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Abstract

One bond methyl 1H-13C and 13Cmethyl−13C scalar and residual dipolar couplings have been measured at sites
in an 15N, 13C, ∼ 50% 2H labeled sample of the B1 immunoglobulin binding domain of peptostreptococcal
protein L to investigate changes in the structure of methyl groups in response to deuterium substitution. Both
one bond methyl 1H-13C and 13Cmethyl−13C scalar coupling constants have been found to decrease slightly with
increasing deuterium content. Previous studies have shown that 1H-13C couplings in methyl groups are exquisitely
sensitive to electronic structure, with decreases in coupling values as a function of deuteration consistent with a
slight lengthening of the remaining H-C bonds. Changes in the HmethylCmethylC angle are found to be small, with
average differences on the order of 0.3 ± 0.1◦ and 0.4 ± 0.2◦ between CH3, CH2D and CH3, CHD2 isotopomers,
respectively. Knowledge of methyl geometry is a prerequisite for the extraction of accurate dynamics parameters
from spin relaxation studies involving these groups.

Introduction

Methyl groups are particularly valuable probes of
molecular motion. For example, they are distributed
quite uniformly throughout many protein sequences
and are often present at intermolecular interfaces,
binding sites and core protein positions (Janin et al.,
1988). Hence a study of their dynamics can provide a
comprehensive picture of motion throughout the mole-
cule. In addition, they are extremely attractive reporter
groups because they possess uniquely favorable spec-
troscopic properties (Kay et al., 1992). Interpretation
of methyl 13C relaxation rates measured in samples
that are fully protonated is complicated, however,
by intra-methyl 1H-13C dipolar cross-correlated relax-
ation (Kay et al., 1992; Palmer et al., 1991). With this
limitation in mind, several different approaches have
been developed for using methyls to study sidechain
dynamics. In one method, 2H spin relaxation prop-
erties of 13CH2D methyl isotopomers are measured
in 13C labeled and fractionally deuterated proteins

(Muhandiram et al., 1995). In a second approach 13C
auto-relaxation rates of 13CHD2 methyl isotopomers
are obtained (Ishima et al., 2001; LeMaster & Kush-
lan, 1996). In this case, 1H-13C dipole-dipole cross-
correlated spin relaxation effects are eliminated since
only a single 1H-13C spin pair is present in each
methyl. More recently, our laboratory has developed
experiments for studying 1H-13C dipole-dipole cross-
correlated spin relaxation in methyls of the 13CH2D
variety. It is clear that depending on the application,
different methyl isotopomers will prove advantageous.

Correct interpretation of relaxation data from
methyl groups in terms of dynamics presupposes that
certain geometrical constants are known to good ac-
curacy. For example, in the study of 2H spin relax-
ation the angle between the unique axis of the 2H
quadrupolar tensor and the methyl rotation axis must
be available as well as the magnitude of the quadrupo-
lar coupling constant, e2qQ/h (Mittermaier and Kay,
1999; Muhandiram et al., 1995). In a similar man-
ner, in the analysis of 13C relaxation data recorded on
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methyl groups, both the methyl 1H-13C bond length
and the angle between this bond and the methyl av-
eraging axis must be known (Nicholson et al., 1992).
Recently our laboratory has shown that 2H quadrupo-
lar coupling ‘constants’ are uniform in proteins by
accurately measuring 2H quadrupolar couplings at
methyl sites in a protein that was oriented in solution
(Mittermaier & Kay, 1999). Assuming an angle of
109.5◦ between the principal axis of the quadrupolar
tensor and the methyl three-fold axis, an average value
of 167 ± 1 kHz is obtained for the quadrupolar cou-
pling constant (Mittermaier and Kay, 1999). Ottiger
and Bax (1999) have used the protein ubiquitin dis-
solved in dilute liquid crystalline media to measure the
effective CH bond length (rCH) and HCC bond angle
(β) in CH3 methyls. A value of −0.228 ± 0.002 Å−3

was obtained for the product
〈
P2(cos β) · r−3

CH

〉
where

P2(x) = (3x2 − 1)/2 and the angular brackets, 〈 〉, are
used to indicate time-averaging. Although indepen-
dent values for these parameters cannot be extracted
by this method, the analysis of relaxation data is fairly
insensitive to the particular choice of P2(cos β) and
r−3
CH so long as their product is constant (Ishima et al.,

2001).
Since deuterium and hydrogen are electronically

equivalent, CD and CH bonds possess identical energy
surfaces. However, the asymmetry of the potential sur-
face and the mass difference between 1H and 2H atoms
results in time-averaged geometries that show isotopic
dependence. Energy surfaces may be constructed for
small molecules (less than approximately 10 atoms)
from which vibrational and rotational modes are ex-
tracted along with average values of physical proper-
ties. In a study of methane and its deuterated analogs,
small changes in 〈rCH〉 and 〈β〉 were observed with in-
creasing deuterium substitution (Raynes et al., 1988).
Unfortunately, this computational approach cannot be
applied in a completely rigorous manner to the study
of methyl group structure in the complex environment
of a protein. Moreover, it is not a priori clear that these
results can be directly transferred to methyl groups in
other molecules. Knowledge of how β changes with
deuteration is particularly important in relaxation stud-
ies of different methyl isotopomers since the extracted
dynamics parameters can be quite sensitive to β for
values in the neighborhood of 110◦.

