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Abstract

An isotope labeling scheme is described in which specific protonation of methine and methyl protons of
leucine and valine is obtained on a 15N/13C labeled background with uniform deuteration of all other non-
exchangeable protons. The presence of a protonated methine group has little effect on the favorable
relaxation properties of the methyl protons of Leu and Val. This labeling scheme permits the rotameric
state of leucine side-chains to be readily determined by simple inspection of the pattern of Hc(i)–HN(i) and
Hc(i)–HN(i+1) NOEs in a 3D 15N-separated NOE spectrum free of complications arising from spectral
overlap and spin-diffusion. In addition, one-bond residual dipolar couplings for the methine 13C–1H bond
vectors of Leu and Val can be accurately determined from an intensity J-modulated constant-time HCCH-
COSY experiment and used to accurately orient the side-chains of Leu and Val. Incorporation of these data
into structure refinement improves the accuracy with which the conformations of Leu and Val side-chains
can be established. This is important to ensure optimal packing both within the protein core and at
intermolecular interfaces. The impact of the method on protein structure determination is illustrated by
application to enzyme IIAChitobiose, a 34 kDa homotrimeric phosphotransferase protein.

Introduction

Buried methyl side-chains play a major role in
packing the hydrophobic core of proteins, thereby
stabilizing the native protein fold, while surface
methyl groups contribute significantly to van der
Waals interactions at protein–protein, protein–
nucleic acid and protein–ligand interfaces (Lo
Conte et al., 1999). Indeed, leucine residues gen-
erally make up over 10% of the intermolecular

interface in oligomeric proteins (Lo Conte et al.,
1999). In this regard, chemical shift perturbation
of Ile, Leu and Val methyl groups has proved to be
a powerful tool in NMR-based ligand screening
(Hajduk et al., 2000). Moreover, NOEs involving
only methyl and backbone amide groups, in con-
junction with torsion angle and backbone residual
dipolar couplings, can be used to determine accu-
rate three-dimensional solution structures of pro-
teins, as recently demonstrated by the structure
determination of the 34-kDa enzyme IIAchitobiose

(IIAChb) homotrimer which comprises a leucine
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coiled-coil at the trimer interface (Tang et al.,
2005). Further, conformational plasticity of inter-
facial side-chains plays an important role in
protein-target recognition (Betts and Sternberg,
1999; Najmanovich et al., 2000; Wang et al.,
2000). Thus, the precise and accurate delineation
of the conformations of methyl bearing side-chains
can have a large impact on the quality of the
structures of proteins and their complexes deter-
mined by NMR spectroscopy.

NMR structure determination has largely been
based on semi-quantitative NOE-derived inter-
proton distance restraints supplemented by loose
torsion angle restraints obtained from a combi-
nation of J coupling and NOE analysis (Wüthrich,
1986; Clore and Gronenborn, 1989). While
extremely powerful, this approach is relatively
insensitive to subtle conformational changes, par-
ticularly for side-chains. Residual dipolar couplings
(RDC) measured in weakly aligned systems offer a
means for obtaining accurate quantitative infor-
mation in the form of bond vector orientations
relative to an alignment tensor (Tolman et al.,
1995; Tjandra and Bax, 1997; Tjandra et al., 1997;
Prestegard et al., 2000; Bax et al., 2001). Much of
the published work has focused on backboneRDCs
and relatively few attempts have been made to
measure RDCs for side-chain bond vectors.
Experiments have been devised to measure RDCs
for methyl 13C–1H vectors (Ottiger et al., 1998;
Kontaxis and Bax, 2001; Sibille et al., 2002) and
13C–13C vectors (Permi et al., 2000; Evenas et al.,
2001; Vögeli et al., 2004), as well as the sum of the
RDCs for the two 13C–1H vectors of methylene
groups (Ottiger et al., 1998; Chou and Bax, 2001;
Mittermaier and Kay, 2001). In addition, RDCs
have been reported for side-chain amides of Asn
and Gln (Cai et al., 2001; Permi, 2001; Higman
et al., 2004). Nevertheless, these experiments have
found little if no application in actual structure
determinations, in part because of their complexity
(both in terms of the pulse sequences and the data
analysis), as well as problems associated with
spectral overlap, particularly with increasing size
and complexity of the system under investigation.

In this paper, we present a simple and
straightforward approach for the accurate deter-
mination of leucine and valine side-chain confor-
mations and demonstrate its utility on the 34-kDa
coiled-coil homotrimeric phosphotransferase en-
zyme IIAChb. The approach is based on an isotope

labeling scheme in which the protein is uniformly
labeled with 15N, 13C and all non-exchangeable
hydrogens are replaced by deuterons with the
exception of the side-chain methine and methyl
protons of Leu and Val. With the present labeling
scheme, the v1/v2 rotamers of Leu can be readily
derived from the pattern of intraresidue HN–Hc
and sequential interresidue Hc(i)–HN(i+1) NOEs,
making a priori stereospecific assignments of the
Leu prochiral methyl groups unnecessary. In
addition, the RDCs for the Leu Cc–Hc and Val
Cb–Hb bond vectors can be readily and accurately
measured and used to optimally orient the methyl-
bearing side-chains of Leu and Val.

Experimental

Protein expression and isotopic labeling

IIAChb-ND13/D92L, also known as IIAChb* (in
which the disordered N-terminal tail is deleted and
the Asp to Leu mutation at position 92 ensures the
formation of a monodisperse trimer), was ex-
pressed in BL21-Star cells as described previously
(Tang et al., 2005). Cells were grown in M9 min-
imal medium prepared in D2O with [2H7,

13C6]-
glucose and [15N]-NH4Cl as the carbon and
nitrogen sources, respectively. Eighty mg [13C5]-a-
ketoisovalerate (purchased from Cambridge Iso-
topes, Andover, MA) was added to 1 L culture
45 min prior to induction. Protein expression was
induced with 1 mM isopropyl-b-D-thiogalacto-
pyranoside (IPTG) at an OD600 nm of 0.8. IIAChb*
was purified by anion exchange and size exclusion
chromatography as described (Tang et al., 2005).
Typically 1 mM protein was prepared in 90%
H2O/10% D2O containing 10 mM sodium phos-
phate buffer, pH 6.5 and 0.02% NaN3. The NMR
sample is uniformly 15N and 13C labeled, and is
fully deuterated except for the backbone and side-
chain amides, the c-methine and d-methyls of Leu,
and the b-methine and c-methyls of Val which are
protonated. For residual dipolar coupling mea-
surements the protein was aligned in 22 mg/ml
phage pf1 (Clore et al., 1998; Hansen et al., 1998).

NMR spectroscopy

NMR spectra were recorded at 30 �C on a Bruker
DRX800 spectrometer equipped with a z-shielded
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gradient triple resonance cryoprobe. Spectra were
processed and analyzed with the NMRPipe/nmr-
Draw suite (Delaglio et al., 1995). NOEs between
backbone amide protons and methine/methyl pro-
tons of Leu and Val were obtained from a 3D
TROSY-based (Peruvshin et al., 1997) 15N-sepa-
rated NOE experiment. Backbone 1JNH couplings
were measured from splittings in a 3D HNCO-
TROSY-based experiment (Yang et al., 1999).
Methine1JCH couplingsweremeasured from a series
of intensity J-modulated 3D HCCH-COSY con-
stant time experiments as described in the Results.

