molecules in the unit cell for
structures 1TSL and 2FDC (uncomplexed and DNA-com-
plexed structures) indicate an extreme gauche conforma-
tion characterized by very low 6 values, analysis of the
closely related UvrB structure from B. subtilis (sequence
identity = 82%) M551 gives y° = 177.9°. This variation
led to a re-evaluation of the B. caldotenax UvrB data.
Crystallography-based methionine conformations were
evaluated by systematically refining the structure starting
from each of the 13 common methionine rotamer confor-
mations compiled by Lovell et al. (2000). An Fops — Feale
density difference map was scored by summing the abso-
lute value squared, > |Fobs — Fcalc|2 over grid points
within 2.5 A of each methionine sidechain atom. Regions
of deficient density are contoured as green polygons, and
regions of overestimated density are shown as red poly-
gons; significant red/green regions of space surrounding the
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Fig. 8 Behavior of the methionine resonances of [methyl-'*C]methi-
onine in UvrB from B. caldotenax. Panel a shows the 'H-'>C HSQC
spectrum with assigned methionine resonances; panel b shows the
electron density near M551 of chain B, the originally selected
methionine rotamer (green and yellow), and the revised conformation
(purple); panel ¢ shows the electron density for M457, the original
conformation (green and yellow), and the optimal single rotamer
(purple). The inadequacy of the original conformation is indicated by
the region in green. For M457, the best fitting single rotamer (purple)
provides a poorer fit to the density than a mixture of rotamers (not
shown). The red and green polygons correspond to regions of
excessive and insufficient electron density predicted by the original
conformational selection
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residue are indicative of suboptimal fits. Following this
procedure clearly indicates that the preferred y* torsion for
M551 of UvrB is trans, as illustrated for UvrB molecule B
in Fig. 8b. A similar analysis also indicates that M457,
with the second largest 6'°C value of 18.0 ppm, can be fit
more accurately using a mixture of gauche and trans ro-
tamers (Fig. 8c). Interestingly, older commonly used rot-
amer databases lacked a frans rotamer for methionine
(Jones et al. 1991; Ponder and Richards 1987).

For lower resolution crystal structures the electron den-
sity is often insufficient to allow a reliable %> value to be
extracted. The resolution of most of the structures of HIV
reverse transcriptase (RT) is generally low; only a single pdb
file has a resolution below 2.0 A. The intense M16 reso-
nance on the p66 subunit exhibits a '*C shift value of
18.3 ppm which, according to (20), is consistent with a
predominantly trans conformation (Fig. 9) (Zheng et al.
2009). Better resolved crystal structures indicate y° values
near 140°, suggesting a gauche/trans equilibrium. Signifi-
cantly, structure 1DLO, with resolution 2.70 10\, has the
lowest average B-factor (30.0) for the four heavy atoms
defining the M16 ;> torsion of any of the structures evalu-
ated, and corresponds to ;(3 = 173.3°. Examination of the
environment of this residue in multiple RT structures indi-
cates that there are significant steric clashes with residues
K13 and R83 in either of the possible gauche y* confor-
mations (Fig. 9), consistent with the predominance of a
trans 3> value.

As a third example, we consider the methionine shifts
observed for DNA polymerase f3, an enzyme involved in
base excision repair. It has been demonstrated by crystal-
lographic and NMR studies that formation of an abortive
ternary complex results in conformational activation, which
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Fig. 9 '"H-"3C spectrum of [methyl-'>C]methionines HIV-1 reverse
transcriptase (RT), where the subscript indicates labeling in the p66
subunit of the RT heterodimer. Assignments are from Zheng et al.
(2009). The insert shows M16 and two nearby residues, K13 and R83,
that constrain the conformation of M16. The three possible staggered
conformations for M16 y* are also shown