With this in mind we have carried out a study sim-
ilar to that of Ottiger and Bax in which 〈P2(cos β) ·
r−3
CH〉 has been measured for CH3, CH2D and CHD2

methyl groups in a single random fractionally deuter-

ated protein sample. The results show several very
small differences among the isotopomers that are con-
sistent with minute changes in methyl group geometry.
First, a decrease in 1JCH was observed with increasing
levels of deuteration (i.e., 1JCH3

CH > 1JCH2D
CH > 1JCHD2

CH ),
showing the same trend seen in experimental (Bennett
et al., 1989) and ab initio (Wigglesworth et al., 1997)
investigations of methane. In addition, very slight dif-
ferences in values of 〈P2(cos β) · r−3

CH〉 were found for
the three methyl types, although with low statistical
significance (p values ranging from 5% to 28%). This
study demonstrates the high sensitivity of scalar and
dipolar couplings to minute changes in structure.

Materials and methods

Sample preparation

Samples of 15N, 13C, ∼ 50% randomly 2H labeled B1
domain of protein L (64 amino acids) with a Y45W
mutation were prepared as described previously (Mit-
termaier and Kay, 2001). NMR experiments were per-
formed on 1.8 mM protein samples containing 50 mM
Na3PO4 pH 6.0, 0.05% NaN3 and 10% 2H2O at
25 ◦C using a Varian Inova spectrometer operating at
600 MHz 1H frequency. In cases where sample align-
ment was required Pfl bacteriophage (Hansen et al.,
1998) was added to samples described above to give a
final concentration of 19 mg ml−1.

Data acquisition and analysis

13Cmethyl−13C dipolar couplings were measured for
13CH3, 13CH2D and 13CHD2 methyls by selection of
the appropriate isotopomer during the course of the
pulse sequence. The scheme for 13CH2D selection
has been described previously (Mittermaier and Kay,
1999). Combined selection of 13CH3 and 13CHD2 iso-
topomers was achieved using a variant of the scheme
for 13CH2D selection whereby the receiver phase is
not alternated when the phase of the proton pulse for
isotopomer selection is inverted (phase φ2 in Figure 1a
of Mittermaier and Kay (1999)). Experiments for mea-
suring one-bond 1Hmethyl−13Cmethyl dipolar couplings
in each of the three methyl isotopomers are illustrated
in Figure 1 of this paper.

13Cmethyl−13C (1Hmethyl−13Cmethyl) dipolar cou-
plings were obtained from sets of 15 (16) constant-
time 1H-13C correlation spectra recorded with spec-
tral widths of 9000.9 and 3600.0 Hz, and 576 and
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Figure 1. Pulse schemes used to measure 1Hmethyl−13Cmethyl dipolar couplings with selection for (a) CH3 and (b) CH2D or CHD2 methyl

groups (see below). All narrow (wide) pulses are applied with a flip angle of 90◦ (180◦). The 1H, 13C and 2H carriers are positioned at 4.73
(water), 20 and 1 ppm. All 1H pulses are applied with a field strength of 31 kHz with composite inversion pulses (90x180y90x) (Freeman

et al., 1980) indicated by shading. All 13C pulses employ a 19 kHz field with the exception of the shaped pulses which have a REBURP profile
(Geen & Freeman, 1991) (400 µs 180◦ centered at 35 ppm) and the 2.6 kHz WALTZ16 (Shaka et al., 1983) decoupling field applied during
acquisition. The 2H 90◦ pulses employ a field strength of 2.0 kHz except for the 640 Hz WALTZ16x decoupling train. The delays used are
τa = 1.7 ms; τb = 1.97 ms; τ′

