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’ INTRODUCTION

Proteins are not static,1 and the excursions that they undergo
are often critical for function.2�4 It has long been recognized that
NMR spectroscopy is a powerful tool for characterizing these
excursions in detail.5,6 Even the simplest and most easily
measured of all NMR parameters, chemical shifts, are useful
probes, as they report on a weighted average of rapidly inter-
converting substates that are populated along a trajectory,7,8 thus
providing information about how such states are distributed in
the system. It is now possible to calculate the overall average
backbone structure of small, rigid proteins solely from chemical
shifts using a combination of database approaches9,10 and
advanced computational procedures.11,12 Such chemical shifts,
when available through relaxation dispersion NMR measure-
ments, can also be used to obtain detailed structural models of
‘invisible’ excited states13�15 that are transiently populated at low
levels. This opens the possibility for exploring important states of
proteins that cannot be analyzed using the more traditional tools
of structural biology. It is also possible to provide estimates of the
amplitudes of protein backbone motions from a comparison of
measured chemical shifts of backbone 13C, 15N, and 1H nuclei
with the corresponding ‘random coil’ values.16

The success of characterizing protein structure and dynamics
through backbone chemical shifts has led to an interest in
developing similar approaches involving side-chains. Our moti-
vation in this regard stems from our work in two areas including
(i) studies of supramolecular systems with molecular masses in
the hundreds of kDa and (ii) investigations of the structure and
dynamics of excited protein states. In the first case it is clear that
in many applications the measurement of backbone chemical
shifts is not possible due to sensitivity issues, yet measurement of
methyl group chemical shifts remains feasible using methyl-
TROSY17,18 based approaches. Second, sensitive and robust
experiments have been developed for the accurate measurement
of methyl group chemical shifts19,20 in low populated, transiently
formed protein states that can potentially be exploited to provide
detailed information on the structure and dynamics of these
elusive conformers.

London and co-workers have recently described the depen-
dence of 13C side-chain chemical shifts on dihedral angles as a
tool for conformational analysis in proteins,21 and simple rela-
tions have been described for ‘translating’ Ile (13Cδ1)22 and Leu
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ABSTRACT: A method is presented for determining Val side-
chain χ1 rotamer distributions in proteins based exclusively on
measured 13Cγ1 and 13Cγ2 chemical shifts. The approach selects
an ensemble of 20 χ1 values, calculates average methyl 13Cγ1,γ2

chemical shifts via theoretical quantum chemical calculations
andmaximizes the agreement with the experimentallymeasured
shifts using a genetic algorithm. The methodology is validated
with an application involving six proteins for which 13Cγ

chemical shifts and three-bond methyl-backbone scalar cou-
plings are available. The utility of the methodology is demonstrated with an application to the 360 kDa ‘half-proteasome’ where the
χ1 rotameric distributions of Val residues are calculated on the basis of chemical shifts. For the most part the χ1 profiles so obtained
compare very well with those generated from the high-resolution (2.3 Å) X-ray structure of the proteasome. Both NMR and X-ray
distributions are cross-validated by comparing calculated 1H�13C methyl residual dipolar couplings with measured values, and the
level of agreement is at least as good for the NMR derived χ1 values. Notably, as the resolution of the X-ray data improves (rotamer
distributions from 3.4 and 2.3 Å X-ray structures are compared with the NMR data), the agreement with the NMR gets significantly
better. This emphasizes the importance of NMR approaches for the study of high molecular weight complexes that can be
recalcitrant to high resolution X-ray analysis.
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(13Cδ1,δ2)23,24 methyl 13C chemical shifts into χ2 rotamer
populations for these residues. Our goal here is to extend this
work with an approach for obtaining χ1 torsion angle distribu-
tions for Val residues in proteins on the basis of measured
13Cγ1,γ2 shifts exclusively. Stereospecific assignments of the
methyl pro-chiral carbons that are required in this analysis can
be readily obtained using the method of Neri et al.25 or alter-
natively by 13CH3 labeling of either pro-R or pro-S methyls using
the appropriate precursors.26,27 We present a fully automated
method that takes Val 13C methyl shifts as input and generates a
set of 20 rotamers that together best reproduces the experimen-
tal shift data using a genetic algorithm and a density functional
theory (DFT) derived surface that relates 13Cγ1,γ2 chemical
shifts and χ1. The utility of the approach is established by
considering a database of 22 Val residues from six different
proteins for which chemical shifts and three-bond scalar cou-
plings have been measured with high precision. Subsequently, an
application to the 360 kDa half-proteasome,18R7R7, is presented,
where χ1 rotamer distributions are obtained for the Val residues.
For the majority of Val residues the distribution is localized
predominantly to a single χ1 value, and there is excellent
agreement with angles predicted from the proteasome X-ray
structure,28,29 providing further validation of the methodology.
The method is robust and simple to use and promises to extend
the utility of methyl chemical shifts as probes of side-chain
conformation and dynamics.

’RESULTS AND DISCUSSION

An analysis of a database of high-resolution crystal
structures30,31 with B-factors less than 20 Å2 establishes that
Val side-chains can populate three different χ1 rotameric states,
including gaucheþ (gþ, χ1 ≈ 63�), trans (t, χ1 ≈ 174�), and
gauche� (g�, χ1 ≈ 296�) and that the average populations of
each of the three states are pgþ = 6%, pt = 74%, pg� = 20%,
Figure 1a. Importantly, the rmsd of χ1 values within each of

these states is less than 10�,31 indicating that Val χ1 dihedral
angle motions are best described in terms of averaging about
and jumps between each of the three (gþ, t, g�) canonical
conformations.