Structure calculations

Structures were calculated from the experimental
NMR restraints by simulated annealing in torsion
angle space (Schwieters and Clore, 2001b) using the
program Xplor-NIH (Schwieters et al. 2003). The
experimental restraints comprise the NOE-derived
interproton distance restraints, backbone and side-
chain torsion angle restraints, and backbone 1DNH,
1DNC0 and 1DCaC0 RDCs published previously
(Tang et al., 2005), supplemented by the current set
of Leu side-chain torsion angle restraints and
RDCs for the Cc–Hc and Cb–Hb bond vectors of
Leu and Val, respectively. The NMR restraints
thus comprise: 276�3 interproton distance
restraints (including 78�3 ambiguous inter-subunit
restraints); 154�3 distance restraints for 77 back-
bone hydrogen bonds per subunit; 243�3 torsion
angle restraints (including 73�3 side-chain torsion
angle restraints), 100�3 13Ca and 95�3 13Cb
chemical shift restraints; 84�3 1DNH, 85�3 1DNC0

and 83�3 1DCaC0 backbone RDC restraints; and
from this work 18�3 1DCH Val and Leu side-chain
methine RDC restraints (cf. Table 1). The non-
bonded contacts in the target function were repre-
sented by a quartic van der Waals repulsion term
(Nilges et al., 1988) supplemented by a radius of
gyration term (Kuszewski et al., 1999), and multi-
dimensional torsion angle (Clore and Kuszewski,
2002) and hydrogen bonding database potentials of
mean force (Grishaev and Bax, 2004). Each set of
calculations comprised 100 simulated annealing
structures. There are no NOE violations>0.3 Å or
torsion angle violations >5�. The r.m.s. deviations
from the distance, torsion angle, and 13Ca and
13Cb chemical shift restraints are 0.009±0.003 Å,
0.24±0.05�, 1.13±0.02 ppm and 0.64±0.02 ppm,
respectively. The dipolar coupling R-factors (Clore

and Garrett, 1999) for the backbone 1DNH,
1DNC0 and 1DCaC0 RDCs are 6.93±0.08%,
17.8±1.0% and 15.8±1.0%, respectively. The
dipolar coupling R-factor for the Val and Leu
side-chain methine 1DCH RDCs is 2.1±0.2% for
the structures calculated using a harmonic poten-
tial for the side-chain RDCs and 40.7±3.2% for
the structures calculated without 1DCH RDCs. The
deviations from idealized bond lengths, bond
angles and improper torsions are 0.002±0 Å,
0.39±0.01� and 0.57±0.04�, respectively. The
coordinate precision, defined as the average atomic
r.m.s. difference between the individual 100 simu-
lated annealing structures and the corresponding
mean coordinates obtained by best-fitting residues
17–73 and 83–114 of all three subunits simulta-
neously, is 0.28 Å for the backbone and 0.80 Å for
all heavy atoms. (Note that the first residue of the
IIAChb* constructs is numbered 14, and residues
14–16, 74–82 and 115–116 are disordered in solu-
tion). The percentage for residues in the most
favored region of the Ramachandran map is
93.9±1.5%. Structures were displayed using the
program VMD-XPLOR (Schwieters and Clore,
2001a).

Results and discussion

Selective proton labeling of side-chain methine
and methyl protons of Leu and Val

The selective isotope labeling strategy we em-
ployed is designed to selectively protonate the
c-methine and d-methyls of Leu and the b-methine
and c-methyls of Val biosynthetically on an
otherwise fully deuterated background with uni-
form 15N and 13C labeling. To this end, [13C5]-a-
ketoisovalerate was added to M9 minimal medium
in D2O containing [13C6,

2H7]-glucose and
15NH4Cl

as the carbon and nitrogen sources, respectively.
This differs from the labeling scheme described by
Kay and coworkers (Goto et al., 1999), in which
[13C5, 3)2H1]-a-ketoisovalerate was used as the
biosynthetic precursor for Leu and Val, resulting
in protonation of methyl groups but deuteration of
the methine positions. The 3-methine proton of
a-ketoisovalerate is slightly acidic due to inter-
conversion between the keto and enol isomers. As
deuterium exchange which converts [13C5]-a-ke-
toisovalerate to [13C5, 3)

2H1]-a-ketoisovalerate is
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only accelerated by basic pD or pH* (Goto et al.,
1999), the 3-methine proton is relatively stable at
neutral pH*. Referenced to the 1H resonance of
the methyl protons of a-ketoisovalerate, the peak

intensity for the 3-methine proton resonance
remains unchanged when incubated overnight in
D2O buffer at neutral pH* and 37 �C (data not
shown). In vivo, a-ketoisovalerate is rapidly

Table 1. Rotamer assignments and RDCs for Val and Leu residues of IIAChb*

Normalized RDCs (Hz)a

v1=v2 Methine 1DCH
b 1DCa(i)1))C¢(i)1)

1DCaðiÞ�C0 ðiÞ

Valinec

V20 t )12.4±1.7 )24.0 )4.1
V21 t d )4.1 )7.1
V67 t )15.8 )54.2 11.2

V83 e )1.9±0.2 2.3 )4.6
V86 t )7.6±0.8 )3.8 )39.8
V88 t d )5.1 6.7

Leucine

L17 g)/t )21.0±0.9 )17.3 7.4

L24 g)/t )22.3 )8.5 12.0

L34 g)/t 9.1±2.1 g )7.8
L39 t/g+ 10.4±3.5 )11.8 8.1

L61 g)/t f g g

L66 g)/t )5.9 )6.1 )54.2
L71 g)/t )5.7 )20.0 18.6

L85 e 0.2±1.9 g )3.8
L87 g)/t )13.1±0 )39.8 )5.1
L92 t/g+ 3.5 )8.6 )16.0
L94 g)/t )4.8±0.3 )2.5 )8.1
L99 t/g+ )17.7 )14.8 )21.4
L103 g)/t )15.6±0.4 )21.2 )8.2
L107 g)/t f 0.3 )1.5
L110 g)/t 14.8±1.4 )9.7 )4.4
L114 g)/t )1.4±0.6 )9.7 )3.0

aThe backbone Ca–C¢ RDCs (taken from Tang et al., 2005) are normalized to those of the methine C–H RDCs on the basis of bond
length, gyromagnetic ratio and the magnitude of the axial component of the alignment tensor (Da). (Note the alignment tensor for a
trimer is axially symmetric, i.e. g=0; Al-Hashimi et al., 2000). The value of DNH

a for the current data, recorded in 22 mg/ml phage pf1,
is )17.8 Hz (i.e. DNH

a =)36.1 Hz); this value was determined by linear regression between the backbone N–H RDCs measured for
the current sample and those previously measured for the NMR structure determination which were recorded in 15 mg/ml phage. The
value of Da