b = 1.81 ms; TC = 14.5 ms. Quadrature detection in the 13C dimension is achieved with States-TPPI (Marion
et al., 1989) of ϕ2 in (a) and ϕ3 in (b). The phase cycle employed in (a) is ϕ1 = 2(x),2(−x); ϕ2 = x,−x; rec = x,−x,−x,x; (b) ϕ1 = x,−x; ϕ3 =
2(x),2(−x); ϕ4 =4(x),4(−x); rec = x,−x,−x,x,−x,x,x,−x . The values of ϕ2 and ϕ5 are set to x (y) when selection of CH2D (CHD2) methyls
is desired and the 1H 90◦ pulse in parenthesis is omitted (applied). The gradients used in (a) are g1 = 0.5 ms, 5 G/cm; g2 = 0.3 ms, 3 G/cm;
g3 = 1.5 ms 15 G/cm; g4 = 0.1 ms, 10 G/cm; g5 = 0.25 ms, 10 G/cm; g6 = 0.2 ms, 10 G/cm; g7 = 0.5 ms 15 G/cm; g8 = 0.3 ms, 2 G/cm and
in (b) g1 = 0.5 ms, 5 G/cm; g2 = 0.3 ms, 3 G/cm; g3 = 1.5 ms, 15 G/cm; g4 = 0.3 ms, 12 G/cm; g5 = 1 ms, 8 G/cm; g6 = 0.2 ms, 10 G/cm;
g7 = 0.5 ms, 15 G/cm; g8 = 0.3 ms, 6 G/cm; g9 = 0.5 ms, 10 G/cm; g10 = 0.3 ms, 2 G/cm.

102 complex points in the direct and indirect dimen-
sions, respectively. Eight scans were recorded/FID
along with a relaxation delay of 1.5 s to give a
net acquisition time of 0.7 h/spectrum. Mirror image
linear prediction was applied to the 13C dimension
(Zhu and Bax, 1990), both dimensions were apodized
with shifted sine bell window functions, zero-filled to
2048 × 512 complex points and Fourier transformed,
using the NMRPipe/NMRdraw suite of programs (De-
laglio et al., 1995). Peak volumes were fit using
nlinLS software (Delaglio et al., 1995). 13Cmethyl-13C
coupling delays, corresponding to T in Figure 1a in

Mittermaier and Kay (1999), were: [0, 5, 10, 15, 20,
25, 30, 35, 40, 45, 50, 55, 60, 65, 70] ms. Coupling
delays (t1 in Figure 1a,b) of [0.00, 1.8, 3.6, 5.5, 7.3,
9.1, 10.9, 12.7, 14.6, 16.4, 18.2, 20.0, 21.8, 23.6,
25.5, 27.3] ms were employed in all 1Hmethyl-13Cmethyl
coupling experiments.

13Cmethyl-13C coupling values, 1JCC + 1DCC,
(where 1DCC is the one-bond carbon-carbon dipolar
coupling, 1DCC = 0 in the absence of alignment) were
extracted from the time dependence of cross-peak in-
tensities by non-linear least-squares fitting of a time
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modulation function,

I(T) = [c1 · cos{π · (1JCC +1 DCC) · T}
+c2] exp{−(c3T)2}, (1)

where I(T) is the intensity of a cross-peak obtained
with coupling delay T. The coefficients c1, c2 and
c3 are fit simultaneously with (1JCC + 1DCC) and
account for overall scaling of the data, incomplete
non-methyl 13C inversion during the constant-time pe-
riod and multiple long-range 13Cmethyl homonuclear
couplings (Ottiger et al., 1998), respectively. 1H-13C
couplings in the CH3 selective experiment of Figure 1a
were obtained by fitting cross-peak intensities to a
time modulation function of the form,

I(t1)=[c1 · cos {3π · (1JCH +1 DCH) · t1} + c2·
cos{π · (1JCH +1 DCH) · t1}] exp{−(c3 · t1)

2},
(2)

where c1 = 3c2 in the absence of cross-correlated
spin relaxation and c3 accounts for multiple long range
1H-13Cmethyl couplings. In the CH2D and CHD2 selec-
tive experiments of Figure 1b 1H-13C couplings were
obtained using a fitting function,

I(t1) = [c1 · cos{nπ · (1JCH +1 DCH) · t1}
+c2] exp{−(c3 · t1)2}, (3)

where n = 1,2 for CHD2 and CH2D methyls, respec-
tively. As before, the parameter c1 scales the data,
while c2 takes into account incomplete 1H inversion
due to imperfections in the 1H 180◦ pulse applied at
time t1/2+t2/2 during the constant-time period. The
definition of c3 is as in Equation 2. All minimiza-
tions were performed using the MATLAB software
package.

The majority of measurements were repeated at
least twice to obtain an estimate of random errors.
In the case of measurement of 1H-13C couplings,
two identical experiments were performed in the ab-
sence of aligning media for each of the isotopomer
types, three experiments were recorded in the pres-
ence of phage selecting for either CH2D or CHD2
isotopomers, while four data sets were obtained with
selection for CH3 methyls. Values of 1JCH+1DCH
were found to be highly reproducible with rmsds be-
tween data sets on the order of 1% of the total range
of values (≈0.15 Hz). 13Cmethyl−13C couplings from
CH2D methyl groups were obtained from duplicate
experiments recorded on both aligned and unaligned
samples, while for CH3/CHD2 methyls, only a sin-
gle data set was obtained for each sample. Although

13Cmethyl−13C scalar coupling values have an isotope
dependence discussed later in the text, carbon-carbon
dipolar couplings showed no systematic deviation be-
tween the methyl isotopomers. 13Cmethyl−13C dipolar
couplings were therefore calculated as the mean of
values derived from CH3 and CH2D isotopomers; cou-
plings obtained from CHD2 methyls were not included
in the average because of the larger error associated
with these values due to the small population of CHD2
isotopomer in our sample.