Previously it was shown that the chemical shifts of Ile
(13Cδ1)22 and Leu (13Cδ1,δ2)23,24 methyl carbons can be esti-
mated from a simple γ-gauche model32,33 whereby the dominant
effect is the number, orientation, and type of heavy atoms in the γ
position relative to the methyl 13C spin in question. This means
that in the case of Leu, for example, the methyl 13Cδj chemical
shift depends in a sensitivemanner on the dihedral angle between
Cδj and CR. The Ile 13Cδ1 chemical shift, in turn, depends on γ-
gauche effects caused by both CR and Cγ2 atoms that reflect the
dihedral angles between Cδ1 and CR and between Cδ1 and Cγ2,
respectively, both reporting on χ2.

Prior to using Val 13Cγ1,γ2 chemical shifts to analyze χ1
rotamer distributions, we were interested in establishing through
DFT calculations how such shifts depend on the side-chain
torsion angle; such DFT calculations are integral to the metho-
dology proposed below. Moreover, we wanted to explore
whether the γ-gauche effect that had been exploited in our
previous studies of Ile and Leu dynamics22,23 was also a dominant
contributor to methyl 13C shifts for Val. The carbonyl carbon
(CO) and the amide nitrogen (N) of Val both occupy γ positions
relative to the methyl carbon atoms, and it is expected, therefore,
that the chemical shifts of the 13Cγ1,γ2 nuclei (γ1= pro-R, γ2 =
pro-S) will be sensitive to a sum of two γ-gauche effects that both
depend on the χ1 dihedral angle. Empirically, we can write the
13Cγ1,γ2 chemical shifts as δ(13Cγi) = δγg(χ1)Cγiþ Æδæχ1, where
δγg(χ1)Cγi is the contribution from the γ-gauche effect, while
Æδæχ1 includes contributions from other terms that are indepen-
dent of χ1. Inspection of Figure 1a allows one to write,

δγgð60�ÞCγ1 ¼ γgðNÞ þ γgðCOÞ δγgð60�ÞCγ2 ¼ γgðCOÞ
δγgð180�ÞCγ1 ¼ γgðCOÞ δγgð180�ÞCγ2 ¼ γgðNÞ
δγgð300�ÞCγ1 ¼ γgðNÞ δγgð300�ÞCγ2 ¼ γgðNÞ þ γgðCOÞ

ð1Þ

where γg(N) and γg(CO) are γ-gauche effects from N and CO,
respectively, and 60�, 180�, 300� correspond to the gþ, t, and
g� conformations (Figure 1a).

A series of DFT calculations was carried out on small model
complexes as a function of the χ1 dihedral angle, neglecting any
tertiary interactions (details are provided in Supporting In-
formation). Figure 1b plots δ(13Cγi); in general, the chemical
shifts derived from the DFT calculations follow the predictions
based on the empirical γ-gauchemodel.32,33 Interestingly, for the
trans conformation (χ1 = 180�) δ(13Cγ1)≈ δ(13Cγ2), indicating
that the γ-gauche effects from the amide nitrogen and the
carbonyl carbon are similar.

We have carried out DFT calculations for both R-helical and
β-sheet backbone conformations, illustrated in Figure 1b. Also
shown is the average over both secondary structure elements. For
all three rotamer conformations the 13Cγ side-chain chemical
shifts depend little on whether the Val residue is in anR-helix or a
β-sheet backbone conformation (<1 ppm) so that, in studies
where the protein secondary structure is not known a priori, the
average shift value can be used without introducing significant
error. Of course, in cases where the secondary structure is known,
more accurate δ(13Cγi) surfaces can be used in the analyses that
follow below.

Figure 1. (a) Three canonical rotamer conformations of the Val side-
chain based on a database of high-resolution crystal structures.30,31 (b)
13Cγ1 (red; pro-R) and 13Cγ2 (blue; pro-S) chemical shifts derived from a
DFT calculation for β-sheet (light) and R-helical (dark) backbone
conformations (see Supporting Information for details); the average is
shown with the white line. The green bars indicate the ‘canonical values’
from the set of high-resolution crystal structures, see text (χ1 = 63�( 9�
for gaucheþ; χ1 = 174� ( 9� for trans; χ1 = 296� ( 9� for gauche�).
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Determining Side-Chain Rotamer Distributions from
Methyl Chemical Shifts. Prior to presenting the methodology
used here for obtaining {pgþ, pt, pg�} values describing the χ1
rotamer populations in Val residues based on methyl 13Cγ1,γ2

chemical shifts, it is worth summarizing how the corresponding
χ2 rotamer populations are obtained for Leu and Ile residues. As
described previously, these distributions are derived from
13Cδ1,δ2 (Leu) and 13Cδ1 (Ile) chemical shifts.21,22,24 A signifi-
cant advantage for both Leu and Ile is that to excellent approx-
imation only a pair of χ2 rotamers are sampled in each case:
(gþ,t)23,31 for Leu and (t,g�)22,31 for Ile. This significantly simpli-
fies the problem because it implies, as least in principle, that from
a single methyl chemical shift measurement it is possible to ex-
tract the populations of the two states in each case. For example,
for Leu, the population of the trans χ2 rotamer conformation is
well approximated by the relation ptrans = [Δδ(13C) þ 5 ppm]/
10 ppm,24 where Δδ(13Cδ) = δ(13Cδ1) � δ(13Cδ2). Moreover,
by using the difference between 13Cδ1 and 13Cδ2 chemical shifts
the effects of electrostatics, ring currents, and other tertiary
contributions cancel to first order, allowing for an accurate
estimation of ptrans. In the case of Ile it has recently been shown
that the χ2 populations can be calculated from a linear relation-
ship that relates δ(13Cδ1) to pgauche� and ptrans = 1� pgauche� and
that the populations so obtained agree reasonably well with those
predicted from measured three-bond scalar couplings.22