is associated with multiple shift perturbations of the
methionine resonances (Bose-Basu et al. 2004). The '°C
shift of the MI158 methyl resonance is increased by
~0.5 ppm in this complex, while several crystal structures
suggest only small conformational changes of this residue.
However, as indicated by Figs. 3 and 4, for gauche con-
formations with * near 70°, small changes in ¥ are asso-
ciated with relatively large changes in shielding, so that the
magnitude of the '>C shift/y’ ratio >0.1 ppm/°. Thus, the
observed '*C shift perturbations can be extremely sensitive
to conformation, as illustrated by this example. Two resi-
dues with larger 13C shifts, M282 and M191, are predicted
to exhibit higher fractional frans probabilities. M282
adopts a trans conformation in nearly all crystal structures.
In most crystal structures M191 adopts a gauche x> con-
formation, although a recent structure of Pol 3 with reso-
lution of 1.65 A has two alternate conformations for this
residue, corresponding to y° = —77.5° and —154.1° (pdb
code 2FMP, Batra et al. 2006). We note here that the shift
assignments for M158 and M191 have been interchanged
based on recent NOE measurements (unpublished results).

Lattice contacts commonly perturb the conformations of
residues located on the protein surface, however buried
residues can be affected as well. The N-terminal lobe of
human transferrin provides a relevant example in which
crystal packing alters the conformation of an exposed loop,
which in turn influences the conformation of the buried
methionine residue, M109. This effect is observed in a
comparison of structures 1A8E and 1AS8F, corresponding
to two different space groups (MacGillivray et al. 1998).
The change in position of residue L135 which immediately
proceeds a loop involved in a lattice contact alters the
interaction with M109 in structure 1AS8F, changing M109
x> from trans to gauche (Supplementary Material). The
structure of the full transferrin molecule is characterized by
a trans M109 }53 conformation, as observed in 1AS8E,
consistent with the conclusion that lattice packing results in
the perturbed gauche conformation in structure 1AS8F.
Based on the reported shifts values of He et al. (1999),
application of (20) gives p, = 0.6 for M109, more consis-
tent with the 1AS8E structure. This example provides
another illustration of the limits of crystallographic studies
to the analysis of solution conformation.

As a final example, M247 of the protein synaptotagmin
exhibits one of the largest 6'°Ce values of 20.86 ppm
included in our previous analysis (London et al. 2008),
although the crystal structure IRSY (Sutton et al. 1995)
indicates a gauche y° conformation. A more detailed
examination of the structure indicates that this residue
adopts an MMP conformation and exhibits the large 0,
value that is correlated with this conformational state. This
conformational state is estimated to correspond to ~3% of
all methionine residues (Butterfoss and Hermans 2003),
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and hence does not significantly influence the statistical
analysis. However, this example illustrates the limits of
applicability of the gauche/trans model and the value of
additional structural information for the interpretation
of the NMR data when this is available.

Conclusions

Methionine labeling provides a useful approach for studies
of the conformational behavior of large, complex mole-
cules. As a result of the distance and effective isolation of
Ce from the protein backbone, theoretical shielding and
Karplus curves determined for ethyl methyl sulfide are
expected to provide a reasonable basis for the analysis of
the corresponding methionine parameters. The validity of
the DFT analysis of '°C shielding and scalar coupling
constants was also confirmed for several model com-
pounds. The shallow energy minima that characterize the
methionine y° conformation limit the general applicability
of a simple gauche/trans model, however useful results can
be obtained if sufficient caution is used and/or additional
data can be introduced to further constrain the conforma-
tional possibilities. Application of this approach to the
calmodulin-M13 complex indicates that all of the methio-
nine residues at the interaction surface show a significant
preference for gauche conformations. Significantly
improved fits of the methionine methyl 5'He values were
obtained after Amber minimization of the structure, despite
the omission of intermolecular NOE restraints, and the
results also support the conclusion that the large upfield '*C
shift for M72 results from a change of y° from a predom-
inantly trans to a predominantly gauche conformation.
Application of these analyses to other proteins has in some
cases led to a reassessment of crystallographically-deter-
mined methionine y° values.
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