Data and statistical analysis

Differences in 1JCH and 1JCC values between iso-
topomer types were calculated for each methyl group
to yield mean differences in scalar coupling constants,
〈�1JCH〉 and 〈�1JCC〉. The standard errors of 〈�1JCH〉
and 〈�1JCC〉 were taken to be s/

√
N where s is the

standard deviation of the �1JCH or �1JCC values
and N is the number of methyl groups included in
the analysis (30). Assuming that errors in 〈�1JCH〉
and 〈�1JCC〉 are distributed normally, only 1% of
the time will values lie outside the bounds given by
〈�1J〉 ± t0.01 s/

√
N , thus defining the 99% confidence

regions. For 29 degrees of freedom, t0.01 = 2.756.
The statistical significance of differences in

〈�1JCH〉 and 〈�1JCC〉 from zero was calculated by
evaluating

p = I N−1
N−1+t2

(
N − 1

2
,

1

2

)
, (4)

where p is the probability that a sample of size N
and mean deviating from zero by an amount 〈�1JCj〉,
j = H,C, or greater could be drawn from a population
with a mean of zero and standard deviation estimated
by the sample standard deviation, s (Zar, 1984a). In
Equation [4] t is given by,

t = 〈1JCH〉
s/

√
N

or t = 〈�1JCC〉
s/

√
N

(5)

and I is the incomplete beta function. Note that very
small p values imply that the sample of �1JCH or
�1JCC values could not reasonably be obtained from
a population of mean zero and hence that there are
differences in scalar couplings between the pair of
isotopomers that are under examination.

Values of 〈P2(cos β) · r−3
CH〉 for each of the iso-

topomers were obtained following the approach of
Ottiger and Bax (1999). 1DCH,i vs. 1DCC,i correlations
for CH3, CH2D and CHD2 methyls were fit to straight
lines through the origin with slopes, m, minimizing a
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target function (Press et al., 1988)

χ2
m=

∑
(1DCH,i − m ·1 DCC,i)

2/{σ2
CH,i(1 + ρ2

i · m2)},
(6)

where the summation over i includes all methyl groups
of a particular isotopomer, σCH,i and σCC,i are the
standard errors in 1DCH,i and 1DCC,i, respectively, and
ρi = σCC,i/σCH,i. Uncertainty in the value of β for each
isotopomer may be evaluated using standard methods.
However, due to the fact that all three comparisons
share the same set of 1DCC data, the errors in βCH3,
βCH2D, and βCHD2 cannot be considered independent,
complicating the analysis of uncertainties in �β.

In order to estimate errors in β values we have used
a bootstrap simulation protocol (Efron & Tibshirani,
1986). In this approach, the experimental sample of
30 1DCC, 1D

CH3
CH , 1D

CH2D
CH and 1D

CHD2
CH values is as-

sumed to approximate the universe of possible values.
This experimental sample is, in turn, approximated by
a bootstrap sample, constructed by randomly selecting
30 sets of 1DCC, 1D

CH3
CH , 1D

CH2D
CH and 1D

CHD2
CH values

from the methyl groups in the experimental sample
such that data from a given methyl group may be in-
cluded more than once. (Note that if each methyl is
selected the bootstrap and the experimental samples
are identical). Values of �β are calculated for the
bootstrap sample and compared with values for the
experimental sample. If a bootstrap value is larger than
the experimental one by a certain amount then it is
assumed that the experimental value may, correspond-
ingly, be larger than the true value by the same amount.
Distribution functions, f(�β) for the true values of �β

were thus calculated from 105 bootstrap iterations.
In fits according to Equation [6] it was found that

estimates of σCC and σCH from duplicate experiments
were too small, judging by reduced χ2

m values of
greater than 15. Since the slopes of the 1DCH,i vs.
1DCC,i correlations (see above) have a small but non-
negligible (≤1%) dependence on ρ, whose true value
is not known, we have chosen to propagate the un-
certainty in ρ into the uncertainties in the slopes by
varying ρ in the bootstrap simulations. A value of
ρ was therefore selected randomly in each bootstrap
calculation such that ρ = 10λ and λ is uniformly dis-
tributed between −2 and 2. The values of �β used
to compare with the bootstrap values (referred to as
experimental values above) were taken as the means
of all 100 000 bootstrap values.