Unfortunately, the situation is more complex for Val. An
approach that uses Δδ(13Cγ) = δ(13Cγ1) � δ(13Cγ2) to
determine the χ1 rotameric distributions for this residue is not
possible because Val side-chains populate all three rotamer states,
Figure 1a, and since pgþ þ ptþ pg� = 1, there are two unknown
populations. Consequently, two experimental parameters are
necessary, and the ‘raw’ chemical shifts, δ(13Cγ1) and δ(13Cγ2),
are therefore used. We show below that effects from ring currents
and electrostatics can be ignored to a good approximation,
despite the fact that individual shifts are used. This is consis-
tent with what has been noted previously in our studies of Ile
χ2 rotamer distributions calculated on the basis of only the

13Cδ1

chemical shift.22

A Method for Obtaining Val χ1 Rotameric Distributions
fromMethyl Chemical Shifts.The goal in the present study is to
develop a simple approach for calculating Val χ1 distributions
based only on methyl 13Cγ1,γ2 chemical shifts. While it is clear
that in the cases of small to moderately sized proteins these
distributions can be obtained from other data, such as scalar or
residual dipolar couplings, our choice of restricting the input to
only chemical shifts is motivated by the desire to develop
methodology that can be applied to studies of supramolecular
protein systems, such as the proteasome described below, or to
excited protein states. As discussed in the introduction, in these
cases it is not possible to measure the couplings that are required
to generate the desired rotameric distributions.
The basic crux of our approach is to ‘describe’ each Val χ1

rotamer in terms of a set of 20 χ1 dihedral angles that ‘fit’ the
measured 13Cγ1,γ2 chemical shifts best. In cases where the χ1
angle is ‘frozen’, then all 20 angles in the chosen set would be
expected to be very narrowly distributed about the χ1 value. By
contrast, if the Val in question is dynamic, then a wider distribu-
tion will be obtained that reflects the motion. A value of 20 has
been chosen rather arbitrarily; it is large enough to ensure that a
random coil distribution, pgþ = 6%, pt = 74%, pg� = 20% can be
calculated if necessary. These 20 χ1 values are subsequently
‘translated’ into 13Cγ1,γ2 chemical shifts from a lookup table that

tabulates δ(13Cγ1,γ2) as a function of χ1 as calculated by DFT
(see below and Supporting Information). It is assumed that the
20 rotameric states are in fast exchange so that the chemical shifts
of each of the states can be averaged to obtain the observed shift.
Once the ‘best’ set of 20 states is found, it is straightforward to
calculate the populations,{pgþ, pt, pg�} which is the desired goal
(see below).
To validate the approach, the first step we consider is a set of

six proteins for which four three-bond scalar couplings {3J(Cγ1,
N), 3J(Cγ2,N), 3J(Cγ1,CO), 3J(Cγ2,CO)}, and 13Cγ1,γ2 chemical
shift assignments are available for Val residues. This set includes
ubiquitin,34 protein GB3,34 the C-terminal SH2 domain from
phospholipase Cγ (PLCC SH2),35 protein L,36 HIV protease,34

and maltose binding protein, for which data was measured in the
present study (Supporting Information). Our immediate goal is
to calculate a reference set of χ1 rotameric distributions for each
Val residue that satisfies the measured three-bond scalar cou-
plings and show that the calculated chemical shifts from this
distribution agree with those measured. This will establish that it
is possible to ‘convert’ the distribution into accurate values of
δ(13Cγ1)/δ(13Cγ2) using the DFT hyper-surfaces we have
calculated. A second goal is to establish that the distributions
obtained from scalar couplings and chemical shifts are very
similar. It is well recognized that accurate dihedral angle dis-
tributions can be obtained from scalar couplings;34 establishing
that the corresponding χ1 rotamer profiles obtained from
chemical shifts are in good agreement indicates that reasonable
χ1 distributions for Val can be generated exclusively from
chemical shifts.
Each of the 22 Val residues from the six ‘database’ proteins for

which a set of four three-bond scalar couplings was measured was
considered independently. A best set of 20 χ1 dihedral angles,
corresponding to the ‘J-reference rotameric distribution’ for that
residue, was selected using a genetic algorithm described in
Materials and Methods. Here a target function is minimized,

E ¼ EMF þ EJ ð2Þ
where EMF and EJ are energies that ‘force’ the dihedral angles in
the best set to lie within the χ1 ranges observed experimentally
for Val (EMF) and that ensure that the scalar couplings predicted
from the distribution, using well-established Karplus
relationships34 (EJ), are in good agreement with the experimental
values. Details are given in Materials and Methods.
Once the scalar coupling-based χ1 distribution profile was

obtained, it was used to calculate methyl chemical shifts using the
DFT derived surface (Figure 1b) that relates shifts and dihedral
angles. Values of δ(13Cγ1)/δ(13Cγ2) were calculated as

δcalcð13CγiÞ ¼ 1
N∑k

δDFT, iðχ1, kÞ ð3Þ

where χ1,k is the χ1 angle of the kth member of the J-reference
ensemble (1e ke 20), N = 20, and δDFT,i(χ1,k) is the chemical
shift calculated for 13Cγi from theDFT hyper-surface (Figure 1b)
for a dihedral angle of χ1,k. In all calculations, a DFT surface was
used that is an average over those calculated assuming R-helical
and β-sheet geometries, although the differences in the two
surfaces are small (Figure 1b). The correlation between calcu-
lated and experimentally measured chemical shifts is shown
in Figure 2. The rmsd between δcalc and δexp, 0.83 ppm, obtained
here for Val 13Cγ1,γ2 chemical shifts is slightly better than
that obtained for the prediction of 13CR (rmsd = 1.0 ppm) and
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13Cβ (rmsd= 1.1 ppm) chemical shifts fromprotein structure.37�39