NH for the latter, determined from a histogram of the measured backbone RDCs, is )12.1 Hz (Tang et al., 2005). The
dipolar coupling R-factor (Clore and Garrett, 1999) for the current set of N–H RDCs when best-fitted to the coordinates of the original
restrained regularized mean NMR structure is 6.9%. This compares to a value of 7.1% for the original set of N–H RDCs that were
used directly in the NMR structure determination (Tang et al., 2005).
bThe average value and standard deviation are given in those instances where the 1DCH coupling could be measured independently
from the two methyl cross-peaks. When no standard deviation is given, 1DCH was obtained from only a single measurement, either
because one of the two methyl cross-peaks was overlapped with that of another residue or because the two methyl groups had
degenerate 1H chemical shifts. The uncertainties in the values of 1DCH derived by Monte Carlo analysis of the errors in the fitted values
of 1JCH, are generally less than 2 Hz (see text).
cThe rotamer assignments for the Val residues were derived from 3JNCc and 3JC0Cc

couplings measured by quantitative J correlation
spectroscopy.
dThe Cb–Hb RDCs for Val 21 and Val88 could not be measured due to spectral overlap.
eVal83 and Leu85 are rotamer averaged.
fThe Cc–Hc RDCs for Leu61 and Leu103 could not be measured due to weak cross-peak intensities in the intensity J-modulated
HCCH-COSY spectra for the aligned state.
gCa-C¢ RDCs could not be determined for Ser33, Leu34, Ala60, Leu61, and Ser84.
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converted to Val and 3-carboxy-3-hydroxy-isoc-
aproate, a more immediate precursor of Leu
(E. Coli Metabolism Pathway Database http://
biocyc.org). As a result, the 3-methine proton of
a-ketoisovalerate loses its acidity and the potential
to exchange to a deuteron. Consequently, when
[13C5]-a-ketoisovalerate is used as the biosynthetic
precursor for protein expression in D2O minimal
medium, almost the same levels of protonation can
be obtained for the side-chain methines as for the
methyl groups of Leu and Val.

Contribution of methine protons to the relaxation
of Leu/Val methyls

For macromolecules, the transverse (R2) relaxa-
tion rate is dominated by the spectral density at
zero-frequency. Thus, the additional contribution
to methyl proton relaxation of Leu and Val as a
consequence of intraresidue dipolar interactions
with the methine proton is given by:

RDD
2 ¼ 1

4

l0

4p

� �2
�h2c4Hsc r�3H�H

� �2
P2ðcos vijÞ
� �

ð1Þ

where r is the distance between the side-chain
methine and methyl protons, l0 the vacuum
permeability (4p�10)7 kg m s)2 A)2), �h Planck’s
constant divided by 2p ð1:0546� 10�34J Æ s Æ rad)1),
cH the proton gyromagnetic ratio (2.6752�108
rad Æ s)1 Æ T)1), and sc the rotational correlation
time (estimated at 15 ns for a 34 kDa globular
protein); P2ðcos vijÞ is the second-order Legendre
polynomial ð3 cos2 vij � 1Þ/2 where vij is the angle
between the Leu Hc–Hd or Val Hb–Hc vectors i
and j in the three site discrete jump model of me-
thyl rotation (Bruschweiler and Case, 1994). For
fixed atoms in the molecular frame, the average
values for the effective distance <r)3>)1/3 and P2

function are 2.6 Å and 0.62, respectively. From
Eq. (1) the additional contribution to methyl
proton relaxation by the methine proton is calcu-
lated to be less than 4 s)1, compared to an average
transverse relaxation rate R2 of 28 s)1 measured
for the methyl protons of Leu and Val in
a U-[15N/13C/2H]/[Leu/Val/Ile-methyl-protonated]

sample of IIAChb* (Tang et al., 2005). Indeed, a
high quality methyl-TROSY 1H–13C HMQC
spectrum can still be obtained for 15N/13C/2H/
(Leu/Val-methine/methyl-protonated) IIAChb* at
5 �C (data not shown). Thus, the favorable relax-
ation properties of the methyl protons of Leu and
Val are largely preserved, thereby readily allowing
the implementation of sensitive experiments for
methyl-detected, methine 13C–1H vector RDC
measurements.

Assignment of Leu side-chain rotamers based
on NOE patterns involving the HN and Hc protons

Leu side-chain rotamers can readily be deduced
from the pattern of intraresidue Hc(i)–HN(i) and
sequential interresidue Hc(i)–HN(i+1) NOE
cross-peak intensities observed in a 3D TROSY-
based 15N-separated NOE spectrum recorded on a
15N/13C/2H/(Leu/Val-methine/methyl-protonated)
sample. The deuterated background eliminates
spectral overlap (particularly with the Hb protons
of Leu); improves the relaxation properties of the
Hc methine proton that generally relaxes faster
than the rotating methyl protons; and renders the
analysis simple by eliminating spin-diffusion
pathways from the HN to Hc protons. The latter
also enables longer mixing times to be used.
Analysis of high-resolution crystal structures
reveals that the distribution of Leu v1/v2 torsion
angles is coupled, and that Leu side-chains adopt
almost exclusively two conformations: g)/t and
t/g+(Karplus, 1996; Kuszewski et al., 1996). Note
that the v1 gþ rotamer for Leu is never found. For
a given v1/v2 rotamer, the Hc(i)–HN(i) intraresidue
distance is only dependent on the backbone tor-
sion angle /, while the interresidue Hc(i)–
HN(i+1) distance depends only on w. In the g)/t
rotamer, the Hc(i)–HN(i) distance is shorter than
the Hc(i)–HN(i+1) distance for all commonly
occurring Leu /=w backbone torsion angles (Fig-
ure 1a), while for t/g+ rotamer the Hc(i)–HN(i+1)
distance is generally shorter than or comparable to
the Hc(i)–HN(i) distance (Figure 1b). As the sec-
ondary structure classification and /=w angles can
be derived from backbone chemical shifts (Cor-
nilescu et al., 1999), Leu side-chain rotameric state
can be readily deduced from the pattern of Hc–HN

NOEs.
By comparing intraresidue and interresidue

Hc–HN NOE cross-peak intensities, we were able
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to obtain rotamer assignments for 15 out of a total
16 Leu residues in IIAChb* (Table 1). Twelve Leu
residues adopt the g)/t rotamer, and 3 residues,
including Leu39, Leu92 and Leu99, adopt the t/g+

rotamer. This finding is fully consistent with sta-
tistics from the protein structure database that
indicate that the g)/t rotamer is the most popu-
lated Leu conformation (Conformational Angle
Database at http://cluster.physics.iisc.ernet.in/
cadb). Representative strips from a 70 ms mixing
time 3D 15N-separated NOE experiment illustrat-
ing the rotamer assignments for Leu34 and Leu92
are shown in Figure 2. In the case of Leu34, a
strong intraresidue Hc(i)–HN(i) cross-peak is ob-
served and no sequential Hc(i)–HN(i+1) NOE is
seen, indicative of the g)/t rotamer (Figure 2a).
For Leu92, on the other hand, only a sequential
Hc(i)–HN(i+1) cross-peak is observed indicative
of the t/g+ rotamer (Figure 2b). The only Leu
residue for which we were unable to assign the
rotameric state was Leu85 as no cross-peaks were
observed between its Hc proton and the backbone
amide of either its own or the following residue.
This is consistent with the fact that Leu85, which is

located at the N-terminus of a-helix 3, is rotamer
averaged (Tang et al., 2005).