An alternative approach has also been used to eval-
uate whether values of 1DCH obtained from each of

Figure 2. Regions of 1H-13C correlation spectra of the B1 domain
of protein L recorded at 600 MHz (1H frequency) in isotropic solu-
tion using the pulse schemes of (a) Figure 1a, (b) Figure 1b (ϕ2 =
ϕ5 = x, bracketed pulse omitted) and (c) Figure 1b (ϕ2 = ϕ5 = y,
bracketed pulse included) with the delay t1 set to 0. Residue labels
are according to the numbering convention of Scalley et al. (1997).
In (c), peaks corresponding to the CH3 isotopomer of each methyl
group are indicated with (x).

the three methyl isotopomers are different. In this ap-
proach couplings from the pair of isotopomers under
consideration are plotted and a slope, m, obtained
from standard linear regression, assuming that the cor-
relation goes through the origin (i.e., zero intercept).
Defining t as t = (1 − m)/sm where sm is the standard
error in m, the probability that a value of t as large
or larger than the one calculated could be obtained if
the data sets considered are the same is p/2, with p
defined in Equation 4 (Zar, 1984b). Low values of p
again indicate that the two data sets are unique.
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Results and discussion

Recently Ottiger and Bax (1999) have described a set
of experiments to measure one bond 13Cmethyl-13C
(1DCC) and 1Hmethyl-13Cmethyl (1DCH) dipolar cou-
plings in proteins dissolved in dilute liquid crystalline
media (Ottiger and Bax, 1999; Ottiger et al., 1998).
These workers went on to show that so long as CH
bond vibrations and librations are assumed to be un-
correlated with CC bond stretching a plot of 1DCH vs.
1DCC yields a slope,

m = (γH/γC)〈P2(cos β) · r−3
CH〉/〈r−3

CC〉, (7)

where γH and γC are the gyromagnetic ratios of 1H
and 13C, rCC is the length of the Cmethyl-C bond and
P2(cos β) and rCH are as defined previously (Ottiger
and Bax, 1999). In their applications the molecule
of interest was fully protonated. Since the goal of
the present work is to study how β varies with deu-
terium substitution, measurements must be performed
on fractionally deuterated proteins, complicating the
experiments that are required. Each methyl deuteron
leads to upfield shifts (-0.3 ppm per 2H) of the carbon
and the remaining protons (−0.02 ppm per 2H) so that
separate correlations are observed for each methyl iso-
topomer (Gardner et al., 1997). The presence of three
components for each methyl can lead to overlap in
correlation spectra and we have therefore developed
a set of experiments for measuring 1Hmethyl-13Cmethyl
dipolar couplings which select only one of the three
methyl isotopomers per experiment. The [1H-13C] CT-
HSQC based pulse schemes used for 13CH3, 13CH2D
and 13CHD2 methyl group selection are shown in Fig-
ure 1a (13CH3) and 1b (13CH2D, 13CHD2). In a sim-
ilar manner it is straightforward to obtain separation
of 13CH3/13CHD2 and 13CH2D methyl isotopomers
in experiments for measuring 13Cmethyl-13C dipolar
couplings, as described in Materials and Methods,
and in Mittermaier and Kay (1999). In what fol-
lows a brief description of the schemes for measuring
1Hmethyl-13Cmethyl couplings is presented.

In the pulse scheme of Figure 1a magnetization
is transferred from the methyl proton to the directly
attached carbon so that at point a in the scheme the
signal of interest is proportional to 2CyIz, where Cy
and Iz are the y and z components of 13C and 1H
magnetization, respectively. During the subsequent
period of duration 2TC, (2TC = 1/JCC, where JCC is
the one-bond 13C-13C scalar coupling) extending from
points a to b, magnetization derived from methyl iso-
topomers 13CH2D and 13CHD2 is reduced by applying

a 2H 90◦ purge pulse at a time TC ∼ 1/(4JCD) (Gard-
ner et al., 1997). This pulse creates 13C-2H double
and zero quantum coherences which are dephased by
the subsequent gradient pulses. Additionally, 2H spin
flips attenuate correlations derived from deuterium
containing methyl groups still further (Grzesiek et al.,
1993). A second 2H purge pulse is inserted at a time
τc = 1/(4JCD) after point c, again eliminating signal
arising from these isotopomers. Thus, a 2D 13C-1H
correlation spectrum is obtained (Figure 2a) contain-
ing contributions from CH3 isotopomers only. A series
of spectra is recorded as a function of t1 and the in-
tensity of the correlations fit to Equation 2 to obtain
values for 1JCH+1DCH (aligned sample) or 1JCH (no
alignment); 1DCH is calculated from the difference in
couplings measured in the presence and absence of
aligning media.