Interestingly, the agreement is significantly better for Cγ1 (rmsd =
0.59 ppm) than it is for Cγ2 (rmsd = 1.0 ppm), likely due to the
large dependence of chemical shift on χ1, ∂δcalc/∂χ1, for C

γ2

around the most populated trans conformation. Thus, errors in
the rotamer distribution obtained from scalar couplings, reflecting
errors in the couplings themselves and/or errors in the Karplus
relations that relate χ1 to

3J, will affect calculated 13Cγ2 chemical
shifts much more than the corresponding 13Cγ1 values, contribut-
ing to the poorer correlation for 13Cγ2 that is observed in Figure 2.
The correlation in Figure 2 indicates that Val side-chain 13Cγ1

and 13Cγ2 chemical shifts can be determined, to an accuracy of
better than 0.83 ppm, from a χ1 distribution using the
calculated DFT surface. This is an upper bound on potential
errors in the mapping approach to produce chemical shifts
from a distribution, since it assumes that both the measured
scalar couplings and the Karplus equations are error free. As
shown below, with an application to the 360 kDa R7R7 particle,
this level of accuracy is sufficient to provide robust measures of
χ1 values.
A χ1 ensemble can also be calculated directly from 13Cγ1 and

13Cγ2 chemical shifts, following an analogous approach to that
described above for obtaining distributions from scalar couplings.
Here we define the following energy function to bias the search

E ¼ EMF þ Eδ ð4Þ
where EMF ensures that the distribution of χ1 values lies within
the allowed ranges (see above) and Eδ is an energy term that
‘forces’ the calculated chemical shifts (eq 3) to agree with the
experimentally derived values.
The scalar coupling and chemical shift rotamer distributions

obtained for Val 21 of protein GB3 are shown in a and b of
Figure 3, respectively. This residue has been chosen in particular
because the agreement between the two distributions is among
the worst of those obtained (see Figure 3d). Yet nevertheless, a
comparison of a and b of Figure 3 shows that the two distributions

are very similar. Thus, the dynamic behavior of this residue, as
evidenced by the sizable populations of all three rotameric states,
is captured in both distributions. Figure 3c shows a direct
comparison of the fractional populations for all Val residues used
in this study, estimated from the chemical shift (Y-axis) and scalar
coupling (X-axis) distributions. The three populations, pgþ, pt,
and pg� are calculated from each of the χ1 distributions by

Figure 2. Comparison of experimentally measured 13Cγ chemical
shifts, δexp, with chemical shifts derived from the J-reference ensemble
and calculated using a DFT-derived hyper-surface (Figure 1b) and eq 3,
δcalc.

13Cγ1,pro-R (13Cγ2, pro-S) chemical shifts are shown in red (blue);
green dotted lines are given by y = x( σ, where σ = rmsd(δcalc� δexp).

Figure 3. Comparison of rotamer (gþ, t, g�) populations determined
from Val methyl-backbone three-bond scalar couplings and from
chemical shifts, δ(13Cγ1) and δ(13Cγ2). (a,b) Distributions calculated
for Val 21 of protein GB3, based on input scalar couplings (a) or
chemical shifts (b). The overlap, O, between the two distributions is
calculated using eq 5. (c) Correlation plot of rotamer populations
derived from chemical shifts (pδ) vs the corresponding values generated
using scalar couplings (pJ), as described in the text. (d) The overlap, eq 5,
calculated for all the Val residues used in the simulations described
above. Val 21 of protein GB3, that is ‘featured’ in a,b is marked with an
asterisk.
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projecting the χ1 onto the three canonical states. That is, if
a given χ1 angle in an ensemble is between 0� and 120�,
χ1 ∈ [0�,120�), it is assigned to the gþ population, values of
χ1 ∈ [120�,240�) are assigned to state t, while values of
χ1 ∈ [240�,360�) are assigned to g�. Most of the χ1 distributions,
including those for Val 21 of protein GB3, are closely centered
around the canonical dihedral angles (63� for gþ, 174� for t, 296�
for g�) so that the approximation of projecting all χ1 angles onto
three states is reasonable. The rmsd between the populations
determined from the scalar coupling-driven (pJ) and the chemi-
cal shift-based (pδ) distributions can be calculated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
3N∑Val ∑

r∈ gþ, t, g�f g
pJðrÞ � pδðrÞ
� �2s

whereN is the number of Val residues included in the analysis. A
value of 0.19 is obtained, indicated by the dashed green lines of
Figure 3b. In direct analogy with the rmsd obtained between δcalc
and δexp, the value of 0.19 calculated presently is an upper bound
for the uncertainty of predicting rotamer populations from chemi-
cal shifts since it assumes that the scalar coupling J-reference
ensemble is ‘correct’. As discussed above, uncertainties in the
scalar coupling distributions are expected to arise as a conse-
quence of errors in both the measured couplings and in the
Karplus relations that relate the χ1 dihedral angle to the scalar
couplings. The distributions of the three populations, pgþ, pt, and
pg� for the six proteins considered in this study, obtained from
either scalar couplings or chemical shifts, are tabulated in
Supporting Information.
Another convenient way of comparing the distributions is to

calculate the overlap between them in a manor analogous to
taking a dot-product between two vectors. Thus, from the three
populations, pgþ, pt, and pg� we calculate an overlap, O, as

O ¼
∑
r
pJðrÞpδðrÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
r
pδðrÞpδðrÞ