The Leu rotamer assignments derived from a
qualitative interpretation of the HN–Hc NOE
cross-peak intensities are given in Table 1 and are
in agreement with those obtained from analysis of
3J couplings. However, the latter requires more
complicated pulse sequences (a combination of
N–Cc and 13C–13C long-range quantitative J cor-
relation experiments) and data analysis (Bax et al.,
1992; Hu and Bax, 1997; Konrat et al., 1997), and
in the case of IIAChb* yielded less than half of the
Leu rotamer assignments due to spectral overlap.
Thus, the qualitative interpretation of the pattern
of Hc(i)–HN(i) and Hc(i)–HN(i+1) NOEs offers a
complementary approach to J-coupling measure-
ments for establishing the Leu rotamer assign-
ment. For the purposes of structure calculation
there is no need to convert the HN–Hc NOEs into
approximate, loose interproton distance ranges
since the latter would be of relatively little value;
rather these NOEs can be directly translated into
Leu v1/v2 side-chain torsion angle restraints rep-
resented by square-well potentials with widths

Figure 1. Backbone /=w dependence of the distance between the Leu Hc proton and either its own or the following backbone amide
proton. For a given v1=v2 rotameric state, rHcðiÞ�HNðiÞ is only dependent on / (black), and rHcðiÞ�HNðiþ1Þ is only dependent on w (red).
The maximum and minimum Hc–HN distances are calculated without considering van der Waals repulsion from a set of
conformations within 20� of ideally staggered rotamers. All commonly occurring Leu /=w angles are labeled according to their
corresponding secondary structures. Regions in white are not sampled by leucine residues in high-resolution protein crystal structures.
The g)/t rotamer is shown in (a), and the t/g+ state is shown in (b).
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of ±20� for v1 and ±30� for v2, centered around
180�, )60� and +60� for the t, g) and g+ rota-
mers, respectively.

Once the Leu side-chain rotamers are assigned
and the information incorporated in the form of
v1/v2 torsion angle restraints, the two prochiral
methyl groups will be automatically spatially dif-
ferentiated during the course of the structure cal-
culations, thereby making it unnecessary to obtain
stereospecific assignments a priori. In this sense,
the information content afforded by the combi-
nation of ambiguous, non-sequential NOE-derived
interproton restraints (in the form of a single
ð
P

ij r
�6
ij Þ
�1=6 sum representation for the NOEs

involving the two methyl groups of a given Leu)
acting in concert with v1/v2 side-chain torsion
angle restraints (which confine the Leu side-chain
to a single v1/v2 rotamer) is conformationally
more restrictive than that afforded by individual
distance restraints for each methyl group. This is

particularly so as the quality of the latter are easily
degraded by spin-diffusion between the two pro-
chiral methyl groups.

Side-chain RDC measurement for Leu Cc–Hc
and Val Cb–Hb bond vectors

RDCs for Leu Cc–Hc and Val Cb–Hb bond
vectors were measured on the 15N/13C/2H/
(Leu/Val-methine/methyl-protonated) sample
of IIAChb* using an intensity J-modulated 3D
constant time HCCH-COSY experiment (Fig-
ure 3). Water suppression and the coherence
transfer pathway are based on the gradient-en-
hanced HCCH-TOCSY experiment previously
described (Kay et al., 1993). As magnetization
can start from either the methine or methyl pro-
tons of Leu and Val, the pulse sequence was
optimized to favor coherence transfer from the
methine (Leu Hc and Val Hb) to methyl (Leu Hd
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Figure 2. Representative strips taken from a 70 ms mixing time 3D TROSY-based 15N-separated NOE spectrum recorded on
U-[15N/13C/2H]/[Leu/Val-methine/methyl-protonated] labeled IIAChb*. Only the proton aliphatic region between 0 and 2 ppm is
shown. Strips for residues Leu34 and Ala35 are shown in (a), and strips for Leu92 and His93 and shown in (b). The methyl and Hc
protons are labeled and the asterisk denotes a cross-peak from an adjacent plane.
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and Val Hc) protons. The pathway can therefore
be depicted as Hc fi Cc fi Cd fi Hd for Leu
and Hb fi Cb fi Cc fi Hc for Val. Modifica-
tions in the HCCH-COSY pulse sequence include:
(1) setting the delay s3 to 7.1 ms to selectively
refocus the 13C–13C anti-phase term on 13C methyl
carbon which is bonded to only one 13C atom; and
(2) setting the delay s4 to 0.6 ms to maximize
coherence transfer from the methyl carbon to
methyl protons in a IS3 type spin system.

For the purposes of simplification, we will
mainly discuss magnetization transfer in the case
of Leu. Following the first INEPT transfer at
point a of the pulse sequence (Figure 3), the
product operator can be written as 2Hc

zC
c
y for Leu,

and the product operator at point b that gives rise
to observable (Hc, Cc, Hd1) cross-peaks can be
denoted as:

2Cc
yC

d1
z cosðpJCbCc2s2Þ � cosðpJCd2Cc2s2Þ

� sinðpJCd1Cc2s2Þ � sinðpJCcHc2D1Þ ð2Þ

As a result of one-bond carbon–carbon scalar
couplings to Cc (1JCbCc,

1JCd2Cc and 1JCd1Cc), the
term cosðpJCbCc2s2Þ � cosðCd2Cc2s2Þ � sinðpJCd1Cc

2s2Þ reaches its maximum at �2.8 ms. s2, however,
was set to 3.9 ms to increase the resolution in the
carbon dimension at a cost of an approximately
15% loss in signal intensity. It should be noted

that even though the digital resolution in the 13C
(F2) dimension is limited by a total acquisition
time of 2s2, it is more than sufficient to resolve all
the Leu Cc/Val Cb chemical shifts. Following a
similar path, Cc magnetization is transferred to
the Cd2-methyl carbon and equally strong cross-
peaks for the two methyl groups are associated with
every Hc–Cc coupling (Figure 4a). Elimination of
Leu 1JCc�Cb and Val 1JCb�Ca evolutions by appro-
priate selective 13C 180� pulses could potentially
improve sensitivity, but this would require long
shaped pulses that could introduce additional Cc–
Hc/Cb–Hb coupling evolution that could not be
precisely accounted for. Most importantly, as de-
fined in Eq. (2), the final signal intensity is sinu-
soidally modulated for a given Cc–Hc1J coupling.
Therefore the 1JCc�Hc coupling constant for Leu
(and the 1JCb�Hb coupling constant for Val) can be
extracted by fitting the signal intensities at differ-
ent 2D1 delays to a sinusoidal curve.

The HCCH-COSY cross-peak intensities for
three different J-coupling evolution periods
(2D1=1.2, 6.0 and 7.2 ms) were quantitated and
analyzed using the NMRPipe/nmrDraw suite
(Delaglio et al., 1995), yielding excellent fits. The
three delays employed give rise to data points
removed from the maximum of the sinusoidal
curve resulting in larger first derivatives and higher
sensitivity for the fitting procedure (Figure 4b).
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Figure 3. Intensity-modulated 3D HCCH-COSY pulse sequence for measuring one-bond methine 13C–1H J couplings for Leu and Val
side-chains. The data were collected in an interleaved mode with three different D1 delays (0.6, 3.0 and 3.6 ms) obtained by moving the
position of the 180� 1H pulse indicated by the wide open rectangle. The other delays are: s1=1.8 ms, s2=3.9 ms, s3=7.1 ms and
s4=0.6 ms. Narrow and wide pulses have flip angles of 90� and 180�, respectively. Shaped 180� pulses on 13C¢ were applied as sinc
pulses with a maximum field strength of 5.7 kHz. Homogeneity spoiler (SL) pulses for water suppression were applied at 5 kHz field
for 4 ms. A 5 kHz field strength was employed for 1H DIPSI-2 decoupling during the 2s3 period. z-axis pulse field gradients are g1, g2
and g7, 0.4 ms at 20 G/cm; g3, 2 ms at )25 G/cm; g4, 3.8 ms at 30 G/cm; g5, 2.8 ms at )15 G/cm; and g6, 2.8 ms at 30 G/cm. The
phase cycling is: /0=x, /1=(x, )x), /2=(2x, 2y), /3=(4x, 4y), /4=(x, y, )x, )y), /5=(4x, )4x), and receiver phase (x, y, x, y,
)x, )y, )x, )y). Quadrature-detection for the 1H(F1) and 13C(F2) dimensions was achieved by using States-TPPI on /0 and /1,
respectively.
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The side-chain Leu Cc–Hc and Val Cb–Hb RDCs,
expressed as the difference between the measured
values for the aligned and isotropic states, are lis-
ted in Table 1. The fitting errors are principally a
function of cross-peak intensities and were
estimated by Monte Carlo analysis: the 5%–95%