The pulse scheme used to select CH2D iso-
topomers is shown in Figure 1b (with ϕ2 = ϕ5 = x
and the 1H 90◦ pulse in parenthesis eliminated). The
elements between points a and b [2τb ≈ 1/(2 ·1 JCH)]
and again between c and d [2τ′

b ≈ (2 ·1 JCH)] are
used as purges to eliminate signal arising from the
undesired isotopomers. For example, if the one-bond
13C-1H coupling is uniform then the delay 2τb can be
adjusted so that the signal at point b is proportional to
Cx, 2CyIz, 4CxIi

zIj
z for 13CHD2, 13CH2D and 13CH3

methyl types; the action of the subsequent carbon
pulse and gradient ensures that only terms of the form
2CyIz survive. In the case of alignment 1H-13C cou-
plings vary somewhat and it is not possible to select
a single τb value which ensures that CH3 and CHD2
isotopomers are completely purged. For this reason τb

and τ′
b are chosen to be of slightly different durations.

Figure 2b shows a portion of the correlation spectrum,
illustrating that only methyls of the CH2D type have
been selected. As described above, a set of spectra are
recorded and cross-peak intensities fit to Equation 3
with n = 2 to obtain coupling values.

The pulse scheme of Figure 2b can also be used to
select for CHD2 methyl groups so long as ϕ2 = ϕ5 = y
and in this case the 1H 90◦ pulse in parenthesis is
applied. Although correlations arising from CH2D
methyls are eliminated, as expected, we have not
found it possible to completely suppress contributions
from CH3 methyl groups. As described above 1H-13C
dipole-dipole cross-correlation effects are significant
in methyl groups and evolution from the one-bond
1H-13C coupling and cross-correlation during each of
the two purging elements can lead to signals from
fully protonated methyls, even if all delays are op-
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timized for purging (Ishima et al., 1999). Figure 2c
shows, however, that the cross-peaks arising from CH3
methyls are weak (compare 2a with 2c); these ex-
tra correlations did not interfere with quantitation of
1H-13C couplings from CHD2 methyl groups in the
present study. Intensities of peaks arising from CHD2
methyl groups are obtained as a function of t1 and fit
to Equation 3 with n=1 to obtain 1H-13C coupling
values.

Figure 3 shows cross-peak intensity profiles for the
δ2 methyl of Leu56 of protein L in isotropic media as
a function of 1H-13C coupling evolution delay, t1. As
expected each of the different methyl isotopomers [(a)
CH3, (b) CH2D and (c) CHD2] has a different profile.
Best fit intensity profiles calculated according to Equa-
tions 2–3 are indicated by solid lines and reproduce
the measured peak volumes (circles) very well. Scalar
coupling values obtained from fits such as these are
listed by residue and isotopomer in Table 1. Out of
the 33 well resolved methyl correlations observed in
2D 1H-13C maps of protein L data from 30 methyls
have been used in what follows. The δ1 carbons of
Leu38 and Leu56 are strongly coupled to their ad-
jacent γ carbons and were therefore not included in
any analysis. In addition, the 1DCH:1DCC ratio for
the γ1 methyl group of Val2 is uncharacteristically
large, possibly due to distorted local geometry (see
below). Data for this methyl group was also omitted.
Figure 3d shows the cross-peak intensity profile for
the Leu56 δ2 methyl (protein L) as a function of the
13C-13C coupling delay, T (isotropic phase). One bond
13Cmethyl-13C scalar couplings extracted from fits of
profiles of this sort have been tabulated in Table 2.

Table 1 shows that there are clear substituent ef-
fects on one-bond 1H-13C scalar couplings, with 1JCH
values decreasing with increasing aliphatic character
of the residue. The one bond 1Hmethyl-13Cmethyl scalar
coupling is largest for alanine (130.0 ± 0.6 Hz) and
smallest for leucine residues (124.5 ± 0.8 Hz). As
well, there is a small yet significant isotope depen-
dence with values on average 0.16 Hz larger in CH3
relative to CH2D and 0.36 Hz larger in CH2D relative
to CHD2 when scalar couplings for the same methyl
group are compared. Values for 〈�1JCH〉 are within
0.06 to 0.26 Hz at the 99% confidence level for 〈1JCH3

CH -
1JCH2D

CH 〉, within 0.30 to 0.43 Hz for 〈1JCH2D
CH -1JCHD2

CH 〉
and within 0.38 to 0.67 Hz for 〈1JCH3

CH -1JCHD2
CH 〉. The

probabilities that the observed differences in scalar
couplings could arise purely from random effects are
1.5 × 10−4, 4.8 × 10−16 and 4.6 × 10−11 for differ-

ences in couplings in CH3,CH2D, CH2D,CHD2 and
CH3,CHD2 isotopomer pairs, respectively. This trend
has been observed experimentally in methane (Bennett
et al., 1989) with 1JCH values of 125.31, 124.95 and
124.26 Hz reported for 13CH4, 13CH3D and 13CHD3,
respectively. Ab initio calculations of 1JCH as a func-
tion of deuteration in methane (Wigglesworth et al.,
1997) also show the same trend and indicate that
the shorter length of the CD bond translates into a
slight increase in the remaining CH bonds, with a
concomitant decrease in 1H-13C scalar couplings.