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
r
pJðrÞpJðrÞ

r ð5Þ

In general, a very good overlap is noted between distributions
derived from chemical shifts and from scalar couplings, as seen in
Figure 3d where O > 0.9 for 16 of the 22 Val residues. It is

noteworthy that O = 0.88 for Val 21 of protein GB3, yet similar
distributions are still observed (Figure 3a,b). In summary, the
strong correlation between the χ1 population distributions
generated on the basis of chemical shifts and scalar couplings
(Figure 3c,d) validates using Val 13Cγ chemical shifts to estimate
rotamer preferences. On the basis of the results of Figure 3c
(green dashed lines) an upper boundon the uncertainties in pgþ, pt,
and pg� values is 0.19.
A Population Hyper-Surface. In the plots of Figure 3 a full

simulation is performed for each Val residue; that is, the full
genetic algorithm is run for each set of experimentally measured
chemical shifts {δ(13Cγ1), δ(13Cγ2)} to obtain the set of 20
χ1 angles that best fits the data. This calculation takes approxi-
mately two minutes per residue on a standard PC with a 2 GHz
processor. Faster calculations of rotamer populations from
chemical shifts will often be required, for example, if the chemical
shifts are to be used in restrained MD simulations. Therefore, we
have calculated the full hyper-surface for the range of Val 13Cγ

chemical shifts that are normally encountered in proteins; the
hyper-surfaces for the three populations are shown in Figure 4.
For each {δ(13Cγ1), δ(13Cγ2)} grid point of the hyper-surface
(one grid point for every 0.3 ppm) the best set of 20 χ1 angles is
calculated as described above (using the full genetic algorithm),
values of {pgþ, pt, pg�} subsequently determined and smoothed
two-dimensional (2D) contour plots obtained using a 2D spline
(calculated with the scipy and pylab extension libraries to
Python). With the hyper-surfaces of Figure 4 it is straightforward
to obtain Val rotamer populations directly from 13Cγ1,γ2 chemi-
cal shifts; yet if the full distributions are to be obtained (e.g.,
Figure 3b), a complete calculation will still be required.
An Application to the 1/2 Proteasome. The 20S core

particle (20S CP) proteasome is a key cellular component that
plays a major role in protein degradation, thereby regulating
processes such as cell division, gene expression, signal transduc-
tion, and apoptosis.40�42 Detailed X-ray studies have established
that the 20S CP consists of a barrel-like structure, comprising
four rings, arranged as R7β7β7R7, where each ring is a heptamer
with either sevenR (R7) or seven β (β7) subunits.

29 In the case of
the archaeal version studied here each of the R or β subunits is
identical. Detailed solution NMR studies have shown that the
proteasome is highly dynamic and that its function critically

Figure 4. DFT-derived hyper-surfaces for the three Val χ1 rotamer populations. (a) Populations of gþ (χ1 ∈ [0�,120�)), t (χ1 ∈ [120�,240�)) and
g� (χ1 ∈ [240�,360�)) conformers are respectively shown in a, b, c, as functions of 13Cγ1 and 13Cγ2 chemical shifts.
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depends on motions18,43 that span a wide range of time-scales.
Studies to date have focused on (i) measurement of rapid
picosecond�nanosecond time-scale dynamics from 13C, 2H,
and 1H relaxation experiments,18,44 (ii) quantification of ms
processes by relaxation dispersion,18,20 and (iii) characterization
of yet slower events on the seconds time-scale through magne-
tization exchange spectroscopy.43 A determination of torsion
angle distributions would also provide valuable dynamical
information34,36 of a nature that would complement existing
measures.We have calculated such distributions for Val, based on
13Cγ1,γ2 chemical shifts measured on a sample of the 1/2
proteasome (R7R7), Figure 5a, comprising pairs of stacked R7

rings. Previous studies have shown that R7R7 is a good model
system for studying the dynamics of R-subunits in the context of
the 20S CP.18 However, its smaller size relative to the full 20S

particle (360 vs 670 kDa) translates into better spectra and more
quantitative measurements.
Val rotamer population distributions in R7R7, obtained using

the chemical shift-based approach described here (red), are
plotted in Figure 5b. Included in this figure are the corresponding
χ1 profiles from the high-resolution (2.3 Å, pdb: 1YA7) X-ray
structure of the 20S CP (blue),28 where seven distinct values of
χ1 are obtained from the seven R-subunits in each R7 ring. For
each residue the value of the three-fold methyl axis order
parameter squared, Saxis

2 , averaged over γ1 and γ2 positions is
also shown.18 The majority of Val residues (9/13) are predomi-
nantly in the trans χ1 conformation in both solution and the solid
state (i.e., pt g 70%). The remaining four residues have lower
than average Saxis

2 values, and not surprisingly there are deviations
between what is observed in solution and in the solid state. In

Figure 5. Application to the 1/2 proteasome. (a) Structure of the R7R7 (360 kDa) particle considered here. (b) Val χ1 torsion angle distributions in
R7R7 derived from NMR (red) and the X-ray structure of the proteasome (blue), as described in the text. Values of Saxis

2 , averaged over the γ1 and γ2
positions, are reported. (c) Correlation plot of RDCMEAS vs RDC0

NMR = Æ3 cos2 θ � 1æ for both γ1 and γ2 methyl groups with solid (open) circles
denoting residues with Saxis

2 values less (greater) than 0.6. (d) As in (c) but RDCMEAS vs RDC0
X-RAY = Æ3 cos2 θ� 1æ. Note that not all of the RDC values

inR7R7 could be measured due to overlap. In (c) and (d) Val 107 C
γ2 (*) was omitted in the calculation of the best-fit line; R is the Pearson’s correlation

coefficient for the best-fit line.
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solution three of the four residues populate at least two rotameric
states, while only a single conformer prevails in the solid.
Interestingly for Val 82 pt = 100% is calculated from the NMR
data, while {pt = 43%, pg� = 57%} is obtained from the X-ray
structure. As we show below, measured methyl 1H�13C residual
dipolar couplings for Val 82 γ1 are in better agreement with
predictions based on the NMR rotamer distribution.
In order to cross-validate the Val χ1 torsion angle distributions

for the 1/2 proteasome that have been obtained from the
chemical shift methodology presented here we have calculated
RDC0