uncertainty limits on the values of the methine
1DCH RDCs ranged from ±0.3 to ±2.7 Hz, with
an average uncertainty of ±0.9 Hz (which is
equivalent to ±0.45 Hz when normalized relative
to the N–H RDCs). For a 34 kDa protein, this
degree of precision is entirely reasonable. As the
experiment measures the Leu and Val methine
1JCH couplings by detection on the methyl protons,
the methyl groups of each Leu/Val residue provide
two independent measurements of the methine
1JCH coupling when the two prochiral methyls can
be resolved in the proton acquisition dimension
(F3). Hence, the experimental error is further
reduced by averaging the two independent values
obtained for each methine 1JCH coupling in a sin-
gle experiment. The average R-factor error (Clore
and Schwieters, 2004), given for an axially

symmetric system by 100ðrmsdÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:2ðDCH

a Þ
2

q
(Al-

Hashimi et al., 2000), where rmsd is the root mean
square difference between the two sets of RDCs, is
�4%. If the 1H shift of one of the two methyl
groups overlaps with that of another residue, or
the two methyl groups have degenerate 1H chem-
ical shift, the methine group 1J coupling can still be
obtained, albeit with slightly larger experimental
error.

The availability of two independent measure-
ments for the Leu 1JCH coupling also reveals that
the Hc–Cc–Hd cross-peak intensity remains sinu-
soidally modulated by the Cc–Hc 1J coupling in
the case of strong coupling between Leu Cc and
Cd1ð2ÞðDd\5� 1JCcCd1ð2ÞÞ. Thus, for example, Cc
and Cd1 of Leu103 are strongly coupled (0.5 ppm
chemical shift difference), whereas Cc and Cd2 are
weakly coupled (4 ppm chemical shift difference).
Fitting the sinusoidal modulation of the Hc–Cc–
Hd1 and Hc–Cc–Hd2 cross-peaks yields essen-
tially the same value of the Cc–Hc 1J coupling
(with a good v2/N and negligible residuals). One
can therefore conclude that refocusing of the anti-
phase Cc term with respect to Hc which occurs
during the same period as coherence transfer from
Cc to Cd is not significantly affected by strong
coupling between Cc and Cd. The intensity of the
Hc–Cc–Hd1 cross-peak of Leu103, however, is
only about 60% of that of the Hc–Cc–Hd2 cross-
peak, suggesting less efficient coherence transfer
from Cc to Cd under the strong coupling regime.

We also considered the maximum errors in
1DCH that could arise from two sources: the
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Figure 4. Intensity J-modulated 3D HCCH-COSY experiment
recorded on U-[15N/13C/2H]/[Leu/Val-methine/methyl-proton-
ated] labeled IIAChb* aligned in phage pf1. (a) 13C(F2))

1H(F3)
plane at 1H(F1)=1.65 ppm, illustrating cross-peaks for Leu87
and Leu94 obtained for a 2D1 delay of 6.0 ms. The peaks arising
from Leu17, which have their maximum on an adjacent plane,
are also labeled. The spectrum is a result of a 64 complex
(t1)�15 complex (t2)�575 complex (t3) data matrix. The
acquisition times in the t1, t2 and t3 dimensions are 33.3, 7.46
and 60 ms, respectively; the sweep widths employed in the t1, t2
and t3 dimensions are 2.40, 10.05 and 12.02 ppm respectively
with the carrier frequencies set to 1.2, 30 and 1.2 ppm,
respectively. (b) Dependence of the intensities of both methyl
cross-peaks of Leu87 as a function of the J-coupling evolution
period 2D1. Non-linear least squares fitting to a sinusoidal
function yields an observed one-bond Cc–Hc coupling
(1JC�Hþ1DC)H) of 112.82.±0.37 Hz from the d1 methyl curve
and 112.19.±0.45 Hz from the d2 methyl curve.
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presence of 2DC�H3 couplings between the methine
carbon and methyl protons in the aligned state,
and the effect of differential relaxation rates be-
tween in-phase (Ccx) and anti-phase (2HczCcy)
terms during coherence transfer.

First, two-bond dipolar couplings between the
methine carbon and the six methyl protons (three
from each methyl group), 2DC�H3, in the aligned
state could modulate the signal as a product of six
cosine functions. As a consequence of fast methyl
group rotation, the 2DC�H3 RDC is reduced by a
factor of P2(cosh)=0.67 (h =28.1�) relative to that
of a static 13C–1H vector in the Cb–Cc direction
for Leu and Ca–Cb direction for Val. The distance
(2.15 Å) between Leu Cc and Hd and between Val
Cb and Hc is unaffected by methyl group rotation,
and approximately twice as long as the C–H bond
length (1.08 Å). As the RDC is proportional to the
inverse cube of the distance, it follows that the
maximum value of the 2DC�H3 RDC is �1/12 that
of a one bond C–H RDC (i.e. �6 Hz in the current
study where DCH

a ¼ �36 Hz). Synthetic data
points were generated for 1JCc�Hc ¼ 125 Hz, in the
presence of cosine modulation arising from six
2Jc�Hd couplings, each set to a value of 6 Hz. The
synthetic data were fit to a sinusoidal curve and
the resulting J value was only 0.7 Hz larger than
the true value of 1JCc�Hc. (i.e. the potential error
from this source is smaller than the experimental
error). Since all six Cc–Hd dipolar couplings can-
not reach their maximum value simultaneously,
the average <2JCc�Hd> coupling will always be
less than 6 Hz. One can therefore conclude that
any error arising from 2DC�H3 RDCs to the ob-
served one-bond C–H methine coupling in the
aligned state is negligible.

Second, differential relaxation for the in-phase
(Ccx) and anti-phase (2HczCcy) terms could also
potentially introduce additional errors in the
measured 1JCHvalues. The scaling of the signal due
to relaxation during the period between points a
and b in the J-modulated HCCH-COSY pulse se-
quence (Figure 3) can be approximated by
exp(-Rave�2s2), where Rave is the phenomenological
average of the relaxation rates Rin and Ranti for the
Ccx and 2HczCcy terms, respectively, defined as:

Rave ¼ eRanti þ ð1� eÞRin ð3Þ

where e corresponds to the net fraction of the anti-
phase term during the course of coherence transfer

(0<e<1). Therefore, the relaxation effect is given
by expð�Rin � 2s2Þ exp �eðRanti � RinÞ � 2s2f g. The
first exponential term is constant; the second
exponential term, however, is different for each D1

time point in the J-modulation experiment since
the value of e depends on D1. The difference in
relaxation rates between the in-phase and anti-
phase components is due to 1H–1H dipolar relax-
ation specific to the latter and is approximately
given by (Cavanagh et al., 1995):

Ranti � Rin ¼
1

60

l0

4p

� �
�h2c4Hsc

X
k

r�6k ð4Þ

where rk is the 1H–1H distance from the proton
nucleus of the anti-phase term. Obviously, the
difference is reduced by deuteration of the protein
sample. In the present study, the main contribu-
tion for Leu 1Hc and Val 1Hb proton nuclei will
arise from intra-residue 1H–1H interactions with
methyl protons. Taking this into account, the
value of the second exponential term is very close
to unity for 2s2=7.8 ms and the lower limit is
estimated to be 0.99. Thus, the errors caused by
variations in e are negligible.