Table 2 shows that substituent effects have a
smaller influence on the values of 1JCC than on 1JCH.
Only in the case of threonine are elevated 13Cmethyl-
13C scalar couplings observed relative to values ob-
tained for other methyl containing residues. Similar to
what has been observed with 1JCH, 1JCC scalar cou-
plings are found to decrease with increasing methyl
deuterium content. Average differences are smaller
than for proton-carbon couplings with 1JCC on average
0.072 Hz larger in C-CH3 methyls relative to C-CH2D
groups and 0.060 Hz larger in C-CH2D relative to C-
CHD2 methyl isotopomers. The statistical significance
of these deviations are comparable to what has been
noted for 1JCH values above, with p = 2.0 × 10−12,
1.3 × 10−8 and 4.1 × 10−13 for CH3-CH2D, CH2D-
CHD2 and CH3-CHD2 isotopomer pairs, respectively.

Figure 4a shows the correlations obtained between
measured 1DCH and 1DCC values for the different
methyl isotopomers. Values for 〈P2(cos β) · r−3

CH〉 can
be readily calculated from the slopes of the correla-
tions, using Equation 7 above. In all three cases the
uncertainties in the slopes were assessed using boot-
strap methods giving ranges indicated by the shaded
regions in Figure 4a. The bracketed point corresponds
to the γ1 methyl of Val2, and was not included in
the fits. Using rCC = 1.517 Å (Engh & Huber, 1991)
and γH/γC = 3.976 (Cavanagh et al., 1996), mean
values of 〈P2(cos β) · r−3

CH〉 were obtained for CH3

(−0.228 ± 0.003 Å−3), CH2D (−0.225 ± 0.004 Å−3)
and CHD2 (−0.223 ± 0.004 Å−3) by averaging over
all bootstrap iterations. It is worth mentioning that the
value of −0.228 Å−3 obtained for CH3 isotopomers
using the methodology described herein is in excellent
agreement with the value that has been reported by
Ottiger and Bax in their previous study (−0.228).

Assuming an effective CH bond length of 1.117 Å,
as suggested by Ottiger and Bax (1998) for the Cα-
Hα bond (〈r−3

CH〉−1/3; this value includes the effects
of librations) average β values of 110.4◦, 110.7◦ and
110.8◦ are calculated for CH3, CH2D and CHD2



42

Figure 3. Time dependence of the δ2 methyl cross-peak intensity for Leu56 in the B1 domain of protein L (isotropic sample) due to evolution
from the one-bond 1H-13C coupling obtained from (a) CH3, (b) CH2D and (c) CHD2 selective experiments and from evolution due to the
13Cmethyl-

13C coupling (d, CH2D selective experiment (Mittermaier and Kay, 1999; Muhandiram et al., 1995)). The solid lines correspond to
best fit curves using Equations 1–3 in the text.

Table 1. One bond 1H-13C scalar couplings (Hz)

Methyl CH3 CH2D CHD2 Nd

Meana St deva Meanb St devb Meanc St devc

Ala β 130.0 0.6 129.7 0.6 129.4 0.6 9

Thr γ2 127.3 0.4 127.2 0.4 126.8 0.4 6

Val γ1,2 126.2 0.3 126.1 0.3 125.6 0.3 5

Ile γ2 126.2 0.0 126.0 0.1 125.6 0.1 3

Ile δ1 125.2 0.3 125.1 0.4 124.6 0.2 3

Leu δ1,2 124.5 0.8 124.7 0.5 124.4 0.4 4

aMean and standard deviation of 1JCH values obtained from fits to Equation 2 using
CH3 derived data and an unaligned sample.
bMean and standard deviation of 1JCH values obtained from fits to Equation 3 with
n=2 using CH2D derived data and an unaligned sample.
cMean and standard deviation of 1JCH values obtained from fits to Equation 3 with
n=1 using CHD2 derived data and an unaligned sample.
dNumber of scalar coupling values obtained for each methyl type (omitting Leu38δ1,
Leu56δ1 and Val2γ1).
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Table 2. One bond 13C-13C scalar couplings (Hz)

Methyl CH3 CH2D Nc CHD2 Ne

Meana St deva Meanb St devb Meand St devd

Ala β 34.2 0.8 34.1 0.8 9 34.0 0.9 8

Thr γ2 38.3 1.0 38.3 1.0 6 38.1 1.1 5

Val γ1,2 35.0 0.3 34.9 0.3 5 34.9 0.3 4

Ile γ2 35.0 0.2 35.0 0.2 3 34.9 0.2 3

Ile δ1 34.8 0.3 34.7 0.2 3 34.6 0.2 3

Leu δ1,2 34.3 0.6 34.2 0.6 4 34.1 0.6 4

aMean and standard deviation of 1JCC values obtained from fits to Equation 1 using CH3
derived data and an unaligned sample.
bMean and standard deviation of 1JCC values obtained from fits to Equation 1 using CH2D
derived data and an unaligned sample.
cNumber of scalar coupling values obtained for CH3 and CH2D methyls (omitting Leu38δ1,
Leu56δ1 and Val2γ1).
dMean and standard deviation of 1JCC values obtained from fits to Equation 1 using CHD2
derived data and an unaligned sample.
eNumber of scalar coupling values obtained for CHD2 methyls (omitting Leu38δ1, Leu56δ1
Val2γ1, Ala50β, Thr3γ2 and Val49γ1).