NMR = Æ3 cos2 θ � 1æ for each Val residue where θ is the
angle between the H3Cmethyl�C bond and the symmetry axis of
the seven-fold symmetric R7R7 particle, and the angular brackets
denote averaging over all χ1 angles in the distribution. In
computations of RDC0

NMR only Val χ1 torsion angles were
allowed to vary from the X-ray structure in the calculations,
and identical χ1 values were assumed for the same Val residues in
each of the 14 R-subunits (i.e., for the 14 Val 172 residues, for
example). Calculated RDC0

NMR values are compared with mea-
sured RDCs, RDCMEAS= AÆ3 cos2 θ� 1æ, where A is a constant
that depends, among other things, on the degree of alignment
and, in this case, Æ..æ indicates averaging of the 1H�13C methyl
bond vectors frommolecular dynamics. Assuming that the extent
of averaging is the same for each methyl, it follows that a plot of
RDCMEAS vs RDC0

NMR would be linear with zero intercept.
Figure 5c plots RDCMEAS vs RDC0

NMR for both γ1 and γ2
methyl groups with solid (open) circles denoting residues with
Saxis
2 values less (greater) than 0.6. The best-fit line y = mx is
shown with dashes along with Pearson’s correlation coefficient,
R = 0.86 (R2 = 0.78). We have also calculated RDC0’X-RAY values
by averaging over (3 cos2 θ � 1) for the seven copies of each
residue in each R7 ring that were not enforced to be the same in
the high-resolution X-ray structure.28 The corresponding corre-
lation between RDCMEAS vs RDC0

X-RAY is shown in Figure 5d.
Of note, with the exception of Val 107 Cγ2, the experimental
RDC data is reasonably well reproduced by both NMR and X-ray
distributions. Certainly the quality of the ‘NMR’ correlation is
no worse than the ‘gold-standard’ high-resolution X-ray model,
perhaps even slightly better. Deviations arise to a large extent
from residue-specific variations in dynamics that are not
accounted for in the simple correlation presented (see below).
A comparison of RDCMEAS vs RDC0 values for Val 82 shows
that, while similar levels of agreement between predicted and

measured couplings are obtained for the γ2 methyl, the
deviation between RDCMEAS and RDC0 for the γ1 moiety is
significantly larger in the case of the X-ray derived RDC0 value
(compare c and d of Figure 5). Recall that Val 82 is one of four
residues where significant differences in torsion angle distribu-
tions are predicted from NMR and X-ray data; the RDC data
establish that the NMR rotamer distribution is preferred in this
case. For the remaining three residues a similar comparison of
RDC data does not identify a preference between the NMR
and X-ray distributions.
Combined analysis of torsion angle distributions and order

parameters leads to a number of conclusions. For example, high-
order parameters and a significant population of only one of the
allowed torsion angles implies limited dynamics over a wide
range of time-scales extending from picoseconds to hundreds of
microseconds. In cases where low order parameters are measured
yet only a single side-chain conformation is predicted (for
example, Val 107), motion is confined to the backbone or to
dynamics within a well but does not involve jumps between
different rotamers. The very poor agreement between predicted
and measured RDC values for Val 107 γ2 (Figure 5c,d; the
corresponding data for γ1 is not available) is likely the result of
large range backbone dynamics in solution that are not captured
in the X-ray structure. The combination of low Saxis

2 values and
multiple χ1 states (for example, Val 87) implies more extensive
motion involving rotamer hopping and likely dynamics within
wells or involving the backbone. Finally, it is noteworthy that
while high order parameters generally correlate with significant
populations of only one of the ‘allowed’ three torsion angles, low-
order parameters do not necessarily imply significant torsion
angle hopping. This is illustrated for Val 82 and 107 where pt g
95%, yet Saxis

2 values of 0.34 and 0.14, respectively, are measured.
Thus, picosecond�nanosecond time-scale motions that are
reported by order parameters are not necessarily correlated with
slower regime dynamics that are typically associated with dihe-
dral angle rotations.
We have also calculated the overlap,O (eq 5), for the chemical

shift and X-ray-based Val χ1 distributions inR7R7, Figure 6 (red),
as a function of residue number. For completeness we have also
determined O values for Ile (green) and Leu (blue) χ2 distribu-
tions that have been obtained either from chemical shifts (using
eq 3 of ref 22 and eq 2 of ref 24) or from the 2.3 Å X-ray structure
of R7β7β7R7.

28 High O values are, in general, observed except in
some cases where residues are dynamic, as noted for Val as well,
further establishing the utility of the proposed methodology,
even in studies of very high molecular weight particles. As a final
note, it is worth mentioning that we have performed analyses
very similar to those described above using a poorer quality X-ray
structure of the proteasome solved to 3.4 Å resolution.29 Not
surprisingly, the level of agreement between the rotamer dis-
tributions so obtained and those based on either the solution data
or on the high-resolution 2.3 Å crystal structure is very poor. For
example, in the 3.4 Å structure all but one of the Val χ1 torsion
angles are in the gþ conformation, with the exception of Val 89
that is in the trans state. Indeed, correct placement of Val side-
chain rotamers in structures solved by crystallography generally
requires a resolution of∼2 Å or better that can be challenging in
applications involving very high molecular weight proteins. This
emphasizes the importance of NMR-based approaches for
studies of side-chain orientation in supramolecular systems and
the complementarity between solution NMR and X-ray
diffraction.