For IIAChb� we have obtained methine C–H
RDCs for 14 out of 16 Leu residues and 4 out of 6
Val residues (Table 1). The cross-peaks for Leu61
and Leu107 were too weak in the aligned state to
obtain reliable coupling constants. We were able to
measure the Cc–Hc RDC for Leu85 despite the
fact that no cross-peak to the Hc resonance was
observed in the 3D 15N-separated NOE spectrum.
Val methyl proton chemical shifts are generally
more poorly dispersed than those of Leu and we
could not obtain Cb–Hb RDCs for Val21 and
Val88 due to spectral overlap.

The methine C–H RDCs of Leu and Val are
very sensitive to subtle variations in side-chain
conformation. For a perfectly staggered Leu side-
chain in an idealized t/g+ rotamer, the Cc–Hc
bond vector is parallel to its own Ca–C¢ bond
vector; for an ideal g)/t rotamer, the Cc–Hc bond
is parallel to its own backbone N–Ca bond vector
which is also parallel to the CaAC¢ bond vector of
the preceding residue. Thus, in the idealized case
the Leu Cc–Hc RDC should be equal to the nor-
malized (scaled by gyromagnetic ratio and bond
length) backbone Ca–C¢ RDC of either its own or
the preceding residue. As side-chain rotamers,
however, are rarely perfectly staggered, the
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normalized RDCs for Leu Cc–Hc and Ca–C¢ are
often not equal (Table 1). Similar relationships
hold for Val: the Cb–Hb bond vector is parallel to
its own Ca–C¢ vector for v1=+60�, parallel to the
Ca–C¢ bond vector of the preceding residue for
v1=)60�, and parallel to its own Ca–Ha bond
vector for v1=180�. Clearly, the orientational
information afforded by the side-chain methine
C–H RDCs of Leu and Val can be used to accu-
rately refine their side-chain conformations in a
structure calculation.

Impact of Val and Leu methine side-chain C–H
RDCs in NMR structure refinement

The structure of the 34-kDa IIAChb� trimer was
calculated by simulated annealing using the pre-
viously reported experimental restraints (Tang
et al., 2005) supplemented by the Leu/Val methine
side-chain C–H RDCs and the Leu side-chain
torsion angle restraints from the present study
(with ranges of ±20� for v1 and ±30� for v2).
Three sets of calculations, each comprising 100
simulated structures, were carried out: (i) with the
methine C–H RDCs represented by a harmonic
potential; (ii) with the methine C–H RDCs repre-
sented by a half-harmonic potential (ERDC

half ) in
which the restraint is satisfied if the absolute value
of the calculated RDC (Dcalc) is equal to or larger
than the absolute value of the observed RDC
(Dobs) (Ottiger et al., 1998):

ERDC
half ¼

kðDobs �DcalcÞ2 if jDcalcj < jDobsj
0 if jDcalcj � jDobsj

�

ð5Þ

(where k is the force constant); and (iii) a control
set with no methine C–H RDC restraints. The
force constant used for the C–H RDCs (normal-
ized to the N–H RDCs) was 0.5 kcal mol)1 Hz)2

relative to a force constant of 1.0 kcal mol)1 Hz)2

for the N–H RDCs. These force constants are
chosen to reflect the experimental error in the
RDC measurements. In the absence of methine
C–H RDC restraints, the r.m.s. difference between
observed and calculated values for the methine
C–H RDCs is 18.8±1.5 Hz, approximately an
order of magnitude larger than the measurement
error, corresponding to a dipolar coupling R-fac-
tor (Rdip; Clore and Garrett, 1999) of 40.7±3.2%.
Upon refinement of the methine C–H RDCs using

a harmonic potential, the r.m.s. difference between
observed and calculated values is reduced to
0.96±0.11 Hz which is comparable to the experi-
mental uncertainty and corresponds to a Rdip

value of 2.1±0.2%. All the experimental restraints
are satisfied within their specified errors and the
introduction of the Val/Leu methine C–H RDCs
does not affect the agreement with the other
experimental restraints or the quality of the
backbone structure (as ascertained by the per-
centage of residues in the most favored region of
the Ramachandran map which exceeds 90%).
Thus, satisfying the methine C–H RDCs can be
achieved without introducing structural distor-
tions of any kind by relatively small changes (<17�)
in the Val and Leu side-chain torsion angles
(Table 2). The overall r.m.s. difference between the
average values of the Val and Leu side-chain tor-
sion angles obtained with (using a harmonic po-
tential) and without the Val/Leu methine C–H
RDCs is 6.7�, ranging from 0� for the v2 of Leu66
to 16.5� for the v2 of Leu24. Larger changes would
not be expected, particularly as the torsion angle
database potential of mean force30 is included in
the refinement target function and in the case of
high resolution crystal structures the vast majority
of side-chains lie within ±15� of the ideal rotamers
(Conformational Angle Database at http://clus-
ter.physics.iisc.ernet.in/cadb).

In the absence of the methine C–H RDCs,
certain Leu v1=v2 combinations, within the limits
set by the loose torsion angle restraints, are ener-
getically favored by the non-bonded interaction
terms, which include a torsion angle database po-
tential of mean force (Clore and Kuszewski, 2002).
Consequently, several v1=v2 clusters that satisfy
the existing experimental restraints are observed in
a v1=v2 plot (Figure 5a and 5b, green circles).
Since both the torsion angle and NOE-derived
distance restraints are semi-quantitative in nature,
the introduction of quantitative methine C–H
RDC harmonic restraints increases the precision
with which the Leu side-chain conformations are
determined by reducing the number of v1=v2
clusters to a single narrow cluster (Figure 5a and
5b, red circles, and Table 2). The exact location of
the v1=v2 cluster obtained in the presence of the
methine C–H RDCs may not necessarily overlap
with those observed in the absence of the methine
C–H RDCs, but in most cases the cluster obtained
with the methine C–H RDCs is closer to the
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statistical average of v1=v2 torsion angles derived
from high-resolution crystal structures (resolution
£ 1.8 Å, crystallographic R-factor £ 18% and
side-chain B-factor £ 20 Å2; Conformational
Angle Database at http://cluster.physics.iisc.
ernet.in/cadb). For example, the side chain con-
formational space sampled by Leu99 in the struc-
tures refined with methine C–H RDC restraints is
narrowed down to a single tight cluster with v1 and

v2 torsion angles in the range 179.2±0.4� and
59.0±0.5�, respectively. These values compare to
the average values of 180.7±7.8� and 62.8±6.6�,
respectively, found for the t/g+ conformation in
the high-resolution X-ray structure database
(Conformational Angle Database at http://
cluster.physics.iisc.ernet.in/cadb).