methyl types from the values of 〈P2(cos β) · r−3
CH〉 ob-

tained from the slopes in Figure 4a. To assess whether
the differences in these values are significant, 100 000
β values have been calculated for each methyl type us-
ing the bootstrap approach described in Materials and
Methods. Differences in β, �β, obtained for each pair
of methyl isotopomers have been used to calculate dis-
tribution functions for the true values of �β, shown in
Figure 4b. It is clear that a substantial fraction of each
distribution is on both sides of 0 (that is the differences
in �β values are of marginal statistical significance).
In fact, 95.4% (�βCH3−CH2D), 71.9% (�βCH2D−CHD2)
and 93.1% (�βCH3−CHD2) of the distributions are
less than 0◦ corresponding to a one-tailed statisti-
cal significance (p) of 4.6%, 28.1% and 6.9% for
�βCH3−CH2D, �βCH2D−CHD2 and �βCH3−CHD2, re-
spectively. A maximum deviation at the 99% confi-
dence level of −1.04◦ is obtained for �βCH3−CHD2;
for �βCH3−CH2D the largest difference is −0.59◦. In
order to further establish the significance of differ-
ences in β as a function of isotopomers, an additional
statistical test was applied. In the absence of any
changes in the angle β, a plot of 1DCH values from
one isotopomer vs. the corresponding values from an-
other should yield a slope of one. In fact, slopes of
0.986 ± 0.006, 0.990 ± 0.014 and 0.976 ± 0.015 are
obtained for 1DCH3

CH vs. 1DCH2D
CH , 1DCH2D

CH vs. 1DCHD2
CH

and 1DCH3
CH vs. 1DCHD2

CH , respectively. The probabili-
ties that slopes as small or smaller than these could be
obtained if the true slope were unity, given the exper-

imental uncertainties in slopes, are 1.9%, 24.4% and
6.7% (see Materials and methods) in good agreement
with bootstrap results above.

Changes in time-averaged geometry in response to
deuterium substitution have been reported for theoret-
ical calculations in methane (Raynes et al., 1988) with
〈β〉 decreasing by 0.02 deg and 〈rCH〉 increasing by 1.5
parts in 10,000 when comparing CH3D to CH4. The
differences in β are about 10-fold smaller than those
obtained in this study: −0.25◦ and −0.12◦ for CH3-
CH2D and CH2D-CHD2, respectively, yet lie within
the 99% confidence regions of the �β profiles reported
here.

Concluding remarks

Changes in structural parameters of methyl groups
important in the analysis of 13C spin relaxation data
have been investigated as a function of deuterium
substitution. In particular, a comparison of 1JCH,
1JCC values as a function of deuteration is presented
along with a comparison of one bond 1H-13C dipo-
lar couplings with 13Cmethyl-13C dipolar couplings,
measured on a per-methyl, per-isotopomer basis in a
uniformly 15N, 13C, randomly ∼ 50% 2H labeled pro-
tein. Both 1JCH and 1JCC scalar couplings decrease
with increasing deuteration levels, consistent, in the
case of 1JCH, with a lengthening of the methyl 1H-
13C bond. Average values of 110.4◦ (CH3), 110.7◦
(CH2D) and 110.8◦ (CHD2) for the HmethylCmethylC
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Figure 4. Plots of 1DCH vs. 1DCC residual dipolar couplings measured for methyl groups in the B1 domain of protein L aligned using Pf1
phage (a). Shaded regions indicate the range of linear fits through the origin obtained from bootstrap analysis. The bracketed point corresponds
to the γ1 methyl of Val2 and was not included in the fits. (b) Distribution functions, f(�β), for the true values of differences in β calculated
from the slopes in (a) and Equation 7, assuming rCC = 1.517 Å (Engh and Huber, 1991), γH/γC = 3.976 (Cavanagh et al., 1996), and rCH =
1.117 Å obtained from 100 000 bootstrap iterations.

angle, β, have been obtained based on the correla-
tion between 1DCH and 1DCC couplings, assuming a
1H-13C bond length of 1.117 Å, corresponding to a de-
crease in |〈P2(cosβ) · r−3

CH〉| of approximately 2% from
CH3 to CHD2 isotopomers. The present results em-

phasize the exquisite sensitivity of scalar and dipolar
couplings to small changes in structure.
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