Figure 6. Plot ofO values (eq 5) as a function of residue number for Ile,
Leu, and Val residues of R7R7. Values of Saxis

2 , averaged over the γ1 and
γ2 positions, are listed for residues where O values are e0.9.
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’CONCLUDING REMARKS

We have presented a new method for quantifying rotamer
distributions of Val χ1 dihedral angles from methyl 13Cγ1,γ2

chemical shift values. Central to the approach is a minimization
procedure in which a set of 20 χ1 angles is selected for each Val by
comparing averages of the chemical shifts calculated directly
from these χ1 angles using DFT derived surfaces with the
experimentally measured 13Cγ1 and 13Cγ2 values. Rotamer
populations are then calculated from the best ‘distribution’.
The utility of the approach has been assessed by comparing
the rotamer distributions obtained via chemical shifts with those
generated from three-bond scalar couplings that were measured
for Val residues from six proteins. Overall, the rotamer popula-
tions (pi ∈ [0:1]) can be obtained to within an uncertainty
of <0.2. A computer program that calculates distributions of χ1
rotamers from input Val methyl chemical shift data and lists the
fractional populations of each of the three rotameric states is
available upon request or can be downloaded from the web
(www.smb.ucl.ac.uk/hansen/).

The method presented here is based only on methyl chemical
shifts. These data are easily acquired with high accuracy, even in
applications involving proteins with molecular weights in the
hundreds of kDa, such as for the R7R7 1/2 proteasome, where
other parameters cannot bemeasured. As such, this methodology
opens up the possibility for obtaining side-chain rotatmeric
distributions—and hence, side-chain dynamics information that
is sensitive to a range of motional time-scales extending from
picoseconds to hundreds of microseconds. A second important
application, not considered here, relates to studies of side-chain
structure and dynamics in excited proteins states. Relaxation
dispersion experiments have been developed for measuring
methyl 13C chemical shifts of ‘invisible’ protein states,19,20 and
these chemical shifts can then be used to obtain information
about rotamer distributions in methyl-containing side-chains in
cases where, as for supramolecules, scalar coupling-based
experiments are not feasible. The methodology described adds
to a growing list of approaches for quantifying the structure and
dynamics of proteins in solution from measured chemical
shifts.

’MATERIALS AND METHODS

Experimental Measurements. A U�15N,13C-labeled sample of
maltose binding protein (1.0 mM in protein, 2 mM β-cyclodextrin,
20mM sodium phosphate pH 7.2, 3 mMNaN3, 100μMEDTA, 0.1mg/
mL Pefabloc, 1 μg/μL pepstatin, and 10% D2O) was prepared as
described previously,45 and the published Val 13Cγ1,γ2 methyl assign-
ments were verified using standard triple resonance spectroscopy.46�49

Stereospecific assignments of the Val prochiral methyl groups were
obtained via the method of Neri.25 Three-bond scalar couplings for
quantifying Val χ1 rotamers were measured using quantitative J-based
pulse schemes described in detail in the literature.34,50,51 Experiments
were recorded on a 600 MHz spectrometer equipped with a room-
temperature triple resonance probehead, 37 �C. Values of the measured
three-bond scalar couplings, {3J(Cγ1,N), 3J(Cγ2,N), 3J(Cγ1,CO),
3J(Cγ2,CO)}, are listed in Supporting Information. Data for the other
proteins used in this study used to compare distributions from chemical
shifts and scalar couplings were obtained from the literature and are also
listed in Supporting Information. Chemical shifts and RDC values for
the 1/2 proteasome were taken from the literature.18,52 Stereospecific
assignments of the Val prochiral methyl groups of R7R7, obtained
previously by the method of Neri,25 were checked using a sample

generated with precursor that labels (13CH3) only in the Pro-S Leu,Val
methyl positions.26,27

Generation of Ensembles. Each Val χ1 dihedral angle was
modeled in terms of a set of 20 angles that is intended to take into
account the range of motional properties that might be expected for
this residue. It is assumed that all of the 20 ‘states’ interconvert rapidly
so that the effective chemical shift is given by an average over shifts
calculated for all 20 conformers characterizing a single ensemble. The
20 χ1 angles were chosen randomly from Gaussian distributions
centered about χ1 = {63�, 174�, 296�} and with a standard deviation
of 9�, as observed for χ1 angles in a set of high-resolution X-ray
structures of proteins.30,31 This was accomplished in the following
way: For each χ1 angle a random integer between 1 and 3 was
generated. If the number 1 appeared, the χ1 angle was chosen to be
in the gþ state; if 2(3) appeared, a χ1 angle in the t(g�) state was
selected. In a second step the χ1 angle was selected randomly from the
appropriate Gaussian profile centered at 63� (gþ), 174� (t), or 296�
(g�), 9� standard deviation. As described in the text, the size of the
ensemble was chosen to be 20 since with this number it is possible
construct a random coil distribution with populations, pgþ ≈ 0.05,
pt ≈ 0.75, pg� ≈ 0.20, as predicted from the average of all χ1 angles
calculated from a database of high-resolution X-ray structures.30,31

In addition, the ensemble size is sufficiently small so that it is possi-
ble to achieve rapid convergence using the genetic algorithm
described below.

In order to calculate the ‘best’ ensemble from a set of four three-bond
scalar couplings {3J(Cγ1,N), 3J(Cγ2,N), 3J(Cγ1,CO), 3J(Cγ2,CO)} or
from 13Cγ1,γ2 chemical shifts, an energy function was constructed,
comprising two contributions. The first term, EMF, ‘forces’ dihedral
angles to lie within the expected distributions for Val (based on X-ray
data30,31 and illustrated by the green vertical bars in Figure 1b), while the
second term ensures that the χ1 distribution satisfies either the experi-
mental scalar coupling (EJ) or chemical shift data (Eδ). We write the net
energy, E, that is to be minimized as,

E ¼ EMF þ EJ ð6.1Þ
or

E ¼ EMF þ Eδ ð6.2Þ
depending on whether a distribution is selected that satisfies the input
scalar couplings (eq 6.1) or chemical shifts (eq 6.2). In eqs 6,