In addition to carrying out calculations using
a harmonic potential for the methine C–H RDCs,

Table 2. Side-chain torsion angles for Val and Leu residues in IIAChb�

Side-chain torsion angles (deg.)a

No methine C–H RDCs Refinement with methine C–H RDCs

Half-harmonic potential Harmonic potential

Valine (v1)

V20 173.4±1.5 172.0±1.0 172.4±0.6

V21 168.5±1.1 b b

V67 171.2±1.4 169.0±0.8 170.1±1.0

V83 43.8±119.4 c 37.3±118.4

V86 169.0±2.4 157.7±0.7 158.0±0.6

V88 169.7±1.1 b b

Leucine (v1/v2)

L17 )57.9±5.3/176.7±3.1 )52.5±2.0/)175.4±3.1 )53.1±2.5/)176.3±3.2

L24 )72.9±3.9/170.9±0.8 )62.8±0.5/)172.8±0.5 )62.4±1.1/)172.6±0.6

L34 )70.5±2.3/168.6±3.5 )73.9±4.2/160.9±3.8 )71.9±2.7/163.0±0.8

L39 179.4±1.4/59.1±1.9 176.7±0.5/56.1±0.3 176.7±0.5/56.1±0.3

L61 )71.0±5.1/168.1±7.1 b b

L66 )78.5±1.2/168.5±5.4 )78.1±1.4/170.9±0.7 )78.0±0.7/168.5±1.2

L71 )69.4±4.2/166.9±5.9 )63.0±0.6/177.2±0.9 )63.1±0.6/176.9±0.9

L85 )46.1±74.4/95.8±90.9 c )22.4±85.3/42.4±104.7

L87 )70.5±4.1/170.6±2.1 )69.4±2.4/172.3±1.2 )69.8±2.7/171.8±0.8

L92 170.3±1.4/54.1±0.6 170.3±1.1 / 54.0±0.5 170.6±1.1 / 54.2±0.5

L94 )71.8±5.2/168.8±4.7 )64.7±1.1/)179.6±0.6 )64.9±1.1/)179.6±0.5

L99 )174.6±8.8/70.4±14.2 )177.8±5.1/65.7±11.2 179.2±0.4/59.0±0.5

L103 )67.9±1.2/168.2±7.2 )65.0±0.9/178.7±0.7 )64.8±1.0/178.8±0.8

L107 )74.9±5.4/161.9±8.5 b b

L110 )78.4±2.4/169.0±5.8 )80.1±0.7/160.4±5.6 )79.4±0.5/166.7±0.7

L114 )70.4±5.3/167.5±6.2 )63.4±4.8/177.0±1.7 )62.9±4.7/177.1±1.7

aFor each calculation, the values reported represent the mean and standard deviations derived from an ensemble of 100 simulated
annealing structures. The average torsion angle values found in the high-resolution X-ray structure database ( £ 1.8 Å resolution,
crystallographic R-factor £ 18% and side-chain B-factor £ 20 Å2) are as follows: 175.6±6.4�, )62.0±6.7� and 65.8±7.8� for Val v1
in the t, g) and g+ rotamers, respectively (total of 5434 examples); 180.7±7.8�/62.8±6.6� and )64.6±7.0�/174.2±7.7� for Leu v1/v2 in
the t/g+ and g)/t rotamers, respectively (6040 examples from Conformational Angle Database at http://cluster.physics.iisc.ernet.in/
cadb).
bAs the side-chain methine C–H RDCs were not measured for Val21, Val88, Leu61 and Leu107, only the torsion angles for structures
calculated without the side-chain RDC restraints are listed.
cThe side-chains of Val83 and Leu85 are highly mobile and rotamer averaged. As a result their side-chain methine C–H RDCs are close
to zero (cf. Table 1). Structures were only calculated applying these methine C–H RDCs in the calculations with the harmonic
potential. However, the side-chain torsion angle distributions for Val83 and Leu85 obtained with the inclusion of the side-chain
methine RDC restraints are still very broad and do not converge to a single rotamer, yielding similar statistics to those obtained in the
absence of side-chain RDC restraints.
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we also carried out a set of calculations with a
half-harmonic potential representation (Eq. 5).
This type of potential takes into account mo-
tional effects within a given rotamer state since
significant angular wobbling (‡30�) will generally
result in a decrease in the value of the observed
RDC (Ottiger et al., 1998). In most cases, the
harmonic and half-harmonic potentials yield
essentially identical results with the Leu v1=v2
torsion angles clustering in overlapping areas of
the v1=v2 plot (Table 2 and Figure 5a). Accord-
ingly, the calculated values of the methine C–H
RDCs using the half-harmonic potential are very
close to the observed values, as well as to the
calculated values obtained with the harmonic
potential, even though the calculated RDCs with
the half-harmonic potential can be much larger
than the observed values without paying any
energy penalty. By plotting the calculated RDC
values obtained with the half-harmonic potential
versus the observed values, the average order
parameter S can be derived from the slope, which
is very close to 1 (Figure 6a), suggesting the Leu
side-chains are relatively rigid.

For several residues, including Leu34, Leu99
and Leu110, the harmonic RDC potential yields
more accurate structures by eliminating some bad
v1=v2 clusters obtained with the half-harmonic
potential. For example, Leu99 displays the largest

difference between the Cc–Hc RDC calculated
with the half-harmonic potential and the observed
value (Figure 6a). In the absence of the Cc–Hc
RDC restraint, the v1=v2 torsion angles of Leu99
are clustered in three regions, two of which with
relatively low occupancies are very close to the edge
of the side-chain torsion angle restraints (Fig-
ure 5b, green dots). The introduction of the Cc–Hc
RDC restraint for Leu99 in the form of a half-
harmonic potential does not eliminate any of the
minor v1=v2 clusters, although their occupancy is
decreased somewhat (Figure 5b, blue dots). The
calculated value of the Cc–Hc RDC obtained for
the major cluster is very close to the observed value,
but those calculated for the two minor clusters are
more than three times larger. The additional con-
formations are very unlikely since the side-chain of
Leu99 is involved in the formation of the coiled-
coil trimer of IIAChb� and the Cc–Hc order
parameter S would otherwise be less than 0.3. With
the harmonic potential, however, the v1=v2 clusters
with unusually large calculated RDCs are com-
pletely eliminated (Figure 5b, red dots). The
remaining v1=v2 cluster is very close to the statis-
tical average for the t/g+ conformation found in
the high-resolution X-ray structure database (Fig-
ure 5b, red dots, and Table 2). From a structural
perspective, the side-chains of Leu99 from each
subunit of the trimer are more optimally packed in
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Figure 5. v1=v2 distribution for (a) Leu94 and (b) Leu99. The results for three sets of calculations, each comprising 100 simulated
annealing structures, are shown: (i) no side-chain methine C–H RDCs (green), (ii) side-chain methine C–H RDCs represented by a
half-harmonic potential (blue); and (iii) methine C–H RDCs represented by a harmonic potential (red).
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the structures calculated with the harmonic RDC
potential (Figure 6b, red ball-and-sticks). This is
manifested by a significant decrease (�0.5 Å) in the
intermolecular distances from the Leu99 Cd2
atoms of subunits A, B and C to the Leu99 Cc
atoms of subunits B, C and A, respectively: the
average value of these distances (over an ensemble
of 100 calculated structures) is 4.44±0.31 Å for
the structures calculated with the harmonic RDC
potential versus 5.05±0.14 Å and 4.91±0.25 Å
for the two alternative clusters observed in the
structures calculated without methine C–H RDCs.

Clearly, some Leu and Val side-chains may be
disordered. This is the case, for example, for Val83
and Leu85 which are located in a long, highly
flexible loop connecting helices 2 and 3. Quanti-
tative J-correlation experiments (Bax et al., 1994)
indicate that these two side-chains are rotamer
averaged (Tang et al., 2005). In accordance with
this finding, the observed methine C–H RDC
values for these two residues are rather small
(Table 1), which also suggests the presence of
significant motion and subsequent scaling by a low
order parameter. Inclusion of the methine C–H

Figure 6. (a) Plot of calculated RDCs for the side-chain methine C–H bond vectors of Leu and Val obtained using the half-harmonic
potential versus the observed RDC values (excluding Val83 and Leu85 which are disordered). The mean calculated values from 100
simulated annealing structures are shown as red dots, and the standard deviations of the calculated RDCs are shown as green bars. In
the case of Leu34, Leu99 and Leu110, the half-harmonic potential does not efficiently restrict the side-chain conformation, resulting in
several discrete v1=v2 clusters and a concomitant broad distribution of calculated RDCs. (b) Stereoview displaying the side-chains of
the three-symmetry-related Leu99 residues at the trimer interface of IIAChb*. Three representative side chain conformations
corresponding to the three clusters shown in Figure 5b are shown, with the optimally staggered conformation obtained with the
harmonic RDC restraints displayed as a red ball-and-sticks, and the two bad conformations obtained without RDC restraints
displayed as blue sticks. The backbone for residues 98–103 from all three subunits is shown in gray.
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RDCs for these two residues in the structure cal-
culation does not lock the side-chains of Val83 and
Leu85 into any particular rotamer nor narrow the
distribution of the side-chain torsion angles
(Table 2). Thus, in the absence of side-chain tor-
sion angle restraints, the side-chain methine C–H
RDC is not sufficient to define a unique side-chain
conformation and therefore will not over-restrain
the side-chain in an incorrect conformation.

Concluding remarks

In this paper we have presented a novel method for
accurately determining the side-chain conforma-
tions of Leu and Val based on the use of [13C5]-a-
ketoisovalerate as a biosynthetic precursor to
selectively protonate the methine and methyl side-
chain groups of Leu and Val in a uniformly
15N/13C/2H labeled background. The advantages
of this labeling scheme are demonstrated by
structure refinement of IIAChitobiose, a 34-kDa tri-
meric phosphotransferase protein. First, the side-
chain v1=v2 rotamers of Leu (t/g+ or g)/t) can be
readily ascertained from a simple 3D 15N-sepa-
rated NOE spectrum based on the pattern of
intraresidue and sequential interresidue NOEs
involving the Hc and backbone amide protons free
from spectral overlap or spin-diffusion. The Hc(i)
proton is closer to HN(i) for the g)/t rotamer but
closer to HN(i+1) for the t/g+ rotamer. The
availability of these rotamer assignments elimi-
nates the need to obtain a priori stereospecific
assignment for Leu prochiral methyl groups,
which can be established during the course of
structural calculations using ambiguous restraints
for the non-sequential NOEs involving Leu and
Val methyl groups. Second, accurate measurement
of RDCs can be obtained for the Leu Cc–Hc and
Val Cb–Hb bond vectors without complications
arising from resonance overlap and passive cou-
plings in a fully protonated sample. Incorporation
of the one-bond methine side-chain C–H RDCs
into the structure calculation, in conjunction with
loose torsion angle restraints, significantly im-
proves both the precision and accuracy with which
the coordinates of Leu and Val side-chains (not
rotamer averaged) are determined. It should be
noted that our approach makes the simplifying
assumption of a single rotamer for Leu and Val
side-chains that are buried either within the

protein interior or at an intermolecular interface,
and does not take into account the possible exis-
tence of minor rotameric states of Leu and Val.
The observation that the C–H RDCs can be
readily satisfied within the confines of this
assumption and that the resulting side-chain tor-
sion angles generally become closer to the average
values observed in the high-resolution crystal
structure database, suggests that the application of
Occam’s Razor is perfectly reasonable and for
most purposes minor rotameric states of Leu and
Val side-chains do not need to be invoked. In those
cases where rotameric averaging is present and no
single rotameric state can be identified from the
NOE data, the methine C–H RDCs do not lock
the side-chains into any unique conformation (cf.
Val 83 and Leu85). In cases where a minor rota-
meric state may be present with an occupancy of
10% or less, the contribution of the minor state to
the observed C–H RDC will usually be negligible
and within the uncertainties of the measurement.
If the contribution of the minor rotameric state to
the observed methine C–H RDC is indeed signifi-
cant, this will be manifested by significant devia-
tions in the values of the resulting torsion angles
away from their expected values (i.e. skewed
rotamers).

In an earlier report, [13C5, 3)2H1]-a-ketois-
ovalerate, a compound that is derived from
[13C5]-a-ketoisovalerate, was used to selectively
protonate only the methyl groups of Leu and Val
(Goto et al., 1999). This type of labeling scheme
has proven to be extremely powerful in the study
of larger proteins since perdeuteration lowers the
proton density and slows the overall transverse
relaxation rates, while fast rotation and three-fold
degeneracy give the methyl protons a further edge
in relaxation properties (Gardner and Kay, 1998).
In favorable cases it is possible to determine a
complete high-resolution three-dimensional pro-
tein structure based solely on NOEs involving
methyl and backbone amide groups combined
with torsion angle restraints and backbone RDCs
(Tang et al., 2005). Since additional protonation
of the methine proton has little effect on the
favorable relaxation properties of the methyl
groups of Leu and Val, and since the current
labeling scheme also permits accurate determination
of the side-chain conformations of Leu and Val, we
suggest that labeling with [13C5]-a-ketoisovalerate
rather than [13C5, 3)

2H1]-a-ketoisovalerate may be
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the method of choice for structure determination
of medium to larger sized proteins by NMR. Thus,
labeling with [13C5]-a-ketoisovalerate together
with [13C4, 3,3)2H2]-a-ketobutyrate to addition-
ally selectively protonate the d-methyls of Ile, will
generate a single U-[15N/13C/2H]/[1H-methyl-Ile/Leu/
Val]/[1H-methine-Leu/Val] sample that can be used
to carry out almost all of the experiments required
for protein structure determination of larger pro-
teins (i.e. TROSY-based sequential through-bond
correlation experiments for backbone and side-
chain assignments, experiments for measuring
backbone RDCs, NOE experiments for detecting
through-space interactions between NH, Ile/Leu/
Val methyl and Leu/Val methine groups, as well as
the Leu/Val methine C–H RDC experiment re-
ported in this paper). For very large proteins
(>70–80 kDa) it may be advantageous to use
[13C5, 4)

2H3]-a-ketoisovalerate rather than [13C5,
4)2H3, 3)2H1]-a-ketoisovalerate (Tugarinov and
Kay, 2004) so that protonation at the methine
position in addition to non-stereospecific proton-
ation at only one of the methyl groups is obtained.
Such a labeling scheme will enhance the relaxation
properties of the protonated methyl group, albeit
at the expense of losing a factor of two in signal
intensity, and therefore only becomes beneficial for
very high molecular weight systems. Since the
methyl groups of Leu and Val are involved in
extensive non-bonded contacts, the delineation of
the side-chain conformations of Leu and Val has
significant impact on the accuracy with which the
fold of larger proteins can be determined using
minimal NOE datasets based primarily on NOEs
involving methyl groups (Tugarinov et al., 2005).
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