EMF ¼ ∑
i
�log ∑

r
prexp �ðχi � χrÞ2

2σ2
r

 !
ð7Þ

EJ ¼ kJ∑
j
ðJexp, j � Jcalc, jÞ2 1� exp �ðJexp, j � Jcalc, jÞ2

2σ2
exp, j

" #0
@

1
A ð8Þ

Eδ ¼ kδ ∑
i¼ 1, 2

ðδcalcð13CγiÞ � δexpð13CγiÞÞ2 ð9Þ

where pr (r = gþ, t, g�) is the average population of the three rotamer
states predicted from the X-ray database,31 (pgþ = 0.06, pt = 0.74, pg� =
0.20) and σr is the rmsd of χ1 within each of the three states (9�). Note
that the EMF bias ensures that slightly noncanonical orientations of χ1
can be obtained if required by the experimental data, however, with a
penalty. The sum in eq 8 is over the four three-bond scalar couplings,
j, listed above, kJ is the force constant for weighting the EJ term (relative
to EMF; a value of 100 Hz�2 is used, calculated as described below),
Jexp,j is the jth experimentally measured scalar coupling value (j ∈
{3J(Cγ1,N), 3J(Cγ2,N), 3J(Cγ1,CO), 3J(Cγ2,CO)}), Jcalc,j is the jth
scalar coupling calculated from the χ1 ensemble using Karplus-curve
parameters determined previously by Bax and co-workers,34 and σexp,j
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is the experimental uncertainty of Jexp,j or 0.2 Hz, whichever is the
largest. The form of the energy function in eq 8 is such that the
uncertainty of experimental data is taken into account (second term
on the right-hand side) to produce a nearly flat-bottom potential.53,54

Finally, in eq 9 δcalc(
13Cγi) is given by eq 3, and a force constant of

kδ = 32 ppm�2 is used (see below).
Finding the ‘Best’ Ensemble. In order to minimize E of eq 6 we

have used a genetic algorithm.55 Two hundred ensembles, each consist-
ing of 20 χ1 angles, were generated randomly as described above, and an
energy, E, was calculated for each (generation number 0). The ensem-
bles were sorted according to energy {E(0), E(1), ..., E(199)}, and a so-
called fitness (probability) pE(i) was calculated for each ensemble
according to:

pEðiÞ ¼ 1
Z

Eð0Þ
2EðiÞ � Eð0Þ
� �

ð10Þ

Z ¼ ∑
i

Eð0Þ
2EðiÞ � Eð0Þ ð11Þ

Each pair of ensembles of the next generation (generation number 1)
is created from two ‘parent-ensembles’ from the previous generation
(generation 0), where the two parent-ensembles are picked on the
basis of their fitness probabilities, pE, such that the probability of being
picked increases with fitness. With a probability of 25% the two
parent-ensembles are kept and passed on to the next generation,
whereas in 75% of the cases the parents are mixed (produce ‘off-
spring’). Reproduction occurs in the following manner: An integer
between 1 and 20 is chosen, and if {χp1j}je20 and {χp2j}je20 are the
two parent-ensembles and an integer m is chosen, then the two
offspring-ensembles are {χb1j}je20 = {χp11, ..., χ

p1
m, χ

p2
mþ1, ..., χ

p2
20}

and {χb2j}je20 = {χp21, ..., χ
p2
m, χ

p1
mþ1, ..., χ

p1
20}. Subsequently,

mutations are introduced into the offspring with a probability of 2.5%;
for 2.5% of the newly generated offspring-ensembles one of the 20
χ1 angles is removed, and a new value that is generated randomly
as described above is inserted. New generations are produced until
no further improvement in the energy of the best ensemble is
obtained (or until a maximum of 100 generations is reached), and
the lowest-energy ensemble of the final generation is the ‘best’
solution and used in further analyses. This procedure is repeated
five times so that the final ensemble consists of 20 � 5 = 100
χ1 angles. The procedure described above is summarized succinctly
as:

Determination of Force Constant kJ and kδ. The value of the
force constant kJ was determined by a cross-validation approach.56

Only three of the four three-bond scalar couplings were used, and the
‘best’ ensemble was calculated for a given value of kJ, as described
above. The fourth scalar coupling was subsequently back-calculated
from the generated ensemble and compared with the experimentally
measured coupling constant. This procedure was repeated four times
so as to systematically exclude each of the four scalar couplings once.
An average rmsd between the back-calculated scalar couplings and the

experimentally measured values was obtained and used as a cross
validation criterion to determine kJ,

Ærmsdæ ¼ 1
4∑j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N∑Val

ðJbc, j � Jexp, jÞ2
s

ð12Þ

The sum in eq 12 (Val) is over all the Val residues in the set of six
proteins used in the present study, Jbc,j is the scalar coupling back-
calculated from the best ensemble that, in turn, is derived from the three
other scalar couplings. A plot of Ærmsdæ as a function of kJ is shown in
Supporting Information, and the value of kJ that produces a minimum in
this curve (kJ ≈ 100 Hz�2) is used in all further calculations. As
described in Results and Discussion a ‘J-reference-ensemble’ was
generated for each Val residue using kJ = 100 Hz�2 (and with all four
scalar couplings as input); this reference ensemble was employed,
among other things, to optimize kδ, as described below.

The value of the force constant kδ was obtained by a cross-validation
method as well.56 For a given value of kδ the ‘best’ ensemble satisfying
the input Val 13Cγ1,γ2 chemical shift data (eq 6.2) for a given residue was
obtained as described above. Ensembles calculated in this manner as a
function of kδ were compared with the J-reference ensembles that were
obtained for each Val solely from scalar coupling data. A figure plotting
the rmsd between populations calculated from chemical shifts, pδ(r),
and from scalar couplings, pJ(r), as a function of kδ is shown in
Supporting Information, illustrating that a force constant of kδ =
32 ppm�2 provides the best agreement between the two methods. This
value was used in further analyses.
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